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Abstract

Arsenic contamination is an issue of special cander middle and low income countries
(MLICs) with widespread arsenic contamination ofinding water supplies. The
economical, political and cultural circumstancessiome of these countries challenge
implementation of successful mitigation programmé®ome of these issues were
investigated with a self-administered survey tofgssionals working in arsenic mitigation
in MLICs. The survey had a low response rate ahéyh proportion of answers related to
Bangladesh. Results suggested that arsenic mirggirogress in Bangladesh has been
modest. The main issues affecting arsenic mitigaace: achieving a balance between
economical sustainability of programmes and acb#i$gi bridging the knowledge-
behaviour gap; the low priority given to mitigatiandependent evaluation of programmes;
and monitoring of arsenic-safe options. Althougkeaic removal technologies have low
user acceptability, their use may be necessary wexe is no access to piped water supply

and when surface water and groundwater are congeawith arsenic.

A sugarcane activated carbon (SCAC) was develapdiis research for arsenic adsorption
with a view to deployment in MLICs. A*Zactorial experimental design was successfully
applied to optimise the preparation conditions tmaiximised arsenic(V) and arsenic(lll)
adsorption, with a resulting carbonisation tempegabf 700 °C and activation temperature
of 900 °C. The surface area and micropore/pore meluatio of SCAC samples were

strongly correlated (p < 0.050) with arsenic(V) amsenic(lll) adsorption.

The arsenic adsorption capacity of one of the pegpe5CAC samples (SCO07) and a
commercial activated carbon (CAC; lignite granwdativated carbon type Darco® 12x20)
was investigated in batch experiments. Adsorptias faster with SC07 than with CAC, and
adsorption of arsenic(V) was faster than arsemjc(dsorption was more sensitive to the
initial pH condition for SCO7 than for CAC, but higr adsorption was achieved with SCO7.
The optimal pH for arsenic removal with SCO7 wasMeen 5 and 9, and is therefore in the
range of most natural waters. The Langmuir isothesas found to fit the SCO7 adsorption
data, with monolayer adsorption capaciti®s)(of 481-653 pg ¢ andb parameters of 1.40-
4.82 L mg-.

In comparing the cost of removing 1 g of arsenimgsSCO07 with removing 1 g using a
commercial product such as Alcan activated alumings concluded that SCO7 has the
potential to be economically cheaper than conveatitreatments. However, the production
cost of SCAC may vary from one geographical regmanother depending on factors such

as the availability of the raw material, transptiotacosts and marketing costs.
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1. Introduction

1.1 Access to drinking water

Access to clean water has been in the spotligmatbnal and international policy
forums for more than three decades (UN 2010; WHO620In 1977, the Water
Supply and Sanitation Decade from 1981 to 1990 dextared at the World Water
Conference in Argentina. In 1978, access to wates kgcognised as part of primary
health care in the International Conference on &mnyniealth Care in Kazakhstan. In
2000, the United Nations (UN) General Assembly a&edpthe Millennium
Development Goals which included halving the praipar of people without
sustainable access to safe drinking water by 2013002, The Johannesburg World
Summit for Sustainable Development saw the recmgniof unfit drinking water
and poor sanitation as responsible for 2.2 millieaths per year. The UN declared
2005-2015 as the “Water for life, international a@eée for action”. In July 2010,
access to clean water was officially declared admunght by the UN.

Microbiological contamination continues to be thaimhazard for drinking water
not only in middle and low income countries (MLIQQut also in high income
countries (WHO 2006). Only three chemicals are gasjble for large-scale health
effects through drinking water: fluoride, arseni@anitrate (WHO 2006). Fluoride
and arsenic occur naturally in water; though axseantamination may be the result
of human activities in some cases. Nitrates reairtkidg water as a consequence of
agricultural activities, wastewater treatment, anddation of nitrogenous waste

products in human and animal excreta (WHO 2007).
1.2 Arsenic

Arsenic contamination of drinking water suppliesofsspecial concern due to the
high toxicity of this element. Health effects ofrahic arsenic poisoning include
cancer of the skin, bladder and lungs (Mandal et 2002). The World Health
Organization (WHO) guideline for arsenic in dringiwater is set at 10 ug*Land

an estimated 137 million people worldwide are ewgos higher concentrations
(Ravenscroft et al., 2009). In some MLIC, the papioh is exposed to arsenic in
concentration ranges of hundreds or thousands af y@hakraborti et al., 2002).



1. Introduction

In regions of the world with decentralised watestdibution systems, removal of
microbiological and chemical contamination religstbe water users. The adoption
and sustained use of water treatment systems depamdaontinuously engaging
water users in health awareness programmes, whickery expensive. Although
centralised water treatment and piped water digioh systems could be more cost-
effective in the long-term for some rural populagpthe high capital investment and
the low ability of poor people to pay the full cadtoperation and maintenance have

halted expansion of piped water.
1.3Low-cost technologies

Low-cost technologies are one possibility to previthe much needed short-term
alternatives for arsenic removal. This researcHaegp the use of activated carbon
(AC) for low-cost arsenic adsorption from drinkingater. Use of AC in water

treatment is widespread. AC is used to remove acgeontaminants, dissolved

organic matter, taste, odour and colour (Karartid@).

The main disadvantages of AC are its relativehhtdgst and low arsenic adsorption
capacity. Agricultural by-products, like sugarcdregasse (by-product of the sugar
refinery industry), are a possible low-cost soufme AC. Gasification processes,
which can simultaneously produce energy and AC, aareattractive option for
sugarcane growing regions. These processes mayaaddurce of income in
generally deprived areas and add to a more efficisa of sugarcane bagasse. The
production parameters of AC, such as carbonisatahactivation temperature, can
be optimised for removal of specific elements andénpounds.
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1.4 Aims and objectives

1.4.1 Aims

« To evaluate the feasibility of using sugarcane thasaivated carbon as a
low-cost arsenic adsorbent for water treatment.
 To investigate some of the issues affecting implaateon of arsenic

mitigation programmes in MLICs.
1.4.2 Objectives

e To optimise the preparation parameters of sugarcactevated carbon
(SCAC) for maximum arsenic(V) and arsenic(lll) agimn.

* To characterise the physical and chemical proEedieSCAC relevant to
arsenic adsorption.

 To conduct batch arsenic(V) and arsenic(lll) adsorp experiments to
determine the adsorption capacity of SCAC undefediht experimental
settings.

e To conduct a survey among professionals with erped on arsenic
mitigation in MLICs to investigate some of the igsuaffecting arsenic

mitigation.
1.5Thesis structure

Chapter 2is a comprehensive literature review of arsenigt@mination. The issues
covered are: arsenic occurrence in the environnaeate and chronic health effects,
remediation technologies at laboratory and fieldestevel, and policy issues related
to arsenic contamination. Arsenic contaminatiolBangladesh, a recurrent topic in

this thesis, is introduced in this chapter.

Chapter 3explores the issue of arsenic mitigation in MLI@ssurvey was applied
to professionals with experience of arsenic mitagatn these countries. The survey
explores arsenic mitigation policies or programnigsyriers to arsenic mitigation,
and performance of arsenic removal technologies. [&tier includes operation and
maintenance issues of various technologies angrb@uction of potentially toxic

wastes by these technologies.



1. Introduction

Chapters 4to 7 present the experimental laboratory work for tkeeefopment and
testing of the SCACChapter 4focuses on the general methods used throughout the
development of the laboratory work; these are amlgf total arsenic in aqueous
samples, preparation of adsorbents, and the expetainsettings of batch adsorption
experimentsChapter 5centres on the methodology used for the optinosadif the
preparation conditions of SCAC for arsenic(V) amskeaic(lll) adsorptionChapter

6 presents the physical and chemical characterisaifoadsorbents; pH of zero
charge, scanning electron microscopy, surface greee size distribution, and
particle size distributionChapter 7focuses on arsenic(V) and arsenic(lll) batch
adsorption experiments. Adsorption experimentsstigated the kinetics of arsenic
adsorption, and the effect of pH, temperature gmmgsotherms at 25 and 35 °C),

and competing ions (CISQ*, PQ*, Mn**, Si) on arsenic adsorption.

Chapter 8 brings together the two parts of the thesis; thevesy on arsenic
mitigation in middle and low income countries armbdratory work for the
development of the low-cost adsorbent. Results f@mapters 5to 7 are discussed
in the light of results fron€hapter 3 Main conclusions from the research are drawn

and recommendations for future work are preseméhapter 9



2. Arsenic contamination review: arsenic in the enviroment,

health effects, remediation, and policy issues

The importance of water of adequate quality andigenht quantity for human

development can hardly be contested. Access tarwgtelated to health, economic
and recreational human activities. Water scarcitgy aatural and anthropogenic
contamination are issues of global significancesefic contamination of drinking

water supplies is a worldwide problem.

The literature review presented here covers a wadge of topics regarding arsenic
contamination; from laboratory development of aisememoval media to
technological and non-technological issues of acsenitigation. The latter is
discussed in more detail @hapter 3(Expert survey: arsenic mitigation in middle

and low income countrigs

First, Section 2.1lpresents a global panorama of arsenic contammafioen, health
effects associated with chronic exposure to arsendrinking water are introduced
in Section 2.2A review of the basic processes for arsenic rahdow cost removal
technologies, and the use of activated carbon faCarsenic removal is introduced
in Section 2.3 Finally, the relationship between environment apalicy is
approached isection 2.4especially with regard to arsenic mitigation irddie and
low income countries (MLICs). This was done by neeai discussing the current
state of arsenic mitigation in Bangladesh and bynmaring arsenic mitigation

programmes with other programmes implemented irgBalesh.
2.1 Arsenic in the environment

Arsenic is naturally present in air, soils, rocksgter and dust. The main exposure
pathway for humans is natural water with atypicdligh arsenic concentrations.
Also, intake of arsenic through foodstuffs has nélgearisen as an important
exposition pathway. Arsenic can be integrated & fthod chain if water with high
arsenic content is used for irrigation of crops/andor cooking (Kaufmann et al.,
2002). Also, seafood may contain high quantitieermfanic arsenic (Petrusevski et
al., 2007).



2. Arsenic

More than 230 arsenic occurrences in 70 countreage lbeen documented; an
estimated 57 million people are drinking water witlore than 5Qug L™ and 137

million are drinking water with more than 3@y L™ (Ravenscroft et al., 2009).
Arsenic contamination is mostly localised in growater environments. Argentina,
Chile, Mexico, China, Hungary, West Bengal (Indea)d Bangladesh are widely
known cases of natural groundwater arsenic contiim In some cases arsenic
pollution may occur as a result of the mining indpusand geothermal activity.

Sources of air- and soil-borne arsenic contaminagi@ localised; two examples are

smelters and volcanoes.

Figure 2.1 presents a map of the worldwide docuetkrdrsenic occurrences
according to the maximum concentration (Ravensetodt., 2009). In Figure 2.2 the
number of people exposed to arsenic concentratibgker than 50 pg L in
drinking water is presented (Ravenscroft et al.QQ0 The estimates for India,
Myanmar, Pakistan and Mexico are uncertain; indage of India people exposed
could be either over- or under-estimated and in mvyar, Pakistan and Mexico is
believed to be under-estimated.

Legend
Arsenic occurrence
© Unknown
® <10 ppb

© 10 - 50 ppb

© 50- 1,000 ppb

® 1,000 - 10,000 ppb - = .— .
® > 10,000 ppb

Figure 2.1 Maximum arsenic concentration documeintetatural waters (Ravenscroft et al.,
2009). Symbols correspond to the approximate lonatwhere contamination has been

found.
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Legend
People exposed to > 50 ppb arsenic
B - 5 millions
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[T 0.1 - 1.0 millions

= ==

Figure 2.2 Estimates of people exposed to arsemicentrations > 50 pg™L(ppb) in

drinking water (Ravenscroft et al., 2009).

A wide range in arsenic concentrations is foundgmundwaters; from 0.5 to
5,000 pg L' Fortunately, arsenic is well below 10 pg in most aquifers (Smedley
et al., 2002). Arsenic contamination is not comedato arsenic content in source
rocks in aquifers (Smedley et al., 2002). Arseniobiiisation depends on the

geochemical environment and hydrogeology.

Redox potential (Eh)-pH diagrams are useful to rid@tge speciation of ions in the
aqueous phase and the stability of solids (Lu.e2@lL0). In contrast with most trace
metals arsenic is relatively mobile under a widegeaof redox conditions (Smedley
et al., 2002). A few Eh-pH diagrams have been peduor arsenic systems, yet
there is no consensus on the boundaries of ari&nspecies. Differences in Eh-pH
diagrams are due to uncertainty in thermodynamigpgrties, arsenic species
included in the calculation, and definition of thgstem studied (Lu et al., 2010).
Figure 2.3 presents two Eh-pH diagrams for theesysAs-O-H at a temperature of
25 °C and pressure of 1 atm.
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Figure 2.3 Eh pH diagrams for the system As-O-R2&at’C and 1 atm. a) Smedley al.
2002 and b) Leet al.2010.

A number of mechanisms have been proposed for matidn of arsenic. Table 2.1
presents a summary of these mechanisms compilesint®dleyet al. (2002). The
release of arsenic to the environment is insuffici®r contamination problems to
arise; in addition arsenic must not be flushed awaydiluted. Groundwater
environments in which arsenic contamination occars reducing environments
(Bangladesh, West Bengal, Taiwan, Northern Chingtidm, Hungary and
Romania), arid oxidising environments (Mexico, @hind Argentina), mixed
oxidised and reducing environments (South West USfEothermal areas and
sulphide mineralisation and mining areas (Thaildbldana, USA, Mexico) (Smedley
et al., 2005).
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Table 2.1 Arsenic mobilization mechanisms in grouvatkr (Adapted from Smedlest al.
2002).

Mechanism Description

Desorption at high pH underUnder anaerobic and acid to neutral pH conditioserac(V)
oxidising conditions ions are strongly adsorbed to oxide surfaces. fbeease of
pH, above 8.5, may cause arsenic desorption. Thamnai
increase due to proton uptake, ion exchange rewctmd/or

evaporation (in arid or semi-arid regions).

Desorption and dissolution due to &evelopment of reducing conditions may favour teaction
change in reducing conditions As(V) — As(lll). Arsenic(lll) is less strongly adsorbedath
arsenic(V). Reducing conditions may be caused leyrépid
accumulation and burial of sediments. Reducing itimms are
sustained if diffusion and convection of oxidan®®,(NOs,

SO.?) is slower than consumption.

Reduction in surface area of oxidéAgeing of iron oxides causes a reduction in thaeifase area;
minerals decreasing the amount of arsenic adsorbed on ahtveasis.
Also, modification in the surface structure mays@aa change

in the binding affinity of arsenic(V) ions.

Mineral dissolution Iron oxides dissolve under sgly acidic or strongly reducing
conditions. This process partially explains arsenic
contamination in mining sites and strongly reducing
groundwater. However, reductive dissolution canegplain

the occurrence of high arsenic oxidising groundwate

2.2Health problems from chronic arsenic exposure

There are two levels of toxicity; acute and chroAicute toxicity refers to the health
effects produced shortly after the exposure tanglsiand large dose; acute toxicity
could result in death. Chronic toxicity is the hatffects of prolonged or repeated
exposure to a substance over a long period of t{dieonic arsenic toxicity may

depend on the oxidation state and chemical formarsénic (Mandal et al., 2002).
Generally arsenic(lll) is considered more toxictlsenic(V) and inorganic arsenic
compounds are considered more toxic than orgamwpoands (Jain et al., 2000).
However, analytical methods for speciation in aisenetabolites are very recent;
hence epidemiological studies investigating thecifigehealth effects of arsenic(lll)

and arsenic(V) are scarce (Mandal et al., 2002).
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Carcinogenic and non-carcinogenic health effectsarsenic chronic exposure in
drinking water at concentrations in the order ofhdmeds of pg L are well

established. These include respiratory, pulmoneaygdiovascular, gastrointestinal,
haematological, hepatic, renal, dermal (melandsisatosis and hyperkeratosis),
neurological, developmental, reproductive, immugalp genotoxic, mutagenetic,
biochemical, diabetes mellitus and cancers of tkie, dung, bladder, liver and
kidneys (Mandal et al., 2002). However health @¢ffeat low concentrations, in the

order of tens of pgt, are contested to a great extent.

The strict drinking water standard in high incontaimtries (HICs)< 10 ug L, is
based on studies conducted in regions with atylpidagh arsenic concentrations
such as Taiwan, Chile and Argentina; and in dadanftoxicological experiments
using animal models. However, these studies haveiaber of limitations; for
instance synergistic effects (or confounding fagjta@re not accounted for, use of
animal data in carcinogens risk assessments forahgmand lack of data from
exposure to low arsenic concentrations in a seffity large human population for a
period of years (Smith et al., 2002). Confoundiagtérs to be considered may
include tobacco use, level of nourishment, genstisceptibility and unaccounted

arsenic ingested through food (Smith et al., 2004).

The importance of synergistic factors was realiggdtively recently. High arsenic
concentrations, up to 1,810 pg'Lwere believed to be the origin of black foot
disease in Taiwan. This is a cardiovascular illne@bgch eventually results in dry
gangrene of the limbs (Kaufmann et al., 2002). fitst cases were documented in
1954; by 1986 the incidence was estimated in &8<aer 1,000 inhabitants (Brown
et al., 2002). Later, Lt al. (1990) suggested that the combined effect of high
arsenic concentration and humic acid in well wates the cause of the disease in

Taiwan.

Risk assessments for carcinogen substances area stilatter of debate among
scholars and drinking water regulators. Carcinogersk can be evaluated with
various models; the most widely used approachetharéhreshold model and linear
extrapolation model. The threshold model suppdsaisrtil risk exists for exposition
up to a certain concentration level (Brown et2002). In the extrapolation approach
carcinogenic risk is estimated with a linear exdtapon from high to low

concentrations. The latter, which was adopted leyUS Environmental Protection

10
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Agency (EPA) and the World Health Organisation (WHG@esults in stricter

drinking water regulations. Although it is true tlevidence for carcinogenic effects
at low arsenic concentrations in humans is weais, @so true that the lack of high
quality human data neither proves nor disprovesditeimental health effects of

arsenic at low concentrations.
2.3 Arsenic removal from drinking water

In 2001, EPA published a list of candidates for liest available technologies for
arsenic removal (EPA 2005). Far from recommendirgpecific removal method
EPA clearly remarks that technology selection stidu¢ made in a case by case
basis. The technologies listed by EPA will be pnése below because most research
is based on adaptation of common water treatment¥IEIC settings (Alaerts et al.,
2004).

Pre-treatment

Some technologies are more sensitive to arsenwiamn or pH during treatment.
From pH 4 to 10, arsenic(V) species are negatieblgrged whereas arsenic(lll)
species have a neutral charge. Pre-treatment, ssclpre-oxidation or pH

adjustment, may be necessary to achieve optimueniarsemoval. Arsenic(lll) is

effectively oxidised to arsenic(V) with chlorine,eqnanganate, ozone and
manganese dioxide (EPA 2005).

lon exchange

In this technology, contaminated water is passedutih a solid resin. Dissolved
ions in solution are exchanged for ions in thenrggdiohnston et al., 2001). Ilon
exchange is ineffective for arsenic(lll) removalP@& 2005). Sulphate ions can

reduce the efficiency of ion exchangers (Choora).e2007).
Activated alumina

This is a porous aluminium oxide (&s.nH,O) with high surface area (Thomas et
al., 1998). Activated alumina is ineffective fosanic(lll) removal and requires pH
adjustment (pH < 6.5) for effective arsenic(V) reralo(EPA 2005).

11
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Reverse osmosis

This is a pressure driven membrane process. Apam farsenic this technology
removes others constituents from drinking waterislinot sensitive to pH (EPA
2005). Although it is a highly sophisticated teclugy, recent advances have made
it less expensive and have allowed for lower opamapressures (Johnston et al.,
2001).

Enhanced lime softening

This is normally used in hard waters to removeiaaicand magnesium ions. After
treatment, water has basic pH values; from 10 toAll2en lime (Ca(OH) is added
to water, it hydrolyses and combines with carb@ui forming calcium carbonate

(Singh 2007). Then, arsenic is removed with calcaambonate.
Enhanced coagulation-filtration

Coagulation-filtration is a traditional water tedhogy that has been optimised for
arsenic removal. Iron and aluminium salts are thlestncommon coagulants used.
This technology is very sensitive to arsenic oxalatstate (arsenic(lll) is

ineffectively removed), coagulant dosage and pHieml(EPA 2005). Arsenic is
removed by precipitation, co-precipitation and apton (Johnston et al., 2001).

Oxidation-filtration

In this process naturally occurring iron and mamg@nare removed from drinking

water by oxidation and filtration. Soluble iron amdanganese are oxidised to
insoluble forms and then removed by filtration. éu(V) is adsorbed onto iron

hydroxides precipitates. The process is extremepyeddent on the iron-arsenic
ratio; pH; and high levels of naturally occurringganic matter, orthophosphates and
silicates (EPA 2005).

2.3.1 Low-cost technologies and arsenic removal

Household and low cost technologies are not exadysiused in the field of arsenic
removal; these technologies have been used for thare 20 years in removal of
bacteria and pathogens from drinking water. Howetrex effectiveness of bacteria
removal by household technologies is still deb&gMcCann 2007). Sustained use

of technologies depends on continuous awareness fayglene education

12
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programmes. Nevertheless, the high investmentsseape to create demand for
household technologies through educational campags not economically feasible
and need to be subsided (Heierli 2008).

This section will be based mostly on low-cost tesbgy research for

implementation in Bangladesh; which is one of thiel® where more research has
been conducted with respect to arsenic contamimatiod remediation. The UK
Department for International Development funded tRapid Assessment of
Household Level Arsenic Removal Technologies (RAHRIA programme in

Bangladesh. The RAHLART programme concluded thatntlain causes of concern
for household technologies were faecal contaminatiow flow rates, use of

chemicals, treatment time and high maintenanceéhé®laind et al., 2001).

The RAHLART programme was run from November 2000March 2001 by the
Bangladesh Arsenic Mitigation Water Supply Proj&utherland et al., 2001). Nine
technologies were assessed for a maximum peri@@ dfays. All technologies were
assessed under idealised field water conditionsddit®nally, three of these
technologies were tested under normal householdatpg conditions. Of the
technologies evaluated 7 removed arsenic belowgsl0" and 8 were found to have
bacteriological contamination problems. The RAHLAR®Nncluded that Alcan,
Tetrahedron, Sono and Stevens were the most abbegechnologies in terms of
arsenic removal, bacteriological water quality anser acceptability. It was
recommended to increase bacteriological qualitywafter and acceptability by

technology’s users.

The Environmental Technology Verification Arsenidtigation Programme (ETV-

AM) was run by the Bangladesh Council of Scientdied Industrial Research to
assess the arsenic removal technologies that aed as proposed for use in
Bangladesh (BCSIR 2003). Technologies were ass@sdabloratory conditions and
field tested on five different hydro-chemical reggoin Bangladesh. Technologies
were operated for up to 40 days. Under the ETV-Aldrftechnologies have been
approved for distribution/commercialisation in Biaugesh: MAGC/Alcan, Read-F,
SONO and Sidko. Tetrahedron, which was considergd tte RAHLART

programme among the most efficient technologies mat approved by the ETV-
AM programme for distribution in Bangladesh. Thedmeused by tetrahedron

required regeneration every 5-12 days.

13
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Activated alumina technologies

Two activated alumina technologies were assesselRAMLART programme;
community Alcan technology and household Bangladdsiversity of Engineering
technology (BUET). Alcan is an arsenic removal pretary media developed by
Alcan Speciality Aluminas®. Both technologies areeffective for arsenic(lll)
removal (ASA 2008; Jalil et al., 2001). BUET teclogy uses chlorine for
arsenic(lll) oxidation (Jalil et al., 2001). Sulpbaphosphate and iron have negative
effects on arsenic removal with BUET technologysdl residual aluminium,
(80 pg LY in drinking water has been linked to Alzheimetisease (Yadav et al.,
2006).

Danida two-bucket technology

Danida’s technology is based in coagulation/floatioh processes for arsenic
removal (Sutherland et al., 2001). Danida’s tecbgglconsists of two buckets
placed in series. In the upper bucket drinking wademixed with a package of
chemicals (200 mg T aluminium sulphate and 2 mg™Lof potassium

permanganate). The mixture has to be allowed tedet two hours. Then, water is

passed through the lower bucket which containgd BHer.

In a field test of various technologies in NarayamgBangladesh Danida’s
technology had very poor performance (Jalil et 2001). The average arsenic
concentration of three units was consistently ab&@e ug L*; initial arsenic
concentration was 332 pg‘LDanida’s technology had a poor performance in the
RAHLART programme too (Sutherland et al., 2001).eTtechnology removed
arsenic below 50 pgtonly in groundwater with initial arsenic concetima below
120 ug L' Effluent water had manganese and aluminium cdraons above the
Bangladesh guideline standards. Bacteriologicataznimation in effluent water was

found. In the positive side, the technology hadyajood household acceptance.
Read-F

Read-F is a technology that uses an adsorbent gedday Shin Nihon Salt Co. Ltd
Japan. Read-F adsorbent is an ethylene vinyl alcotypolymer-borne in which

hydrous cerium oxide (Ceeh H,0) is loaded. The Read-F technology had a good
performance during the ETV-AM programme (BCSIR 200Bead-F could treat

14
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water for a period ranging from 172 to 435 daygeaieling on the composition of
groundwater. The technology’s performance could affected if iron exceeds
10 mg L%, phosphate exceeds 4 mg ar pH exceeds 7.5.

AdsorpAs®

AdsorpAs®, a community based technology, is desligoeserve 50 families or to
treat 2,250 litres of water per day. The adsorbgmtnular ferric hydroxide, for this
technology was developed in a cooperation of M/8kiaer GmbH Berlin and the
Technical University of Berlin. During the ETV-AM@gramme the technology was
capable of removing arsenic below 50 piyfor 12 to 56 days (BCSIR 2003). The
ETV-AM found that high pH values (> 7.5) and highogphate concentrations

(> 7.8 mg Y) have a negative impact on technology’s perforreanc
Stevens Institute Technology

This technology removes arsenic by coagulation @ngrecipitation with ferrous
sulphate (FeS£) (Cheng et al., 2004). Water is treated in batatfe20 L with a
package of chemicals; which contain 1.5 g of indalsEeSQ and 0.5 g of calcium
hypochlorite (Ca(OC}). Flocs are formed and then removed with a sdtet.fHigh
concentrations of bicarbonate (HgChave a negative impact whereas calcium and
magnesium have a positive impact on arsenic rem@herland et al., 2002). In a
four-month trial five out of six units removed amiebelow 50 pug L. However,
arsenic removal showed variability with time andoa different units (Cheng et
al., 2004).

Tetrahedron technology

This technology uses an ion exchange resin to remaosenic. Sodium hypochlorite
(NaOCl) is used for arsenic(lll) oxidation. Liquidastes from resin regeneration
need treatment before disposal. Seven units odtetiron technology were field
tested by the ETV-AM programme. Performance of éhesits was variable and
regeneration of the resin was needed very frequefitm 5 to 12 days (BCSIR
2003).

15



2. Arsenic

Sono technology

Sono is probably the most widely known arsenic nesmhtechnology. Design of this
filter has continuously evolved since its inventianl997. This filter won th007
Grainger Challenge Prize Gold Awardy the National Academy of Engineering.
The first design of the Sono filter consisted ofeth pitchers. The top pitcher
contained cast iron turnings and sand, the middther contained wood charcoal
and sand, and the bottom pitcher was the collectasgel. The overall design of the
current Sono filter is very similar to the previbudescribed. The main difference is
the arsenic removal media. The latest version w@sgwsoprietary media named
composite iron matrix (CIM); to produce this adsarbis necessary to have a
licensing agreement (Hussam et al., 2007). A dragd this arsenic removal

technology is presented in Figure 2.4.

Performance tests of the Sono filter are very eraging overall (BCSIR 2003;
Munir et al., 2001). Approximately 30,000 units Haeken deployed in Bangladesh
until 2007 (Hussam et al; 2007). According to thanofacturer the oldest unit has
been running continuously for five years with minim maintenance. On the other
hand ETV-AM found that high levels of phosphate .51Img L?), silicate
(24.3mgY) and pH > 7.5 seriously impaired arsenic removalSono 45-25
(BCSIR 2003). Also, a water supply programme in @adesh found that Sono
users were discouraged from using the technology tuinjuries made during
cleaning of the media and due to solidificatiorire media (Hoque et al., 2004). Ten
out of 1,411 participating families choose the Sbher to obtain arsenic free water.

All families using household technologies abandathedn after a few weeks.
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Figure 2.4 Diagram of the latest version of the &Dfter (not to scale) (Hussam et al.,
2007).

Kanchan technology

The Kanchan technology has been developed by thesadhusetts Institute of
Technology (MIT) Nepal Water Project for at leagtyears. The filter is made of a
plastic bucket with a pipe attached for water aiten. Gravel, coarse sand, fine
sand, iron nails and brick chips are layered frbm lbottom to the top of the filter
(Ngai et al., 2006). Fresh ferric hydroxide (irarst) formed on the iron nails is the
arsenic removal media. In addition pathogens amsoved in the sand layers.
Maintenance is required from once a month to on@¥yesix months. Two field

studies, one by MIT-Nepali Environment and Publiealth Organisation and the
other by Kathmandu University-United States Peaos€; showed 85-95 per cent

of arsenic removal (Ngai et al., 2006).

A field test of the Kanchan filter in Cambodia fauthat pathogen and arsenic
removal were variable. Chieet al. (2009) attributed the poor performance of the
filter to the low reactivity of the iron nails useshort retention times on the iron

nails layer, and a combination of high phosphatecentration (> 0.5 mgt) and

low iron concentration (< 5 mg1).
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The contradictory results from the Kanchan filtemNepal and in Cambodia support
the opinion of some scholars that scaling up ofskebold technologies is anticipated
(Noubactep 2009; Schmidt et al., 2009). Arsenic aeath technologies with iron

removal media have proven to be efficient in remgviarsenic (EPA 2005).

However, it seems that optimum arsenic removal n@peon water composition;

especially on the iron-arsenic ratio, pH and phagpltoncentration (BCSIR 2003).
Arsenic removal with iron based adsorbents mayXpeded to be low in waters
with low iron-arsenic ratio (< 20) (EPA 2005).

Well-head community removal units from Bengal Eegimg College and Lehigh

University

From 1997 to 2008 over 175 well-head community nreshaunits, from Bengal
Engineering College and Lehigh University (BEC-Lbita), have been installed in
India (Sarkar et al., 2008; Hossain et al., 200&k& et al., 2005). The arsenic
removal media in the units is an activated alungr@duced by Oxide India Ltd in
Durgapur in West Bengal or the hybrid anion excleagyrsenX. The unit contains
100 litres of adsorbent and requires a fifteen-n@rhackwash every day and
constant regeneration. According to a self-evatumateport the performance of this
technology is good. Ten units placed in differeetdf sites in India with arsenic
groundwater concentration of 60-363 pijWere capable of removing arsenic to 18-
60 pg L . Dissolved oxygen, iron content and arsenic oiddastate influenced
arsenic removal capacity of the technology.

An independent two-year assessment of 18 arsemwova units from 11
manufacturers, including three BEC-LU units, wasied out in West Bengal India
(Hossain et al., 2005). Although the mean arseoicentration for the three BEC-
LU units ranged from 5 to 40 pglLarsenic concentration of treated water was as
high as 401 pg T after backwashing for one unit. One unit had taclsed down
due to a sand gushing problem of the tube wellrdJsem the 11 different types of
technologies complained about getting injured wihenhand pump rebounds due to
high pressure, and malodorous and/or yellow/recmw&@nly 3 of the 18 units were
operating at the end of the evaluation period; mformation is provided of which

units were these.
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Although some negative issues arouse in the inadkp#nevaluation of this

technology; the BEC-LU projects shows that thatlemgentation of arsenic removal
units in rural environments is possible when cartaionditions are met.

Unfortunately, there is no information provided thwe logistics of the programme,
the type and degree of support that is given toctramunities, and the economic
arrangements for technology installation and ojpanatosts.

2.3.2 Activated carbon and removal of metals

The use of AC in drinking water treatment has madyantages. First, AC is well
known for its high removal capacity for organic qmunds, taste, odour, and
dissolved natural organic matter (Karanfil 2006gc&ndly, recent research has
shown promising results for metal removal (Diaalet2007). Thirdly, since AC is a
known oxidising agent for arsenic(lll), pre-oxidati of arsenic(lll) may be
unnecessary for arsenic removal (Bissen et al.3R20Budinovaet al. (2009)
measured arsenic(lll) oxidation from 10 to 30 pezntc at initial arsenic

concentrations from 5 to 10 mg'L

AC produced from a variety of agricultural by-protti and also from coal

(commercial brands) has been used for removal nbws metals. AC can be used
untreated or pre-treated; pre-treatment may incagil@ washing and/or loading with
metals. Performance of adsorbents is usually asdegsh the uptake capacity (ug
or mg of contaminant adsorbed per gram of adsoyloerdercentage of contaminant

removed or adsorbed.

Adsorption of metal ions onto AC is controlled kpesiation of metal ions; pH of

the solution; adsorbent’s point of zero chargefesar area, porosity, and surface
composition; and the size of adsorbing speciess(Bial., 2007). Solution’s pH and
temperature are the more widely studied effectsnétal removal. Adsorption of

divalent metals ions seems to be enhanced witheiments in pH. Removal of

copper(ll), lead(ll), nickel(ll) and zinc(ll) with4 different brands of AC increased
from 70 per cent at near neutral pH to 100 per aeiasic pH values (Corapcioglu
et al., 1987). Similar trends were found for copmadmium, nickel and zinc with

Darco ® 12-20 AC; complete removal was achievepHat.5 for copper and at pH

7 for nickel (Seco et al., 1997).
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Mohan et al. (2002) investigated removal of cadmium, zinc amgper with a
sugarcane activated carbon (SCAC). The same trasdaund with this agricultural
waste based AC; removal increased with pH incremae@bmplete removal was
achieved at pH values higher than 8. For chromiuif\é opposite trend was found
for cornelian cherry, apricot stone, almond shalid coal based AC. Removal
decreased with increments in pH values; optimumfgtthromium removal was 1
(Wu et al., 2008; Dermibas et al., 2004).

The temperature effect on metal removal with AGti§ debatable. Absorption is
almost always an exothermic phenomenon. TheorBtigatrements in temperature
should lead to a reduction in metal removal. Howgggperimentation has produced
inconclusive results in this regard (Di Natale ket 2008). For instance, Seet al.
(1997) found that temperature had a positive efdectopper, cadmium, nickel and
zinc removal; Moharet al. (2002) found similar results for cadmium, zinc and
copper. Moharet al. (2008) found that removal of iron, manganese &dl lwere
inhibited by temperature increments for coconutllditee, coconut shell and rice
husk AC. However, zinc removal was inhibited wigmperature increments for
coconut shell AC but enhanced with rice husk ara@boat shell fibore AC (Mohan et
al., 2008).

Finally, Johnset al. (1998) found that adsorption of organic compoundss

comparable with Calgon GRC ® AC and an agricultukalste based AC; but
simultaneous metal removal (lead(ll), copper(ll)ncgll) and nickel(ll)) with

agricultural waste based AC was from 1.6 to 2.1esimhigher than with
Calgon GRC® AC.

2.4 Activated carbon and removal of arsenic

Most pieces of research investigate exclusivelgracgV) removal, few investigate
arsenic(lll) removal and even fewer investigatehbogmoval of arsenic(V) and
arsenic(lll). This may be in part because the neeggt charged arsenic(V)
compounds are easier to remove by adsorption tltenedutrally charged arsenic(lll)
compounds. Adsorption of both arsenic(lll) and ars@/) highly depends on pH.

Performance of various AC samples is summarisddbie 2.2-2.4.

The effect of pH has been widely studied for vasidypes of commercial and

agricultural based AC samples. It seems that thectebf pH on arsenic removal
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depends on the adsorbent, the oxidation state s&@nar and other experimental
conditions. Arsenic(V) removal with coconut shell Avas investigated by Lorenzen
et al. (1995). Removal increased from pH 2 to 6 for coppgregnated AC and

from pH 2 to 5 for untreated AC, then further imoents in pH diminished

arsenic(V) removal (Lorenzen et al., 1995). Foeais(V) and Aquacarb 207EA ®
AC a similar trend was found; arsenic adsorptionstantly increased from pH 2 to
8 and then from pH 8 to 11 it decreased (Di Nagalal., 2008). A study by Chuang
et al. (2005) found that arsenic(V) removal with oat PA@ decreased from pH 5 to
9, at pH 9 removal was negligible.

The percent of arsenic removal with copper imprégphacoconut husk carbon
constantly increased from pH 2 to 12 (Manju et2398). Arsenic(lll) removal with
a coal based activated carbon increased from pél Z; then at pH higher than 7
removal dropped (Wu et al.,, 2008). Arsenic(lll) wral with bean pod AC
increased from pH 3 to 7; then removal decreasad fyH 7 to 12 (Budinova et al.,
2009). Ansariet al. (2007) investigated arsenic(lll) and arsenic(Vinozal with

granular and powdered AC. Contrary to the expectadenic(lll) removal was
higher than arsenic(V) removal. The optimum pH femoval depended on the

oxidation state for arsenic; for arsenic(lll) wa$ p2 and for arsenic(V) was pH 3.
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Table 2.2Langmuir parameters for various types of AC as ighbld in the literature.
Symbols: Agis the initial arsenic concentration, pid the initial pH, T is the temperature at
which the experiment was conductégl, is the monolayer adsorption capacity estimated

from Langmuir's equation, and is the Langmuir's parameter related to the eneafyy

adsorption.
Adsorbent Adsorbent
Asy pHo To Om b Reference
type dose
gL? °C mgg  Lmg’
Cu-coconut 50-150 mg [ 12 2 30 146.3 2.4x10 Manjuetal,
husk AC As(Ill) 1998
12 2 40 150.8 3.1x1D
12 2 50 1542 4.4x10
12 2 60 158.7 6.43x10°
Oathull AC  25-200ugt 5 0.015 3.1 40.5  Chuangetal.,
As(V) 2005
0.015 2.5 39.6
0.015 2.0 44.2
8 0.015 1.6 43.0
AC 0-30 4.7 0.04 Gu at al., 2005
mg L*As
Fe-AC 4.7 3.0
Fe-AC (Q) 4.7 1.9
Fe-AC 4.7 3.9
(H20,)
Fe-AC 4.7 6.6
(NaClo)
Fe-AC 5 25 74.4 2.7x10-2 Zhang et al.,
2007
AC 5 25 604  7.8x10-3
Fe-AC 22 mg [* 6 20 513 0.2 Chen etal.,
As(V) 2007
22 mg 6 20 388 0.3
As(Ill)
22 mg 8 20 436 0.2
As(V)
22 mg L 8 20 39.2 0.3
As(Ill)
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Table 2.3Freundlich parameters for various types of AC abliphed in the literature.

Symbols: Asg is the initial arsenic concentration, pI8 the initial pH,K is the Freundlich

relative sorption capacity, andnlis the Freundlich dimensionless parameter reltidtie

energy of adsorption.

Adsorbent Adsorbent
Asy pHo K 1/n Reference
type dose
N (ug 6"
gL
(ug L—l)—l/n

Fe-AC (Mn1) 120pgt 6.4  0.004-1.25 263.6 0.4  Hristovski

As(V) et al., 2009
Fe-AC (Mn4) 6.4 247.2 0.5
Fe-AC (Mn1) 8.3 31.5 0.6
Fe-AC (Mn4) 8.3 47.3 0.6
Fe-AC (M7) 6.4 37.9 0.5
Fe-AC (M10) 6.4 48.9 0.6
Fe-AC (M7) 8.3 2.0x16 2.6
Fe-AC (M10) 8.3 5.0x16 1.7
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Table 2.4Experimental arsenic adsorption capacityfcand removal percentage (As.R) for

various types of AC as published in the literatusgmbols: As is the initial arsenic

concentration, pHlis the initial pH, and T is the temperature atchhihe experiment was

conducted.
Adsorbent type As pHo Adsorbent T Oexp As.R Reference
dose
gL? °C mgg %
Fly ash char AC 709mgl 2.2 89.24 63  Pattanayack
As(IIN) et al., 2000
Graphite rods AC 157 mg'L
AS(V) 7.5 30.48 97
CaCl-rice husk 1000 pg *  10.8 40 0.0183 Mondal P. et
AC As(IIN) al., 2007
rice husk AC 2.2
AC 05-10mg* 8 2-20 55 2.5 Di Natale et
As(V) al., 2008
8 20 15
6.5 20 0.7
Fe-AC 3mg L* 8 0.1 20 1 Jang etal.,
(Fe 11% 80 °C) As(Il) 2008
Fe-AC 3mg L* 8 0.1 20 6
(Fe 11% 80 °C) As(V)
Fe-AC 3mg L? 8 0.1 20 9
(Fe 7.5% 60 °C) As(ll)
Fe-AC 3mg L* 8 0.1 20 9
(Fe 7.5% 60 °C) As(V)
Bean pod- AC 5-20 mg't 10 1.01 20- Budinova et
As(l11) 80 al, 2009
Fe-AC 3115 8 25 <0.008- Fierro et al.,
ug Lt 0.028 2009

Di Nataleet al. (2008) and Wet al. (2008) studied the effect of temperature on

arsenic removal. For arsenic(lll) removal with alcbased AC the direction of the

effect of temperature was not consistent; arsdijicfémoval follows the order
25°C >20°C >40°C > 35°C > 30 °C (Wu et abl08). Increments in temperature
from 10 to 55 °C had a positive effect on arsenjc(®moval with AC Aquacarb
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207EA®; temperature effect is more important from p to 9 (Di Natale et al.,
2008).

Arsenic removal with AC pre-treated with metal sdias been studied with various
metals. The performance of coconut shell carbonrorgad with copper loading;
uptake capacity of untreated carbon was 4.91 thargl of Cu pre-treated carbon
was 5.79 mg g (Lorenzen et al., 1995). Ansagt al. (2007) found that arsenic(lll)
removal was enhanced by pre-treatment with coppker and sulphur salts and
inhibited by pre-treatment with iron(ll) and iroHjl salts. On the other hand,
arsenic(V) removal with this AC was enhanced bw(hd), copper(ll) and silver,

and slightly inhibited by sulphur pre-treatment.

Loading of iron onto AC has been extensively stddier arsenic removal. In

general, iron loaded AC (Fe-AC) would be expectedhdve higher arsenic uptake
than the untreated AC. However, the amount of iroC is not always directly

proportional to arsenic uptake capacity of adsarbel is clear that the positive
effect of iron loading is extremely sensitive tcetiron source and the loading
methodology used; these two factors affect theildigion and morphology of iron

particles loaded onto the carbon (Hristovski etZ009).

Arsenic removal with Fe-AC is sensitive to pH, tesrgiure and the amount of iron
loaded into the AC. It seems that the effect of ipHspecific to each adsorbent.
Vaugharet al. (2005) found that at Fe-AC dose of 144 miremoval of arsenic(V)
decreased continuously with pH; and a Fe-AC dos266fmg L* removal remained
constant at approximately 100 per cent from pHtd.4.5 and at pH > 7.5 dropped
rapidly. Chenet al. (2007) studied arsenic(lll) and arsenic(V) remowéh spiked
natural water; arsenic(lll) removal was around &0 gent at pH 6 and 8; whereas
arsenic(V) removal was around 100 per cent at @90 per cent at pH 8. Mondal
et al. (2007) compared arsenic(lll) and arsenic(V) renhovith un-treated AC and
iron(lll)-AC; arsenic(V) uptake was higher that emg(lll) uptake for both
adsorbents, optimum pH for arsenic(lll) removal w41l and for arsenic(V)

removal was 5-7 for both adsorbents.

For a nano zero valent iron supported on activatelon arsenic(V) removal was
higher than arsenic(lll) removal from pH 2 to 4kt at pH > 4.5 arsenic(lll)
removal was higher than arsenic(V) (Zhu et al.,206rom pH 3 to 7 arsenic(lll)
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removal constantly increased, and at pH > 9 ar@éjicemoval percentage
drastically decreased (Zhu et al., 2009). Arsenic@moval decreased continuously
from pH 3 to 12 (Zhu et al., 2009).

On the other hand, it seems that there is a tregdrding iron content on AC and
arsenic removal. Removal increases with iron cdnseril it reaches a maximum;
then further increments in iron content cause hifabhrsenic removal. Get al.
(2005) found that arsenic(V) removal significanihgreased with Fe-AC with iron
content between 1 and 7 per cent; but higher iarent caused a drop in arsenic
removal. A similar trend appeared in two furthardsts; Hristovskiet al. (2009)
found that arsenic(V) removal at a pH > 7.5 withA&@ with 2.8 and 10.4 per cent
iron was higher than 90 per cent; but arsenic(\Whaeal drastically dropped for
samples with 15.9 per cent iron. Fieebal. (2009) found that arsenic(V) uptake
increased from 4 to 28 pg-gvhen iron content was increased from 0.02 to 212 p
cent; but when iron content was increased to 9t4eet arsenic(V) uptake dropped
to 8 pg g Vaugharet al. (2005) obtained arsenic(V) removal percentages ficto
20 for Fe-AC with 0.62 per cent iron and from QL@ with Fe-AC with 7.0 per cent

iron content.

Mondal et al. (2007) found that increment in temperature haggative effect on
arsenic(V) and arsenic(lll) removal with a ironfiAC and with untreated AC. The
temperature effect is more significant for arsefjc(emoval with untreated AC
from 30 to 35 °C; arsenic(V) removal at 30 °C iprximately 70 per cent and at
35 °C it drops to approximately 55 per cent. Arser@imoval drops less than 5 per
cent for Fe-AC from 30 to 60 °C.

Gu et al. (2005) studied the effect of ionic strength anderiering ions for
arsenic(V) removal with a Fe-AC. lonic strengthnir®.01 to 0.1 M sodium nitrate
(NaNG;) did not have a significant effect on arsenic reatoAt pH < 7.0 sulphates
(100 mg LY, phosphates (50 mg?), silicates (50 mg 1), chloride (100 mg L)
and fluoride (1 mg L) did not have a significant effect on arsenic(&fnoval, but at
pH > 9 only 20 per cent of arsenic(V) was adsonabden phosphate and silicate
were present. Zhat al. (2009) found that silicate, phosphate and humid have a
negative effect on arsenic(lll) and arsenic(V) realowith nano zero valent iron

supported on AC; and magnesium(ll), calcium(ll) amch(ll) have a positive effect
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on arsenic(V) removal. Positive and negative effece more important at pH > 6.5;
at pH 3.5 and 6.5 iron(ll) impairs arsenic(lll) rewal.

2.5Sugarcane activated carbon for arsenic removal

Disadvantages of commercial available AC for arseemoval are its high cost and
its relatively low affinity for arsenic (Juang dt,&#002; Mohan et al., 2002). The use
of alternative sources has been extensively stuftiegrroduction of cheaper AC.

The use of agricultural by-products, including segae bagasse, for AC production
is attractive because of their availability and loest (loannidou et al., 2007). Also,
production of AC from agricultural by-products peess the additional advantages of

adding value to a waste product and reducing theuatrof waste going to landfills.

Sugarcane bagasse, a by-product from sugar refgas the residual cane pulp and
pitch after sugar extraction (Mohan et al., 200&)e approximate composition of
sugarcane in percentage is 50 cellulose, 25 helomst and 25 lignin (Pandey et
al., 2000). Cane or beet sugar is produced in b8dtcies. Worldwide production of
sugar was 143 million tonnes in 2002, from which7@0per cent was produced from
sugarcane (FAO 2003). In 2005, 1,018 million tonoksugarcane were grown by
the top 10 producing countries (FAO 2005). For eHelonnes of sugarcane crushed
3 tonnes of wet bagasse (40-50 per cent moistuee)peoduced approximately.
Currently, sugarcane bagasse is extensively usedldatricity generation in sugar
refineries. However, burning sugarcane bagasseoilerb to produce steam and

generate electricity is not energetically effectjManahan et al., 2007).

The rapid development of bio-energy may make ecadcadiy favourable the

production of AC from agricultural by-products. Biass by-products can be
transformed in high grade fuel (hydrogen), AC anghtlsesised gas through
gasification (Manahan et al., 2007). A project W@alaate gasification of sugarcane
bagasse in Mexico is being run by the National ¥rsity of Mexico, ChemChar

Research Inc USA, and the Mexican Sugarcane Chamber

It is estimated that gasification of biomass byduats could add income and
employment to rural sugarcane production regionsMexico and elsewhere
(Manahan et al., 2007). Although gasification ofgawcane bagasse is a very

promising option it is still in development and #@pplication could be difficult to
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implement in some regions because training ofexkifprofessionals is necessary to
coordinate the process and capital investment doilcigh.

Encouraging results have been obtained for the aisSCAC for removal of
cadmium, zinc, copper, lead, chromium, dyes and@hgSiraldo-Gutierrez et al.,
2008; Tseng et al., 2006; Juang et al., 2002; Ma&hah., 2002; Tsai et al., 2001). A
SCAC experimental adsorption capacity at pH 5 foomium(VI) and lead(ll) was
measured at 25 and 5 mg (Giraldo-Gutierrez et al., 2008). Potassium hyittex
(KOH) sugarcane husk AC had a Langmuir monolaysogation capacity of 540-
608 mg @ for methylene blue dye, of 340-606 mg fpr acid blue-74 dye and of
195-239 mg g for phenol (Tseng et al., 2006). Steam-activaiegascane carbon
adsorbed 273-674 mg'pf acid blue-25 dye, 270-942 mg gf basic red-22 dye,
and 250-308 mg tpf phenol (Juang et al., 2002). Zinc chloride (Z)Gictivated
SCAC had a Langmuir monolayer adsorption capaditg.84-5.78 mg g for acid
orange-10 dye (Tsai et al., 2001).

Current production cost of agricultural by-produdiased activated carbon

The cost of coal based AC for general applicatiand for metal sequestering is
around US$ 3.30 and US$ 20 per kg respectively. ¢bst of AC based on
agricultural by-products has been estimated to 88 P142 ki for steam-activated
pecan shells AC, US$ 3.12 kdor steam activated sugarcane bagasse, US$ 289 kg
for phosphoric acid pecan shells AC, and from US$ 2o 2.82 kg for acid
activated almond shells (Table 2.5). These costee walculated assuming that
agricultural by-products based ACs were produceth wimilar technologies to

commercial activated carbon.

28



2. Arsenic

Table 2.5 Estimations for the cost of productionAdf based on agricultural waste (Ng et
al., 2003; Toles et al., 2000)

] Pecan Pecan Almond

Raw material Sugarcane
shells shells shells
o Phosphoric .
Activation method Steam Steam ) Acid
acid

Production (kg day) 1,400 1,940 3,000 5,000
Operation (days yedy 320 320 320 320
Staff (hours day) 144 144 144
Staff cost (US$ hoth) 18 18 18
Capital investment (US$ millions) 2.12 4.32 6.32
Annual operating cost (US$ millions) 1.22 1.94 2.78
Product cost (US$ kg) 2.72 3.12 2.89 2.45-2.82

2.6Policy and environment

Social sciences engaged early in the study of réifteaspects of environmental
systems; some of the environmental social theanigade ecological anthropology,

political ecology, environmental and ecological mmmy, and environmental

sociology. Some of the aspects that are of interesocial sciences are the study of
environmental movements, the processes of scienéfiquiry, the social and

political construction of environmental problemse fpublic and policy responses to
environmental issues, the bearing of the conse@seat environmental conditions

by different social groups, the agency of differential groups on environmental
policy-making, and the construction of environmérdéscourses among others
(Scoones 1999).

Since the 1970s the presence of environmental @mabiin the media and political
arenas has become widespread. However, not alfoemuental conditions acquire
this status. Natural sciences influence greatly titlentification of potential

environmental problems; which are then shaped klyakocultural and political

processes (Hannigan 2006). Governments play a nrajer in implementing

responses to environmental problems (Kraft 2011).
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Scientific knowledge about the natural world is @& incomplete; the uncertainties
around science allow for different interpretatioos environmental conditions.

Nevertheless, the prejudice that solutions to emnrental problems can be found
through science and technology prevails. The ifleation of a potential threat to

public health or to the environment is not enoughmount a response to it. It is
necessary to assess if the risk posed by the emue@ntal condition requires action,
which kind of action, at which level, and who woutdgplement it (Kraft 2011).

Environmental policy does not move linearly fromcideon-making to policy
implementation; usually policies are contestedhapsed and could be postponed or
disregarded (Keeley et al., 2003). Policy-makingd@ivered through regulation,
taxation, subsidisation, use of market incentifaading of research, provision of
information or education among others. Policies t&nimplemented at local,

regional or international level.

Policy-makers use science to validate judgementsugfin environmental risk
assessments, cost-benefit analysis, environmenthtireg, life-cycle analysis, and
risk management among other tools (Hannigan 2éljefs about public needs,
and the effects of policies on society and on tt@nemic system are embedded in
policy-making (Kraft 2011). Usually, the magnitude$ the risk are perceived

differently by environmental agencies and by commitinens.

To some extent, science has developed a symba&tanship with policy-making
processes. Politicians and environmental agena@e lan increasing demand for
science to legitimise environmental policies, ao@rsce has a growing dependency
on policy-makers for funding resources (Weingaralet 1999; Jasanoff 1992). The
role of scientists as government or industry adsises challenged the traditional
perception of science as a source of objective keabye without political or
economical values attached. For instance, metaseml of drug trials have
demonstrated that drug trials funded by industrg amore likely to produce
statistically significant results in favour of tpldarmaceutical industry (Bhandari et
al., 2004).

Governments have a limited budget; some environaheptoblems conveying
considerable risk to the public health or the emvinent could be disregarded if
solutions are too costly or unmanageable to impleme&urrently, there is
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considerable discussion on the process used torndege the priority of
environmental issues, and the cost-effectivenefisegpolicies to be implemented.

2.7 The case of arsenic in drinking water

The implementation of the arsenic rule in USA illates the intricate environmental
policy-making process. In January 2001, at theadrttle Clinton administration, the
arsenic standard in drinking water was lowered f&@rto 10 pg [*. Three months

later, at the beginning of the Bush administratidhe EPA postponed the

implementation of the arsenic rule in favour ofakesting science and cost issues.

The arsenic rule divided academic and political eamities in the USA. Some
politicians and scholars considered that the ewideahd not support the application
of a stricter drinking water standard. The validitf§ the assumptions and
methodology used in the cost-benefit analysis efdfsenic rule, which EPA has to
conduct by law, were intensely contested. One ef rtiain issues was the weak
evidence of carcinogenic effects of arsenic at mmmcentrations and the lack of

epidemiological data in USA population (Heinzerl2@02).

Contradictory and equally justifiable assumptiorsuld modify drastically the
results of cost-benefit analysis for carcinogenss{&n 2001). For instance, the
benefits of lowering the drinking water standamhir50 to 10 pg I were estimated
from zero to more than half a billion dollars (Hasnling 2002). Also, it is difficult
to estimate an economic value for the so calledjtiantifiable benefits”, such as
quality of life. Furthermore, cost-benefit analydises not identify which sector of
society would be affected and which would be beeéfiby environmental
regulations (Sustain 2001). Finally, in October PEPA set the standard for arsenic
in drinking water at 10 pg't

On the other hand, scarcity of economic resourndspalitical constrains associated
with MLICs limit the capacity of these countriesdtiectively legislate and enforce
environmental policies (Mumme et al., 1988). Al9dLICs with widespread
occurrence of arsenic in drinking water supplieghwoncentrations in the order of
hundreds or thousands of pg'.Lrequire efficient programmes that could be
implemented in a short-term scale with limited teabgical and economical
resources (Smith et al., 2004). Paradoxically tletset-term solutions have proven

to be extremely difficult to implement and to susta
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Even though arsenic contamination in MLICs has Hegitimised by international
NGOs and institutions (Water Aid, The World BanldddNICEF), it has failed in

gaining the status of a global environmental crasigl in capturing the attention of

politicians and citizens in HICs. The following facts may contribute to that effect:

Powerful counter claims amplified by the controyeod the arsenic rule in
USA.

The lack of popularisation of arsenic science; eigflg with the affected

population in MLICs.

Mitigation responses require substantial changeshen affected groups’
lifestyle.

The latency period for chronic arsenic poisoning-R0 years.

The agency of the affected groups is low.

Media coverage of arsenic contamination has been However, there has
been plenty of dramatisation in the press and sf@iefournals. Example

titles are “Georgia’s 'secret' arsenic village” BBews 2011), “Bangladesh:
77m poisoned by arsenic in drinking water” (BBC Ne®010), “Arsenic

calamity in the Indian subcontinent. What lessomyeh been learned?”
(Chakraborti et al., 2002), “Arsenic contaminatiom Bangladesh

groundwater: a major environmental and social tesagAlam et al., 2002),

and “The arsenic crisis in Bangladesh and humaltsigssues” (Mannan
2006) to name a few. Powerful photographs of pespftering from chronic

arsenic poisoning accompany some of these.

The economical benefits of mitigation programmes abscured by the
uncertainties of science.

Lack of water infrastructure in affected countréesd/or low capacity of the
affected groups to pay full market cost of watdrastructure which makes

them unattractive for investment by water companies

2.8 Arsenic mitigation in Bangladesh

Discussion in academic forums regarding arsenidacommation in Bangladesh is

very contentious. Affairs such as establishing wWifiany) is responsible for this

environmental problem; the type of policies necestaprovide safe drinking water

to the overall population; delimiting responsildg for policy implementation; the

appropriateness (and origin) of the technology @ouked; the issues that require
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further research are some examples. For instarespitd arsenic being of natural
origin UNICEF, the British Geological Survey (BGSnd the Government of
Bangladesh have been blamed for lack of duty af tmBangladeshis.

UNICEF initially funded and then actively promotia drilling of tube-wells across
Bangladesh. In 2001, the UK Natural EnvironmenteResh Council (parent agency
of the BGS) was sued by two Bangladeshis who cldithat that the agency was
negligent in not testing for the presence of axsengroundwater while carrying out
research in Bangladesh in 1992. In 2006 the Hofid®mls dismissed the case on
the grounds that BGS had no control over or respoitg for the provision of safe
drinking water to the citizens of Bangladesh (Hoak&ords 2006). Both UNICEF
and the BGS argued that at the time there was asoreto suspect arsenic as a

possible contaminant in that region.
Bangladesh history and political, economical andigbbackground

At the end of the 17 century and during f8century the Bengal region was under
British rule. In 1947 India and Pakistan (West &agt) obtained independence from
the British. West and East Pakistan were sepatateld600 km of Indian Territory.
Linguistic, cultural, and ethnic differences ledth@ independence of East Pakistan
and the creation of People's Republic of Bangladesi971 (US DoS 2010).
Bangladesh was under military rule from 1971 ub®90 (Belal et al., 2001). Since
then the country held democratic elections in 19986, 2001 and 2008. Political
stability in Bangladesh is weak; political oppressby the ruling party is common
and the opposition exploits political rights witleduent general strikes that paralyse

the country for days (Belal el al., 2001).

Bangladesh is one of the most densely populatedtages. It is an agrarian country;

75 per cent of the population live in rural aread 45 per cent of the population is
employed in agriculture (CIA 2010). Eighty five psent of the population practices
Islam (Brouwer et al., 2007). Literacy rates aredd5ger cent for males and 41.4 per
cent for females (CIA 2010). Infant mortality ratee 53.23 deaths/1,000 live births
for males and 48.13 deaths/1,000 live births fardkes (CIA 2010).

Bangladesh is one of the poorest countries. Thesgdomestic product of the
country is composed by 18.4 per cent by agricult@B87 per cent by industry and
52.9 per cent by services (CIA 2010). Transponmticommunication and power
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supply infrastructures are poorly developed. Thenty's dependence in foreign aid
has lead to the blooming of non-governmental oggtions (NGOs) across the
country. NGOs have presence in 78 per cent of gea(White 1999). Since
independence Bangladesh has received US$ 30 billiogrant aid and loan

commitments from foreign donors (US DoS 2010).

Bangladeshi society is highly hierarchical and higk family values, powerful elite
groups and endemic corruption (Belal et al.,, 2000he country occupied the
139/180 rank in the Transparency Internationalugmion perception index in 2009
(T1 2009). Other issues that plague the politiealdscape are the lack of integrity
and efficiency of the administrative institutiongoliticisation of the civil
bureaucracy; growing presence of influential bussnendividuals in government
decision-making processes; an outdated legal systemd an inefficient and

unaccountable justice system (Quadir et al., 2008).

The country is exposed to various natural and maenenvironmental disasters.
Bangladesh is prone to floods, droughts, cyclonesjadoes, earthquakes and
natural arsenic contamination of drinking water i(G2998). The main manmade
environmental problems include deforestation foergg generation, destruction of
mangrove environment for shrimp cultivation, coni@amion of the coastal

environment due to the ship breaking industry, aad water pollution due to

development of the industry sector, and bacterioldgcontamination of surface

water due to poor sanitation practices (Gain 1998).

Current state of arsenic mitigation in Bangladesh

The state of arsenic mitigation in Bangladesh camdiimated comparing the 1998-
1999 survey conducted by the BGS, United Kingdonpddenent for International
Development (DFID) and the Government of Banglad&sbB) (BGS/DFID/GoB
survey) (BGS 2001) with the 2009 Drinking Water (@yaSurvey by the
Bangladesh Bureau of Statistics and UNICEF (DWQueyr (BBS 2011, BGS
2001). The 1998 BGS/DFID/GoB survey measured theah@arsenic concentration
in water sources when few mitigation options werglemented; and the 2009

DWQ survey measured arsenic concentration in haldehinking water.

In the 1998 BGS/DFID/GoB survey the percentage am@es exceeding the
Bangladeshi drinking water standard was 27 (n=3,%8% 28-35 million people
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were estimated to be exposed to arsenic concenmtsatigher than 50 ug'L The
highest estimate averages arsenic concentratisubndistrict (or upazila), and the
lowest estimate by 5 km grids (BGS 2001). The taitebelieved to be more
accurate. In the 2009 DWQ survey 13.4 per centagipes (n=15,000) exceeded
50 pug L* and 22 million people were estimated to be expdsetsenic; assuming
that in average 15 persons use each tube well EB3).

Considering the fall in the percentage of arsenictaminated samples, from 27 to
13.4 per cent, it could be said that considerabigness has been made. However,
the estimates of people exposed to arsenic (froi@52@illion in 1998 to 22 million

in 2009) show a more modest progress. In a verplgtic way, in 16 years the
population exposed to arsenic in drinking water faélen only between 12 and 38
per cent. The 2009 DWQ survey found that arsenis feand in samples from all
water sources; deep tube-wells, dug wells, suriaater, piped supplies, public

taps/standpipes and springs (BBS 2011).

This type of comparison is helpful to obtain anigadion of the past and current
state of arsenic mitigation. One of the problemthwhis approach is that it does not
identify if the population is actively participaginin arsenic mitigation and the

arsenic mitigation options that households are tdggif any).
Comparison of arsenic mitigation with other prognaes

This section presents and discusses two progrartimmesave been implemented in
Bangladesh. The purpose of this section is to tgghlthe similarities of these
programmes with arsenic mitigation and to compdre eéffectiveness of these
programmes in terms of adoption rates and commiawith their initial aims. The

programmes selected were rural sanitation and madlile phone use. Background

information for both programmes is summarised atitdginning of each subsection.
Sanitation programmes

Arsenic mitigation and sanitation share many charatics. Arsenic mitigation
clearly fits within access to safe drinking watBoth sanitation and safe drinking
water access are included in the United Nationseltilium Developing Goals (UN
2011). In many cases health education, sanitatnmehdainking water programmes
are run in parallel. Both programmes could invollie understanding of abstract
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concepts; germ theory in sanitation and arseniairoence and health effects in
arsenic mitigation. Sanitation and drinking wateogrammes involve behaviour

change and may involve the adoption of some sadadfnology.

Latrine coverage in Bangladesh has dramaticallyravgd; it went from 1 per cent
in 1971 to 73 per cent in 2008 (Galway et al., 200he Community led total
sanitation programme has had a big impact in sanitation; wthen programme
started in 2001 sanitation coverage was stagndt&® per cent (WAB 2011). In
Bangladesh, mortality (the number of deaths withjparticular society and within a
particular period of time) of children under 5 ygatd from diarrhoea decreased 86
per cent from 1971 to 2004 (Unicef 2007). Howewdigrrhoea’s morbidity (the
relative incidence of a particular disease) has detreased as drastically as
mortality rates; children in Bangladesh suffer fr@rto 5 diarrhoea episodes per year
(Unicef 2007). The reduction in mortality rates Imat in morbidity rates could be
explained by confounding factors such as oral redty@h therapy, hand washing

and water supply programmes.

The effect of sanitation on reducing mortality amarbidity due to diarrhoea is
highly controversial. Studies investigating exchedy the effect of sanitation are
rare; four Chinese studies reported effects ranfyorg 8 to 63 per cent reduction in
morbidity (Cairncross et al., 2010). A meta-anaysf 144 water supply and/or
sanitation studies found a 26 per cent reductiordiarrhoea morbidity due to
adequate access to sanitation (Esrey et al., 1991).

Another similarity between sanitation and arsenitigation programmes is the
tendency to report effectiveness in terms of dejivef hardware; latrines, wells,
arsenic removal units, etc. This is especiallywate for water access in Bangladesh.
Although physical access to a water source maydseiple for a household; water
rights in Bangladesh are not secure and they depemgvernment, religious and/or
customary laws that regulate who may get acceswhiat source and for what
purpose (Sultana 2006).

In contrast to arsenic mitigation, delivery of gation hardware since the 1990s has
been mostly in the hands of the private sector esnamercial enterprise (Galway
2000). Sanitation programmes withtommunity led total sanitatiohave adopted
the premise that subsidies to hardware slow antbitnthe universal adoption of
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sanitation (Kar et al., 2006). Interestingly, sirkeis policy was implemented latrine
coverage sharply increased.

Households benefiting from sanitation programmeslcsense the comfort and
social status benefits of latrine adoption. In casit some arsenic mitigation
programmes actually involve a loss in comfort (simoore time and effort are
required to collect water) or in social status égivthat owners of private wells
marked as arsenic contaminated could face socia¢ ).

Poverty reduction through expansion of mobile phams in rural
Bangladesh

Although it may not seem apparent, mobile phone useBangladesh is an
interesting comparison to arsenic mitigation. Faane of the mitigation programmes
households require to use a water treatment systepbtain safe water. Water
treatment programmes usually have very low adoptiates; which are then
explained in terms of low literacy of users and tregatively high cost of
technologies. However, neither of those barriess|imited widespread adoption of

mobile phone in rural Bangladesh.

In 2000, there were 0.26-0.3 fixed telephone lpes100 inhabitants (Richardson et
al., 2000). By 2007, one in seven Bangladeshis dwaehone (Shaffer 2007).
Mobile telephones contributed in great extent te tmprovement in telephone
density (Hogque et al., 2005).

In 1997, the Grameen Phone’s programme for incoameigtion was launched. The
programme is exclusively open to Grameen Bank mesnbsghich are mostly
women. Grammen Bank’s members, fulfilling certaiitecia, are eligible to obtain a
loan to buy a mobile phone. The village phone dpesagenerate a profit by
reselling mobile air time to their fellow villager$he profits generated are used to

repay the loan and to supplement household income.

In theory, mobile phones would enhance productiaitg social welfare, and would
create new sources of income in rural communitl@®ugh telecommunication
access. However, the village phone programme gesera small portion of
Grameen Phone revenues and it relies on subsidies tirban mobile users
(Falkenberg et al., 2009; Cohen et al., 2001). &we on economical benefits for
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mobile phone users is anecdotal (de Silva et @082 Although some villagers use
mobile phone to obtain access to the price of codities and get a fairer price from
middleman, most customers use the phone to kedpuich with relatives or to

arrange delivery of remittances from expatriatedigger 2008).

Income generated by village phone operators hagplghdecreased. The average
income of a village phone operator fell from US$36 2000 to US$ 70 in 2006
(Shaffer 2007; Richardson et al., 2000). This éffiscrelated to the increased
ownership of mobile phone and the increased numbghone operators per village.
On the positive side, increased ownership of magiilenes created 238,000 jobs in

one year in Bangladesh (Shaffer 2007).

Although economic benefits for mobile phone usergehbeen small and substantial
economic motivations are gone for village phonerafoes; the programme has had
in overall a positive impact on the livelihoods afiral Bangladeshis. This

programme also shows that illiteracy and relativegh cost of technology are not a
barrier when users can easily recognise the benisfdt they could obtain from a

technology.
2.9Summary

Contamination of drinking water supplies with alisan concentrations higher than
the WHO guideline value affects millions of peopleridwide. Health effects of
chronic arsenic poisoning include cancer of the,dking and bladder to name a few.
Arsenic contamination is of special concern in Ms&IGwvith widespread
contamination of drinking water supplies. Thesentoes require effective, simple
and cost-effective mitigation strategies that cdmddimplemented in a short period
of time. However, some MLICs have political, econcah and infrastructure

systems in which implementation of mitigation pamgmes is complex.

Construction and use of conventional arsenic rem@annologies is unfeasible in
some MLICs. Low-cost technologies, which have bagplied for a number of years
in removal of bacteria and microorganisms from king water, have emerged as
one possibility to reduce exposition to arsenidvhlCs. Various household and
community level technologies have been tested feerac removal in laboratory

settings, but very few have been field tested @aichousehold conditions, and even
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fewer have been run at pilot level. Among the fastiee the Sono and the Kanchan

filters.

Some discrepancies in the effectiveness of teclgredohave arisen in field trials;
which support the view that widespread implemeatatf low-cost technologies is
not yet appropriate. Variation in the performan€éow-cost technologies is related
to the chemical composition and pH of water. Algoality control of units and
differences between user procedures may play a role

AC is extensively used in water treatment for reataf organic compounds, taste,
odour and dissolved organic matter. The use of ACnfetal removal has been
extensively investigated. The main limitations of Are its relatively low arsenic
adsorption capacity and its high cost. The prepmaraprocess of AC can be
optimised to maximise arsenic adsorption. Use dficajural by-products for
production of AC is one alternative to lower itsstdOther advantages of the use of
agricultural by-products are the production of dugaadded commodity and
reduction of the amount of wastes going to larslfiln addition, gasification of
agricultural wastes could be used to simultaneopstyluce energy and AC. The
cost of conventional AC varies between US$3.30 éganuse) and US$ 20 (metal
sequestration) per kg; while the cost of agricaltirased AC has been estimated
between US$ 2.42 and 3.12 per kg.

Non-technological aspects of arsenic contaminai@important for implementing
successful mitigation strategies. These non tecignl issues include the way in
which the political, cultural and social environnershape the perception of
environmental problems, the selection of possiblet®ns, and the way in which
these are implemented. Technologists and sociehssis need to collaborate to
develop solutions that are technologicaly sound antitically and culturally

acceptable.
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countries

This chapter presents thHexpert survey: arsenic mitigation in middle and low
income countriesvith the purpose of investigating some of the teshnological
problems related to arsenic mitigation in middld &w income countries (MLICs).
The survey is by no means an exhaustive investigatf arsenic mitigation
problems; and the results of the survey are limiitgdhe low response rate achieved
and the academic profile of most of the respondértte discussion of the survey
results, based on the comments of the respondeaisdes consideration of all

arsenic-safe water options.
3.1Survey aim

The specific objective of the survey was to geeaper understanding of the factors
surrounding arsenic mitigation and implementatidnlaw-cost technologies in
MLICs. The survey aimed to collect the opinion @spondents regarding the
effectiveness of programmes that have been implesden MLIC, the effectiveness
of different technologies used for arsenic remowald issues affecting arsenic

mitigation in MLIC.

The survey was directed to three types of profestésowith expertise on arsenic
mitigation in MLIC; academics, policy-makers, andvdlopment practitioners. In
this chapter, survey results are contextualiset thié support of literature available
on academic journals, development agencies andrigmental reports. Later, in
Chapter 8 the survey results are integrated with the expenial research of the
thesis.

3.2Survey methodology

The survey was delivered by e-mail as a self-adstenred questionnaire.
Respondents received an e-mail inviting them te fadrt in the survey. The e-mail
contained general information about the researcgramme, and instructions to
complete and return the survey. Three attacheds filere sent; the survey

instrument, explanatory notes for the survey, dredinformed consent form. These
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three documents are contained Appendix A Completed surveys and informed

consents forms were collected by e-mail.

The survey was first tested on January 2009 wihstipervisory team and with two
additional persons unrelated to the research. Timenyversion was tested with one
respondent on March 2009 and some minor modifinatiwere made. Finally, the
survey was sent to all respondents on April 2008n&nders for the survey were
sent after two and four weeks of the initial contdceformation linking individual

surveys and names of respondents was destroyetiysfmnaf results for most of the
questions was made in Excel 2007 and for some iQunesEPSS version 14.0 was

used to run statistical analysis.
3.3 Characteristics of respondents

Potential respondents were identified in acadewucnals, web sites specialised on
arsenic issues, and public reports from non-govemai organisations, international
organizations and governments. Potential respoedeete selected with base on
their experience on arsenic issues because theyswas highly specialised. The
survey was sent to 82 potential respondents. Twivity questionnaires were
returned of which one was excluded from the ansligsicause most questions were

unanswered.

Table 3.1 shows information on gender, nationaltighest qualification and job
sector of respondents. Of the respondents 18 (B6gmt) were male, 9 (43 per cent)
were of Bangladeshi nationality, 16 (76 per ceiat] b PhD qualification and 15 (71
per cent) worked in academia. Six respondents waedes of Bangladeshi

nationality with a PhD degree working in the acatesector.
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Table 3.INumber of respondents by gender, nationality, l8ghealification and job sector.

Symbols: No. Number of respondents.

Gender No. Nationality No. Qualification  No. Jedctor No.
Male 18 Bangladeshi 9 PhD 16 Academic 15
Female 3 American 2 Masters 3 Developmend
British 2 First degree 2 practitioner
Indian 2 Other 2
Australian 1

British/American 1

Canadian 1
Dutch 1
Japanese 1
Swedish 1

The professional expertise and background of redgrais was investigated through
several questions. Respondents had to describeekeerience on arsenic related
issues selecting one of the following options: expatermediate, some, and little.
Sixteen respondents classed their experien@xpeart two asintermediate two as
some and one akttle. Fieldwork experience of respondents on arsetata® issues
was also investigated. To ensure homogeneity relgmis were provided with the

following definition for fieldwork:

“Fieldwork is considered as any kind of practicaitaity that is carried out

(at least in part) away from laboratories and off&¢

All respondents reported having fieldwork expergman arsenic related issues.
Countries where respondents mentioned to have wiggkd experience were
Argentina, Bangladesh, Bolivia, Cambodia, Chilejnah Costa Rica, India, Lao,
Myanmar, Nepal, Thailand and Vietnam. Of the resiemits, 19 (91 per cent) have
conducted fieldwork on arsenic related issues ingBedesh; 12 (57 per cent) only in

Bangladesh and 7 (33 per cent) in more than onetgou

Respondents selected the areas on which they kaegience from a list of options.
Table 3.2 presents areas of experience by numhkmparcentage of respondents.
More than 90 per cent of respondents have experigneore than one area. The

areas in which more respondents had experience iwdesting drinking water for
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arsenic, and arsenic awareness programmes. Thenpsge of respondents with
experience on technology related issues and saatatked issues were very similar;
76 and 86 per cent respectively. Also, 62 per oémespondents had experience in

both areas.

Table 3.2. Arsenic related areas of experienceunyter and percentage of respondents.

Area of experience Number of Percentage of
respondents respondents
Testing drinking water for arsenic 15 71
Arsenic awareness programmes 14 67
Identification of alternative arsenic-free wateusses 12 57
Elaboration of national policies for arsenic mitiga 11 52
Design or implementation of arsenic removal tecbg@s for 10 48
drinking water
Arsenic studies in food, soil or air 9 43
Hydrochemical surveys 7 33
Identification of arsenic patients 7 33
Social care for arsenic patients and their families 6 29
Arsenic toxicity studies 6 29
Other arsenic-related issues 6 29
Health care for arsenic patients 5 24
Epidemiological surveys 5 24
Mental health care for arsenic patients and ttaailies 0 0

3.4Survey results
3.4.1 Arsenic mitigation in middle and low income countres

Three issues were mainly investigated in the syraesenic mitigation policies or
programmes, barriers to arsenic mitigation, andoperance of arsenic removal
technologies. Respondents were asked to considerfalfowing definition for

arsenic mitigation:
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“Set of actions that are performed with the objeetio lessen population’s
exposure to arsenic and to improve quality lifepefsons that have been

affected by arsenic in any way”
3.4.2 Arsenic mitigation programmes

The efficiency of arsenic mitigation policies angbgrammes was investigated with
the question presented in Figure 3.1. Answers pest-coded and analysed by
country and by type of programme. Although the nembf respondents for the
survey was 21, the number of responses for thistoue was 67. Since each
respondent could list up to 6 programmes or pdicithe number of expected

responses was greater than the number of respandent

Figure 3.1 Format of the question used to invetdighe efficiency of arsenic mitigation

policies and programmes.

In the right column, list a maximum of six policies programmes undertaken in
middle or low income countries to mitigate arsericthe middle column, write the
name of the country where these programmes werertahen. In the right column,
rate each of these programmes or policies from Jdry( efficient) to 0 (very
inefficient).

Policies or programmes Country Rate
1)

Ten countries were mentioned by respondents: AmggnBangladesh, Cambodia,
Chile, China, Hungary, India, Lao, Nepal and UniBtates of America. The latter
was excluded from the analysis because is a higbme country and hence falls
outside the survey remit. Of all responses, 46rrefeBangladesh, 9 to India, 4 to
Nepal, 2 to Cambodia and 1 to Argentina, Chile, ,Latungary and China.

Respondents from Bangladesh provided 37 per cemill aksponses. Considering
responses only for Bangladesh, 52 per cent werendgdy Bangladeshis. Table 3.3
shows the frequency distribution for rates of edincy of mitigation programmes for

countries with more than one response.
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Table 3.3 Frequency distribution of efficiency safer arsenic mitigation programmes in
Bangladesh, India, Nepal and Cambodia.

Frequency
Country

01 2 3 45 6 7 8 9 10 Total

Bangladesh 3 7 2 6 5 8 4 2 6 1 2 46
India 21 0 0 2100 20 1 9
Nepal 1 01 00 O0OT101 O 4

Camboda O 0 0 0 1 0 1 0 0 O O 2

Efficiency of programmes among countries was coegbarsing the median non-
parametric test. Statistic tests were performeth wie software SPSS version 14.0.
A non-parametric test was used for two main reasémstly, parametric tests
assume that the variable is of interval type. Is tase, efficiency of programmes is
an ordinal variable. Secondly, the frequency distion seems not to be normally
distributed. Non-parametric tests do not make apsioms about the distribution of
variables and hence are most appropriate in ttge.oaccording to the median test
there is no significant difference between the mesliof efficiency of programmes
in Bangladesh, India, Nepal and Cambodi&; = 0.095, p-value of 0.992 and

programme efficiency median of 4.0/10.

Bangladesh was the only country with sufficientvees to analyse the differences
among types of programmes. Arsenic mitigation pedicand programmes were
classified into four categories; governmental-ursitg or non-governmental
organisation (NGO) programmes, arsenic removalnedgies, alternative water
sources, and other (Table 3.4). Identification &mredtment of arsenicosis patients
and investigation of arsenic content in food crppsgrammes were included in the

“others” category because the small number of nesps
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Table 3.4 Classification outline of arsenic mitigatprogrammes and policies implemented

in Bangladesh.

Programme category Programme outline

Governmental-university Programmes conducted by government, international o
or NGO programmes local NGOs and universities. For example, the Ntio
Arsenic Mitigation Programme and the Bangladesh

Environmental Technology Verification  Arsenic

Mitigation ProgrammeETV-AM)

Arsenic removal Arsenic removal filters and research on arseniorerh

technologies

Alternative water sources Alternative arsenic-safater sources such as rain
water, deep tube wells, dug wells, surface watett|dxl

water and piped water

Other Identification and treatment of arsenicosasigmts and

investigation of arsenic content in food crops

Table 3.5 presents the frequency distribution spoases by type of programme in
Bangladesh. Programme categ@ijernative water sourcesobtained the highest
number of responses. All types of programmes watedrby respondents with a

wide range of efficiency rates.

Table 3.5 Frequency distribution for efficiencyastof arsenic mitigation programmes by

type of programme in Bangladesh.

Frequency

Programme
0 1 2 3 45 6 7 8 9 10 Total

Governmental-university or NGO programmes 0 1 1 02 1 1 2 0 O 10

Arsenic removal technologies 2 00000 2 01 1 o6
Alternative water sources 0 51 4 251130 2 24
Other 11 021100000 6

Efficiency among programmes in Bangladesh was coedpwith the median non-
parametric test. The reasons for using a non-pdrentest are explained previously
in this section. According to the median test thexeno significant statistical

difference among the medians of efficiency of dif& type of programmes in
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Bangladeshyx® = 3.733, p-value of 0.292 and programme efficiemegdian of
4.5/10.

3.4.3 Performance of arsenic removal technologies

The opinion of respondents about general performan€ arsenic removal

technologies was explored in the survey. Technolyges included in the survey
were selected from academic journals and speadialigbsites on arsenic mitigation.
Evaluation of actual performance of technologiebagond the reach of the survey.
Respondents answered a set of multi-choice questemarding chemical quality of
water; bacteriological quality of water; cost-etigeness; and operation and
maintenance problems for different types of arsengnoval technologies.

Additionally, respondents could comment on perfarogaof technologies and name

other technologies that were excluded from theeyurv

The set of questions used to investigate the geperéormance of technologies is
presented in Table 3.6. Possible answers to thesstigns werg/es no anddon’t
know For each technology type the following procedwas followed. First, the
total number of answers was calculated by addiegntimber ofyes no anddon’t
know answers. Then for Q1, Q2 and Q@sanswers were assigned a valuetrbf
no answers were assigned a value-bfanddon’'t knowanswers were assigned a
value of 0. For Q4,yes answers were assigned a value-bf no answers were
assigned a value afl anddon’t knowanswers were assigned a valuedofn the
case of Q1, Q2 and Qgesanswers reflect good technology performance wisarea

Q4,no answers reflect good technology performance.

Table 3.6 Questions used to explore the opinioreghondents about performance of types

of arsenic removal technologies.

Symbol Question

Q1 Do you consider it chemically safe?

Q2 Do you consider it bacteriologically safe?

Q3 Do you consider it cost- effective?

Q4 Do you consider it to have operation and maarea problems?

Next, yes, no anddon’t knowanswers were added and then divided between tifle to

number of answers. The results of this mathematipalation were called Q1, Q2,

47



3. Expert survey

Q3 and Q4 depending on the question. To calculaeoierall performance of
technologies the values obtained for Q1, Q2, Q3@#advere added and the result

was name&Q.

Table 3.7 presents the number of total answerdlandalues obtained for Q1, Q2,
Q3, Q4 andxQ for each technology type. The maximum and minimuossible

values for Q1, Q2, Q3 and Q4 weté& and-1 and forZQ were+4 and-4. The

respondents’ perception of good technology perfoceais reflected by larger
positive values. It is important to remark thatstheesults reflect the opinion of
experts regarding technology performance and nduahcperformance of
technologies and that the opinion of respondenty bma biased due to more

familiarity with certain technologies than others.
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Table 3.7 Number of total responses and valuesrautdor Q1, Q2, Q3, Q4 andQ for
each technology type. Technologies are in descgnalider of overall performanc&@).
Symbols: Q1 chemically safety; Q2 bacteriologicafety, Q3 cost-effectiveness, Q4

operation and maintenance problems Z€@doverall technology performance.

Total
Technology type Q1 Q2 Q3 Q4 20Q
responses
1 Composite iron matrix technologies
) +09 +0.2 +0.8 -0.7 +1.2
(e.g. Sono filter)
2 Granular ferric hydroxide technologies
) 13 +09 +04 -04 -0.4 +0.5
(e.g. Sidko ADSORPAS)
3 Co-polymer adsorbent technologies
10 +0.8 0 -0.1 -0.6 +0.1
(e.g. Read-F)
4  Coagulation-flocculation processes with
iron salts (e.g. Steven’s Institute of 13 +04 -0.2 +0.2 -0.4 +0.0
Technology)
5 lon exchange technologies (e.g.
10 +0.1 0 -0.3 -0.1 -0.3

Tetrahedron)

6 Household technologies using locally
produced activated alumina (e.g. BUET 16 +0.3 -0.2 -0.1 -0.6 -0.6
in Bangladesh)

7 Coagulation-flocculation processes with
o 14 -0.3 0 0 -0.5 -0.8
aluminium salts (e.g. DANIDA bucket)

8 Household technologies using imported
. ) 17 +0.4 -0.3 -0.5 -0.5 -0.9
activated alumina (e.g. Alcan)

The results presented in Table 3.7 allow compasisamong technology types.
Household technologies using imported activatednala (technology type 8),
household technologies using locally produced attid alumina (technology
type 6) and composite iron matrix technologies Htedogy type 1) obtained the
highest number of responses. None of the techndlgeps obtained positive values

for all factors investigated.
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Technology types with more negative values weresibald technologies using
imported activated alumina (technology type 8) &odsehold technologies using
locally produced activated alumina (technology type On the contrary, the
technology type with the greatest number of posithalues was composite iron
matrix technologies (technology type 1) followed Qyanular ferric hydroxide

technologies (technology type 2) and coagulatioodllation processes with iron
salts (technology type 4). Composite iron matrighteologies (technology type 1)
and granular ferric hydroxide technologies (tecbggltype 2) obtained the highest

positive values for overall technology performaf®).

Additionally, respondents commented on performaoicéechnology types. Some
responses mentioned the difficulties of estimatthg time for reactivation or
replacement of removal media for technologies. Egample, one respondent

commented:

“If users do not perform arsenic analysis it [siig] hard to find out whether
the device has reached breakthrough or not. Mostheftime users think
water from the filter is safe, however it has reaagttreakthrough and is not

treating arsenic any longer.”

Also, respondents commented about operation andtemgince (O&M) issues. An

example comment was:

“In our project we had experts who examined thig sbapproach. In theory
it worked but in practice it did not because it wad maintained properly by

the householders.”

Cost of O&M, handling of potentially harmful matais by technology users, and
complex and time consuming O&M procedures were meat as current issues for
most technologies. Also, initial cost was identfi@s a limitation for some

technologies.

Composite iron matrix technologies (technology tyleobtained relatively high
positive values for most of the issues investigateih the exception of O&M
performance (Q4). This technology also obtained itpes comments about

performance. However, issues such as monitoringesformance of technologies
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and production of potentially toxic wastes were tiered as potential constraints
for this technology type.

Other technologies that were mentioned by respdedeere Pal-Trokner and Amul
in West Bengal, Kanchan arsenic filter, PuR, Lifast SORAS, Hybrid lon
Exchange, activated alumina, Shapla filter, Asiaehic Network filter and CAWST
Bio-Sand filter.

3.4.4 Operation and maintenance problems of arsenic rema

technologies and generation of toxic wastes by taoblogies

Respondents were asked to consider technologies vileae chemically and
bacteriologically safe and comment on how O&M peobhé could be overcome.
Respondents’ answers were post-coded in eight @a¢sg(Figure 3.2): maintenance
problems, support to users, water quality, techmplaesign, cost of O&M,

community participation, wastes, and others.

Others .
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Figure 3.2 Operation and maintenance problems senar removal technologies identified

by respondents.

Maintenance problemebtained the highest number of responses, 21gmy with
responses mentioning availability of spare partstéshnologies; and easiness and
frequency of maintenance of technologies whereselhén this categorysupport to

usersobtained the second highest percentage of respombkes category included
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issues such as adequate training to users to eparat maintain technologies;
support for monitoring of chemical and bacteriotadi quality of water treated,
support for media regeneration or replacement; iampdlementation of arsenic and
health awareness programmes. A respondent hightighhe importance of

awareness programmes for technology adopters:

“Technology alone cannot save people and their slivdt must be
accompanied by awareness/building/raising actigitie ensure behavioural

changes in their water fetching pattern.”

The water quality category obtained the third highest percentageesponses.
Responses in this category included mentions teabchemical and bacteriological
quality of treated water, and the need to moniber ¢chemical and bacteriological

quality of treated water. One respondent commented:

“None of the above mentioned technologies are abf@oduce safe water in
terms of chemically and biologically jointly.”

Regarding generation of wastes by arsenic rem@ednblogies, respondents were
asked if, in their opinion, wastes produced by m@itseemoval technologies were a
potential contamination source. Of the respondémiger cent answergaes 19 per

cent answeredo, and 10 per cent answerddn’t know
3.4.5 Routine use of arsenic removal technologies

In an open question respondents were asked to cotronethe factors that may be
affecting the routine use of arsenic removal tetdgies in households in rural
communities. Answers were post-coded in the follmacategories: O&M problems,
economical issues, social issues, accessibilitipioup issues, and others (Figure
3.3).

O&M problemsobtained the highest percentage of responseseb0emt. In this
category easiness of technology operation; amolitreated water available; time
required for water treatment; frequency and easinésnaintenance; replacement of
spare parts, water quality issues and drawbackscbhology design were included.
Financial issuesand social issuesobtained the second highest percentage of
responses, 16 per cent eaélnancial issuesincluded responses concerning the

economic cost of obtaining a technology for a hbotk the cost of operating a

52



3. Expert survey

technology on a daily basis; and the cost of maiimtg a technologySocial issues
contained responses concerning awareness of hefiithts of arsenic; user’s
motivation to use a technology on a daily basisy &w education profile of

potential users. A respondent commented:

“The major problem is long-term motivation when rin@ther pressures on

the time of household members”

Follow up Others

issues 2%
Accessibility 6%
10%

O&M
problems
50%

- . S EEF L ELEL LIS L L5, Sl ]
SOC|aI ISSUCS Lissvssrrrsssrsisorscrsisiess, IR PPN,

R )
16%

Financial
issues
16%

Figure 3.3 Factors affecting the routine use oé@icsremoval technologies in households in

rural communities according to respondents.
3.4.6 Factors affecting arsenic mitigation

Factors that may be affecting arsenic mitigatioagpammes were investigated in
two questions. Firstly, a closed question invedéd whether or not there are some
problems affecting arsenic mitigation in the opmiaf respondents. When asked if
they considered that there are some problems mifeatsenic mitigation in MLIC
86 per cent of respondents answeyeg 5 per cent answeraab and 5 per cent
answereddon’t know Secondly, in an open question respondents lishede
problems. Responses were post-coded in the folpvaategories (Figure 3.4):
political issues, technological issues, economisalies, awareness issues, health

issues, quality issues, and other.
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Figure 3.4 Factors that may be affecting arsenitgation strategies in middle and low

income countries.

Political issuesobtained the highest number of responses, 31gdr €his category
included responses concerning the role of goverbmand NGOs on
implementation, administration and follow up of iggdttion strategies; sustainability
of mitigation strategies; and coordination of matign actions among NGOs,

government and public. Two example comments are:

“The over-reliance on NGOs which [sic] are becomimgre a profit-making
[sic] organizations. NGOs are becoming big busin@ssunderdeveloped
countries. The filters mentioned above are distedduby NGO’s. None of

them are commercial products in poor countries.”

“No follow-up action or monitoring/surveillance othe technologies
introduced in rural areas. Hence while targets anet on paper, there are no

beneficiaries at the ground level.”

Technological issuesbtained the second highest number of responSegericent.
This category includes responses concerning thigabilay of arsenic-safe options
(apart from arsenic removal technologies) to a#fdcpeople. One respondent

commented:

“Suitable region-specific [sic] water options aretyto be available for all

the arsenic affected areas.”
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Economical issuesategory obtained 16 per cent of responses. $nciiiegory two
types of economical aspects were included; econaspects at country level and at
household level. Country level covers economic etsp@f arsenic mitigation
programmes for country’s governments. Householdllewvers the affordability of

arsenic mitigation options to individual householdlsespondent commented:

“The arsenic in drinking water and the potability drinking water are
massive issues in terms of magnitude and cost.ihoome countries do not
have the means to solve this issue alone. For ebeanust to provide filters
to rural poor would cost more than $150 millionBangladesh. The solution
is the development of local-appropriate technolegle@ough development of
local expertise and capacity. None of overseas rexpme interested in
this...”

Thequality issuesategory had the smaller percentage of respongad, feomother
category. Provision of hardware of adequate quadiimportant because constant
breakdowns may discourage villagers to use thentdohyy. Also, low quality
hardware may cause contamination of the environmenthe long run. Two

interesting comments provided in this categoryaaréllows:

“A solid water device will supply safe water of goquality for a long
period, but | have seen many pond sand filters dbaad since they were
poorly designed/constructed probably to cut dowe tost and produced

unsafe or smelly water.”

““Short cut” attitude probably due to inadequaterfd in addition to lack of
knowledge and skills. For example, it is well ustieod that in installing a
deep tube well the annular space must be sealednbuany cases sealing
has been neglected, causing another arsenic conttion in deeper
aquifers. Another example: in selecting an appiip water device in one
particular place, a hydro-geological survey is ragd to find a most
suitable one, but it is neglected, causing the aloament of many installed

devices.”
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3.5Discussion

This section discusses the main results from theeguln the light of the proportion
of survey results referring to Bangladesh and thiermation available in the
literature regarding arsenic mitigation in Bangkstdediscussion will be based on
this country unless specified otherwise. Relevamtormation about arsenic
mitigation available in the literature is presentddng with the discussion of the

survey results.

The section is structured as follows: arsenic aomation in Bangladesh,

characteristics of respondents, arsenic mitigapoogrammes, arsenic-safe water
alternatives and factors affecting arsenic mitmafprogrammes. Although arsenic-
removal technologies were the only alternative waturce investigated in the
survey, discussion of other alternative safe waterrces is included in this section

due to their importance in arsenic mitigation.
3.5.1 Arsenic contamination in Bangladesh

In Bangladesh surface water was the main sourafioking water until the early
1970s. Typical drinking water sources for a housghacluded shallow hand-dug
wells, ponds and rivers (Kaufmann et al., 2002)rimuthe 1970s the Bangladesh
government supported by international organisatgnosnoted a shift from surface
water to groundwater to reduce high mortality rafas children caused by
microbiological contamination of surface water (@eell et al., 2003). Since then
millions of tube wells have been installed for grdwater extraction for household
use. The current number of tube wells in Bangladegstimated in11 million (BBS
2011). It is considered that the main driver fostatlation of tube wells in
Bangladesh was the convenience of having a wat@rcsowithin the household
rather than health considerations (Caldwell et28l03).

In 1976 arsenic was found in wells in West Bengdid (Atkins et al., 2007). Then,
in 1983 health ailments of inhabitants of West Bdngere attributed to arsenic
contamination in tube well (Chakraborti et al; 2D02 1984 patients with similar
symptoms were identified in Bangladesh. But, it wasl 1998-1999 that the first
national survey was launched to investigate théesoharsenic contamination in
Bangladesh (Atkins et al., 2007). This was the 19989 British Geological Survey/

United Kingdom Department for International Devetegmt/Government of
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Bangladesh (BGS/DFID/GoB) survey, usedGhapter 2of this thesis as baseline
for arsenic contamination in Bangladesh. In tot&l33 well water samples were
collected throughout the country. Of the shallowetwvells (< 150 m deep), 27 per
cent exceeded 50y L™ of arsenic and 46 per cent exceedeqid @™ (BGS 2001).
Only, 5 per cent of deep tube wells (> 150 m deseeded 5Qg L™* and 1 per
cent exceeded 10y L™ (BGS 2001). According to this survey, an estima28eB5
million people were exposed to health treating rcsén the concentrations. The
areas more affected by arsenic contamination ingBaesh are in the south and

southeast.
3.5.2 Characteristics of respondents

The survey attempted to reach a large number degsmnals with a variety of
expertise and backgrounds related to arsenic rigigaHowever, the total number
of respondents was relatively small (21), more thealf of respondents had
conducted field work only in Bangladesh, and alntbste quarters of respondents
work in academia. Such a small response rate, 26gd, is typical of this type of
surveys. Acknowledging these limitations is notgble to make generalisations of

arsenic mitigation programmes in MLICs with theadetllected.
3.5.3 Arsenic mitigation programmes

Several mitigation programmes have been implement&hngladesh since arsenic
was found (BGS 2001). The Bangladesh DepartmentPoblic Health and
Engineering is responsible for providing safe watgoply, environmental sanitation
and hygiene education throughout Bangladesh (SDNP0)2 However, many
arsenic mitigation actions have been taken ovéM®®Ps and foreign donor agencies
(Atkins et al., 2007). Arsenic mitigation has mgirfbcused on hydro-chemical
surveys; investigation of arsenic removal methaus @rovision of alternative water
sources. However, training of health workers foenidfication and treatment of
arsenic-related health effects; and arsenic antthhasareness programmes have
only been partially covered. Some of the major pmognes implemented in
Bangladesh are (Atkins et al; 2007):

» Bangladesh Arsenic Mitigation Water Supply (1997).
» British Geologic Survey; Phases | and Il (1998-2000
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« Rapid Assessment of Household Level Arsenic Removal
Technologies (RAHLART) (2001).

* Environmental Technology Verification Arsenic Miitjon Project
(2000-2003).

e Danish International Development Assistance (DAN)DArsenic
Mitigation Pilot Project (2001-2005).

* Arsenic Mitigation and Measurement Project (200020

» National Project for Arsenic Mitigation (2004).

* Bangladesh Water Supply Programme Project (2004)201

Survey responses for the efficiency rates of acsenitigation programmes in
Bangladesh, Cambodia, India and Nepal were analysed) a measure of central
tendency; the median. According to the median remaupetric test there was no
statistical difference in the medians of efficiemajes in programmes in Bangladesh,
Cambodia, India and Nepal, with the median beirf140.0. However, due to the
different number of responses for each countrynfid to 46, this result must be

interpreted with caution.

On the other hand, no statistical difference wasndbeither on the median of
different types of arsenic mitigation programmesBiangladesh, with the median
being 4.5/10.0. Hence, according to survey resggoassenic mitigation programmes
are perceived as little efficient. On literatur@ge timpact of arsenic mitigation
programmes in Bangladesh have been regarded a@\t&ims et al., 2007, Caldwell

et al., 2005; Alaerts et al., 2004; Kaufmann et2002).

Kaufmannet al. (2002) attributed the slow progress of the BangghdArsenic
Mitigation Water Supply Project to the lack of atiomal policy and of lack of
coordination of the mitigation actions by the gaweent of Bangladesh. On the
Implementation Plan for Arsenic Mitigation publisheoy the government of
Bangladesh the limited success of provision of racsgafe drinking water was
attributed to“the uncertainties of effectiveness of the alteweatwater supply
technology options, inappropriate institutional angements, and confusion over
the service delivery mechanisfBAMWSP 2004).
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3.5.4 Arsenic-safe water alternatives

There are various sources from which arsenic-satemcan be obtained. However,
all arsenic-safe water options have strengths aedkmess on different cultural,
economical and hydro-geochemical settings. Survegpandents considered
important to provide a variety of mitigation optsfor individual households. In
Section 3.4.Alternative water sources was the category wighhighest number of
responses. Iisection 3.4.6some respondents commented that it was necessary t
offer to households various arsenic-safe wateroopti Arsenic-safe water sources
mentioned by survey respondents include arsenewsafls, pond water, rain water
harvesting, community or household arsenic remésehnologies, bottled water,
and piped water. These arsenic-safe water optidh®evdiscussed in the following

subsections.
Arsenic-safe wells

Some evidence suggest that hand pump tube welld (@ deep), deep tube wells
(> 150 m deep) and hand-dug wells (< 10 m deepd tém have arsenic
concentrations below 50 ug*L(BGS 2001). However, the most recent drinking
water quality survey (2009 Drinking Water Quali9WQ) survey inChapter 2
found high arsenic concentrations in all water sesr(BBS 2011). These findings
could mean that arsenic contamination is spreatbngther water sources or that

information provided by households was inaccurate.

Since hand tube wells are extensively used in Bategh and the proportion of
contaminated tube wells is moderate in some regitmse well switching is
regarded by some as the simplest and most effi@katnative for provision of
arsenic-safe drinking water (Ahmed et al., 2008 )ube well switching households,
drinking water from an arsenic-unsafe well wouldidndo switch to an arsenic-safe
well located on the vicinity of their householdsub® wells with arsenic
concentrations below 5@y L™ are marked with green paint, whereas tube wells wi
arsenic concentrations above &L™" are marked with red paint.

Tube well switching may not be applicable in someurnstances. Firstly, although
at country level there is a distinct pattern fasegnic contamination in Bangladesh,
arsenic concentrations vary from well to well allage scale and with time on

individual wells (BGS 2001). Hence, it is necesdaryest periodically each well to
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ensure water is arsenic-safe (Smedley et al.,, 2002 estimated that only 4.95
million wells have been tested for first time fasenic (Atkins et al., 2007; Alaerts
et al., 2004). Secondly, in villages with a higlogortion of red-painted tube wells,
switching may be not feasible. Thirdly, educatiopgppgrammes may be needed to
ensure the red-green colour code for marking tulediswis understood among
households. Studies have reported confusion withablour code among people in
Bangladesh (Hanchett et al., 2002). Finally, itniportant to consider that even if
access to a water source is possible in terms @firpity, there are other issues
affecting access to water sourc&ec¢tion 2.4.2 In addition, most Bangladeshi
women observe strict purdah; hence water colledigside of the house compound

and especially in public places is inappropriate.

Besides the technological challenges of tube weliching, social problems arising
for this practice need consideration also (Suletra., 2007). The increased demand
on arsenic-safe wells is causing problems betwebkea tell owners/caretakers and
water users. On one hand, owners of arsenic-séie wells complain of losing
privacy at their household; bearing the cost of Q&dhd enduring arguments
between neighbours on their property. On the oflaexd, tube well users complain
about being forced to maintain good relationshijit wbe well owners/caretakers;
paying occasional fees; and feeling humiliatedde someone else’s well (Sultana et
al., 2007). Also, there is a widespread belief dnaenic-safe water may run out if
too much water is withdrawn from individual tube llse(Sultana et al., 2007).
Furthermore, there are cases in which people wgible symptoms of arsenicosis

are not allowed access to arsenic-safe wells (Hastsal., 2005).

Dug wells and deep tube wells are regarded as iersafe drinking water
alternatives in Bangladesh. Shallow aquifers (<mOdeep) and deep aquifers
(> 150 m deep) have arsenic concentrations mostigub50ug L™ (BGS 2001).
However these types of wells have other limitatiadand-dug wells are prone to
bacteriological contamination. Water extracted frdog wells may need treatment

to remove microorganisms.

Deep tube wells are more difficult and expensivengiall and operate. Also, deep
tube wells need a diesel pump for water abstra¢dnmed et al., 2006; Alam et al.,
2002). The use of deep groundwater at a large segj@res additional research.

First, it is necessary to screen the chemical caitipa of deep groundwater at a
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national level (BGS 2001). Although the proportafirdeep tube wells contaminated
by arsenic is very low, sampled deep tube wells mayunrepresentative of the
national deep groundwater quality. For instance then survey conducted by the
BGS, most deep tube wells sampled were from théhsmastal area of Bangladesh.
Secondly, it is necessary to consider the impadamfe scale abstraction of deep
groundwater on water quality (BGS 2001).

An additional complication regarding testing of éubvells is the cost and laboratory
requirements of the most sensitive and precisentgqubs for arsenic analysis in
water; hydride generation atomic absorption spewnttoy and inductively coupled
plasma mass spectrometry (ICP-MS). In terms of aost analysis time, field test
kits are an alternative to these laboratory teamsq(Kinniburgh et al., 2002).
However, field test kits have disadvantages contp&mdaboratory analyses. First,
the detection limit for some field test kits is 109 L™. There are field test kits with
detection limits below 10ug L™ but they are significantly more expensive
(Kinniburgh et al., 2002). Secondly, some studiagenshown underestimation of
arsenic concentration determination with field t&gs compared to laboratory
methods (Petrusevski at al., 2007). Finally, sangsalysis is prone to errors if

methodologies are not accurately followed.

The 2009 DWQ survey in Bangladesh used both fialdl laboratory techniques to
analyse water samples (BBS 2011). In total 14,448pdes were analysed in the
field with a digital arsenator (Wagtech model WE5Q0) and 1,925 samples were
analysed in the field and also in a Canadian laboyaby ICP-MS. Correlation

between laboratory data and field data was reasenatih a correlation coefficient

(R? of 0.91 and a slope of 1.03. The good match betwihese samples is an
indication that if methodologies are strictly folled, good quality data can be

obtained from field analysis.
Pond water

Overall, microbiological and chemical quality ofrmbwater is poor (Rahman et al.,
2003). The microbiological quality of pond watemutbimprove with sand filtration,

but sand filters do not remove chemicals. Furtheemadoption of sand filters by
water users is difficult to achieve and sustainnd®oare used for a variety of
activities that affect their water quality. Ponekuscludes economical activities such
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as fish culture and washing of livestock, actiatielated with household chores
(washing clothes and dishes) and personal hygiesthifg). Also some latrines are
directly drained to ponds (Johnston et al., 200J)onds are to be used as drinking
water supply they cannot be used for any of thvities mentioned above (Jakariya
et al., 2003). The exclusive use of ponds for dnglwater supplies is difficult to
achieve because other pond uses are importanbéseholds too.

Rain water harvesting

In general rain water is arsenic-safe and has duameriological and chemical
guality. However, rain water harvesting requiresudable roof, gutters and storage
tank. Also, rain water is subject to bacteriologicantamination during collection
and storage. Rain water harvesting is limited t® thin season (Johnston et al.,
2001).

Piped and bottled water

Although household preference for piped water sygls been documented, only
10 per cent of the population in Bangladesh is estroy a piped water network
(Barkat et al., 2008; Ahmed et al., 2006; Hoqual £2004). According to the World
Bank, the long-term cost of piped water in Bangsd#or villages with more than
250 households is less than the cost of home beaemients (Atkins et al., 2007).
However, there are economical and non-economic#bifa that prohibit widespread
installation of piped water supplies. The high afistion cost of piped water
infrastructure is prohibitive for most MLICs. Alspjped water networks require
trained professional operators and rigorous quadgtrols that may be scarce in
MLICs (Johnston et al., 2001). On the other harmdtldd water is expensive and not
widely available in rural Bangladesh (Crow et 2D02). Hence, its use is restricted

to emergencies.
3.5.5 Community or household arsenic removal technologies

Throughout the survey special attention was givearsenic removal technologies
for their importance on arsenic mitigation and fleeir link with the experimental
work of this research. The efficiency of arsenimoeal technologies, as perceived
by survey respondents, was investigated in twaedfit sections. IiSection 3.4.2

arsenic mitigation programmes, arsenic removalreldgies were mentioned only a
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few times. This result was unexpected due to then@énce on research on arsenic
removal and arsenic removal technologies. Thisctbal possibly related to the very

few field trials of arsenic removal technologiegy(#re et al., 2006).

Section 3.4.3focused on the perception of survey respondentstechnology
performanceSection 2.3.Jrovides a brief description of the technologieduded

in the survey. The aspects of technology perforrman@amined were chemical and
bacteriological quality of water, cost-effectiveaeand O&M problems. The survey
results showed that a greater proportion of respotsdconsidered technologies to be
chemically safe than to be bacteriologically safdso, very few respondents

considered technologies to be free of O&M problems.

A high number of respondents considered that coitgpg®n matrix technologies
(e.g. Sono filter) were cost-effective. Respondeotsnmented on technology
drawbacks mentioned elsewhere such as correct O&Neahnologies, cost of
O&M, and problems in forecasting how long technatsgwill remove arsenic under
specific groundwater compositions. An issue lesmiroonly mentioned in the
literature and which was revised by survey respotsdavas the necessity to
regularly monitor the efficiency of technologiesdhgh arsenic and bacteriological

water tests.

Overall, the survey results agree with the findirfggm the two programmes
assessing performance of household technologiBangladesh; the RAHLART and
ETV-AM programmes (described fBection 2.3.)L Alcan technology, approved by
both programmes, was perceived by survey resposidenhave problems with
bacteriological quality of water, cost-efficiencyich operation and maintenance.
Survey respondents considered Sono filters (approyeRAHLART and ETV-AM)
and Sidko technology (approved by ETV-AM) as cheaihcsafe, bacteriologically
safe and cost-effective. Survey respondents coresidinat both technologies have
O&M problems. A high proportion of survey respontenonsidered Tetrahedron
technology (approved by RAHLART but unapproved byVEAM) to be not

bacteriologically safe, not cost-effective and &wé problems with O&M.

There are two widely know examples of implementatiof arsenic removal
technologies; the Kanchan filter in Nepal and tlemdfilter in Bangladesh. The
differences found in the literature regarding perfance of technologies, which are
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described inSection 2.3.1lillustrate perfectly the lack of conclusive ewide on

technology efficiency and the effect of groundwat@mposition on arsenic removal.

These examples also support the respondents’ opioiothe requirement to
constantly monitor arsenic concentration of effluamter from technologies (and
other alternative safe water sources). On the otiaed, there are advocates of
promoting an exclusive type of mitigation programgne. tube well switching or an
specific arsenic removal unit) (Barkat et al., 2088Bmed et al., 2006). However, it
is the general point of view that blanket approadha&ve proven to be ineffective on

providing sustainable arsenic-safe drinking wafgroms (Atkins et al., 2007).

O&M problems of arsenic removal technologies asg@ged by survey respondents
were investigated inSection 3.4.4 According with survey responses, O&M
problems are the main issue affecting the routsesaf arsenic removal technologies
(Section 3.4.p Of the issues affecting the routine use of tebtbgies listed by
survey respondents, 50 per cent is related to O&bdblpms. Of the O&M problems
mentioned by survey respondents, more than 50grgrace related to availability of
spare parts for technologies, easiness and freguehenaintenance, monitoring
arsenic removal, support for media regeneratioreplacement, water quality, and
awareness of arsenic. With exception of awarenkeassenic, which is common to
all mitigation programmes, these issues will becuised on the following

paragraphs.

The importance of availability of spare parts haerb identified earlier in non-
arsenic related rural water programmes. The WoddkBconsiders that in order to
be sustainable, a rural water project requiresliabte source for spare parts (WB
2002). In this regard a contradiction arises. Oe band the rural population is
scattered in settlements with a small populatiom)eron the other hand a variety of
options with spare part availability at all timeavke to be offered to communities
with arsenic problems. At first hand this does se#m to be economically feasible.

Some survey respondents considered that househmddptance for removal
technologies could be improved by reducing the deegy and difficulty of
maintenance tasks (replacing filter media, backw&ghThe importance of easiness
of maintenance procedures can be illustrated witlexeample from Hoquet al.
(2004); the use of iron fillings technologies (Soffitier) in Srinagar (rural
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Bangladesh) was discontinued because householders wsually hurt when
replacing iron fillings.

Survey respondents identified both water qualitg parception of water quality by
households as important. In this respect wateritgupte- and post-treatment is
important. Chemicals present in the water to batée may affect the performance
of arsenic removal technologies in at least two sydlyey may significantly reduce
the time that a technology can efficiently removeeaic or they may affect arsenic
removal to a point in which the technology doesneatove arsenic to a safe level at
all (BCSIR 2003). Hence, technologies need to b@gieally monitored to verify
that they remove arsenic to the target level. Afrarh arsenic-safe concentrations,
water treated by technologies must have good cladraia bacteriological quality.
On the other hand, changes in water taste, smé&thgperature may lead to rejection

of chemically and bacteriologically safe water lmpbeholds (Rainey et al., 2005).
3.5.6 Factors affecting arsenic mitigation programmes

In the literature there is agreement that arsentgation programmes have had
limited success in providing arsenic-safe water affected populations (and
especially to rural populations) in Bangladesh. ideer, the factors that affect the
efficiency of these programmes are not totally usibe®d (Atkins et al., 2007).
Assessment of many of the programmes implementeBaimgladesh is difficult
since in the beginning mitigation efforts were hjglincoordinated and isolated

from water management policies.

Most survey respondents (86 per cent) agree tlesie tare a number of problems
affecting arsenic mitigation in MLICs. The currestiite of arsenic mitigation in
Bangladesh is assessed 8ection 2.4.2by means of comparing the 1998
BGS/DFID/GoB survey and the 2009 DWQ survey. Acoggdo this comparison,
the population exposed to an arsenic concentrdiiginer than 50 pgt has fallen

between 12 and 38 per cent; which represents mpdagtess.
Political issues

Almost a third of the survey responses relatecatboirs affecting arsenic mitigation
programmes were post-coded to the political issa¢sgory. Thd2osition paper on
the Bangladesh response to arsenic contaminatiografindwatersummarises the
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actions that have been taken by different stakeslth Bangladesh (APSU 2008).
The paper observes that the degree of achievemanitigation in Bangladesh is
obscured due to the low diffusion of mitigationiant in academic papers and
international forums. Although it is true that th&per list many mitigation actions, it
does not mention whether arsenic and other wategrammes have been
independently evaluated, and if a census of thetimality state and usage of

arsenic mitigation options has been conducted.

Survey responses reproduce some of the politisakss that have arisen recently in
the literature. For instance, the role of NGOs riseaic mitigation, coordination of
mitigation actions among stakeholders (governmB@Qs, aid donors, and water
users), follow-up of arsenic mitigation programmeasg influence of political events
on arsenic mitigation programmes. Atkias al. (2007) reflects on the role of the

Bangladeshi government in the poor performancesarac mitigation programmes.

In regard to NGOs, the comment of a survey respandeSection 3.4.@xemplifies
the criticisms that are now more frequently foundhe development aid literature.
Haqueet al. (2002) analysed the role of NGOs in governanagessn Bangladesh.
The main conclusions of Hageéal. (2002) are as follows:

* The political and economical power of NGOs haseased in relation to the
government.

» Foreign donors have contributed to this situatiptirbiting financial support
to the government and increasing it to NGOs.

* NGOs are more accountable to donors than to themniers.

* NGOs have replaced the government in the proviesfosome of the basic

services (such as health, sanitation and education)

These issues are relevant for arsenic mitigati@alse NGOs play an important role
in arsenic mitigation in some MLICs. Some NGOs hbeen delivering mitigation
actions with funds from foreign donors. In this pest, there have been serious
criticisms to the way aid programmes are deliveredaluated and monitored
(Easterly 2006; Cooke et al., 2001; Johnson €2Gf)1). These criticisms include the
low sustainability of programmes, the use of paétory approaches as a mean of
persuasion towards already established agendadaekaf independent evaluation

of programmes among others.
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Sustainability

There is not a globally accepted definition fortausability in arsenic mitigation. A

simplified definition of sustainability that is fjeently used in water related and
sanitation programmes is that a project is sudbéeni the community can continue
on its own without external support (McConville 3)0In the case of arsenic
mitigation there have been limited attempts to measustainability of programmes.

Two examples are below.

A statistically representative sample of 1,060 raliéve water supplies was
surveyed in Bangladesh in 2005 (Kabir et al., 200f)the water supplies surveyed,
8 per cent could not been localised, 59 per ceme inctioning and 33 per cent
were not functioning at the time of the surveywHs found that deep tube wells
were most likely to be functioning and that arsesmnd iron removal plants were
most likely to not be functioning at the time otthurvey. Only 59 per cent of the
water supplies installed were maintained regularig 0.7 per cent had a caretaker.
The main causes for most water supplies to be wmottioning were breakdown
problems and insufficient water. In this study, ooamity contribution for
installation was found to be important for the ftiaigal status of water supplies.

A mitigation programme based on demand and commupdrticipation was
implemented in rural Bangladesh from 1999 to 2088que et al., 2004). After
implementation, households drinking water with arseoncentrations higher than
50ug L™ dropped from 84 to 54 per cent. This study foutt tpreferred
alternatives for drinking water were deep tube svelnd piped water supplies.
Households considered the daily use of househalenar removal technologies as
inconvenient but acknowledged that they could bedua emergencies. Pond sand
filters were not installed because owners did mpea to use ponds exclusively for

drinking water. The smell and taste of water framg evells was unacceptable.

Although the percentage of households exposed sener dropped after the
intervention, this programme excluded communitied tvere not able to contribute
with the 30 per cent of the installation cost ai®® per cent of O&M cost. Hence,
the most vulnerable communities were excluded. Hewethere is evidence
suggesting that subsidisation of hardware can kendmtal to water related
programmesgection 2.4.2
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Economics

Survey responses referred to economics of arsefiigation in terms of household
economics, and also in terms of country econonkosquently, arsenic mitigation
literature refers to economic aspects in termdranicial cost of arsenic-safe water
sources and in terms of cost-benefit analysis coetbdo other development
interventions (Kemper 2004). However, detailed ecoic studies are difficult to
conduct due to knowledge gaps in arsenic healt#cetf safe arsenic thresholds for
different populations, synergistic effects of matfition and smoking in arsenic
poisoning, the actual cost of different water al&tives in specific hydro-chemical
conditions, the effect of long-term irrigation withater with high arsenic content,
the benefits of arsenic mitigation compared to otlevelopment interventions, and
social effects of chronic arsenic poisoning (Kemp@d4; Smith el at., 2004; BCSIR
2003; Kaufmann et al., 2002).

It is important to consider, as it was observedéttion 2.4.1that MLIC have a
limited budget and arsenic contamination is jusitier issue on the development
agenda. On one hand, on ethical grounds arsenigatmin actions should not be
entirely decided on the basis of economic analySis. the other hand, arsenic
mitigation programmes with high impact should beonitised considering the

financial limitations of countries.

Other aspects indirectly related to economics sémic mitigation are the quality of
interventions and the quality of alternative watemplies $ection 3.4.6 For
instance, in the field of household arsenic remdeahnologies, researchers have
noticed that the cost of technologies must not comgse the robustness of
technologies or the capacity of technologies to awsm arsenic from water
(Sutherland et al., 2001).

Awareness programmes

Effectiveness of awareness programmes was idahtifjesurvey respondents as a
factor affecting arsenic mitigation programmes inLI®L In literature, the
importance of awareness campaigns has been acldgedeas a key component of
mitigation strategies (Kaufmann et al., 2002). Hegre transmission of health
messages to communities has always been challen@ilagris 2005). Some

characteristics of arsenic and arsenic poisoningenitadifficult to communicate and
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to understand the health risks associated with-teng consumption of arsenic
contaminated water. First, arsenic does not ditertaste, colour and odour of water
(Smith et al., 2004). Secondly, the latency pefardarsenic is relatively large; from
5 to 20 years (Paul 2004). Thirdly, the extent aaderity of arsenic-related health

effects varies from person to person (Smith e2804).

Changes in household knowledge about arsenic comaéion and arsenic-safe

water options have been monitored for only a fewarawess programmes. The
results of these monitoring campaigns are contrgsthwareness campaigns have
measured different levels of adoption of arsenfe-skinking water sources. These
may reflect a real difference in efficiency ratesoag campaigns or differences in
monitoring methodologies.

An awareness campaign was conducted on Araihazriddiwhere 54 per cent of
wells exceed 5Qig L™ (Madajewicz et al., 2007). During the campaigrydeholds
were given information about arsenic and arsenisgming; results from an arsenic
test on their well; and results from a health exation. The effect of the awareness
campaign was measured after 6-12 months of implatien. Of households with
arsenic concentrations > 5@ L™, 60 per cent switched to an arsenic-safe drinking

water well. Of those who switched wells, 24 pertgestalled a new well.

Three factors may have influenced the high efficiemate of this awareness
programme. First, the elapsed time from the awaeampaign to the monitoring
stage was relatively short. Second, 90 per cehbateholds lived within 100 m of
an arsenic-safe well. Although the required timeabect water increased 15 fold,
walking time to the water source increased up 80 4ninutes for a round trip.
Finally, this study considered self-reported changa drinking water source.
Usually self-reported data overestimate changesa irpopulation’s behaviour
(Schmidt et al., 2009).

Contrastingly, a follow up of a national awarensasvey found a huge increase in
awareness of arsenic but only small increases aptaxh of arsenic-safe drinking
water sources (Caldwell et al., 2005). In this gtule elapsed time between the two
surveys was 3 years. The study found that knowledgarsenic contamination of
wells increased from 32.2 to 62.9 per cent amongst and from 22.3 to 59.8 per
cent amongst women. However, only 3.9 per centef and 3.0 per cent of women
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changed their water source in response to arsemtamination. Another study
found low arsenic awareness levels in 20 ruraaggls with low to medium levels of
arsenic contamination (Paul 2004). The two varghll#h most influence on arsenic
awareness were: living in a high arsenic risk awesaj education level of the

households.

The main conclusions from these studies were tlmatséholds have very low
awareness of their personal risk level to arsémeiseholds failed to recognise the
potential seriousness of arsenic poisoning; andséimnids did not know how to
respond to arsenic contamination of their wellshim last of the two examples, most
households did not adopt an arsenic-safe drinkiagemwsource even though they
were aware of arsenic and arsenic poisoning. Thiknown as the knowledge-

behaviour gap in health social sciences (Johnsah,&001).

In general, awareness campaigns have a small nads@ffect on the proportion of

households switching from an arsenic-unsafe toraeni-safe water source. Some
studies suggest that factors such as low levelsdication, poverty and the

relatively low prevalence of arsenicosis have aatieg effect on transmitting to

affected people the severity of the risk of arsemotamination (Madajewicz et al.,

2007; Sultana 2006; Paul 2004; Hanchett et al.2R00

Community participation

Community participation was mentioned just a femes in the survey. This was
unexpected due to the emphasis that has been piecedmmunity participation
techniques in NGO programmes since the 1980s (Gad®81; Manikutty 1998). In
this technique, community members are involvedenislon-making processes for
planning and delivery of aid programmes. This apphois supposed to empower
participants and promote ownership of programmeschvshould result in more

sustainable programmes (McConville 2008; Singh 206fnson 2001).

Strong criticisms have been raised about partioiyadpproaches. Firstly, after more
than 20 years of participatory approaches on ruaer systems, there is little
evidence of sustainability (McCann 2007). One cpraof rural water systems is out
of order in MLICs and arsenic removal systems exguently abandoned after a few
weeks of installation (Hoque et al., 2004; Johns2601). Secondly, it has been
argued that participatory approaches are used mescases to lessen local
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opposition to investments and in some cases taugeeshouseholds to follow an
already decided policy (Atkins et al., 2007; Coekal., 2001).

A study of indigenous water management practicesunal Bangladesh found
evidence that contradicts the general belief thedlrpeople in Bangladesh do not
participate actively in water management. Somdefrélevant findings of that study
for arsenic mitigation are (Duyne 1998): peopleural Bangladesh are not passive
recipients of water development programmes; thexe the material, technical and
organisational capacity to collect, administer andke optimal usage of large
amounts of financial resources; and they have ater@nce culture. However, some
of these initiatives are conducted by influentiadividuals or groups of individuals
and therefore some people have limited or no rigghteccess them (Duyne 1998).

Toxic wastes

Most arsenic removal technologies generate waBtepending on the technology
type the waste can be liquid or solid. Adequate safé disposal of hazardous
liquids is more problematic than that of solidseTtazardous character of wastes is
generally determined with the United States Enwvitental Protection Agency
Toxicity Characteristic Leaching Procedure (TCLPMowever, there are some
concerns regarding underestimation of arsenic lagctiom solid wastes with the
TCLP in landfill conditions.

Only 19 per cent of survey respondents considdrativwastes generated by arsenic
removal technologies do not represent a potentiatacnination source. According
to Ghoshet al. (2004) the TCLP reproduce poorly the conditionsvhaich arsenic
wastes will be subject in a mature landfill. Wadiesn household and small scale
community technologies are especially subject aml@guate disposal. A procedure
for waste management should be in place before gtinghor installing arsenic
removal technologies (Ravenscroft et al., 2009)iiots methods for disposal of
arsenic wastes have been proposed in the literdtorenstance, the Kanchan filter
recommends disposing of the water used to cleafilttein a dug hole with fresh
cow dung (Ngai 2006). Some studies suggests thanbthylation in cow-dung may

led to significant reduction of arsenic (ShrestbaD).
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3.6Summary

This chapter investigated some of the non-techncddgssues involved in arsenic
mitigation in MLICs. These non-technological aspeatvolve various fields of
study; i.e. political, social, health and behaviatirange sciences. The survey
presented in this chapter aimed to gain a deepeeratanding of some of these
issues. However, the low response rate and thegbawhkd of respondents meant
that most of the analysis and discussion was agwineBangladesh.

In general respondents considered that arsenigatidn programmes have had
limited effect in Bangladesh. This is also the mosmmon point of view in the

literature. However, a position paper from the Badgshi government argues that
the low efficiency of mitigation programmes is asgonception arising from the low
diffusion of mitigation actions in internationalrfons. There is a tendency in water
related programmes to measure the efficiency ofgnammes in terms of the

infrastructure that has been delivered. This practtan be misleading due to

differences in delivery and actual usage of haréwar

Survey responses and data from the literature wey&ection 2.4.)1 suggest that
modest advances have been made in reducing exgosyreople to chronic arsenic
poisoning. Nevertheless, there is little evidenedhe type of programmes that have
been successful and little information on the fwllap of programmes once the
implementation phase has been finished. Efficienmly arsenic mitigation
programmes was investigated in the survey by astesgondents to list up to six
programmes implemented in MLICs and rating thenoetiog to their efficiency.

The survey did not identify a type programme thasparticularly efficient.

All types of arsenic removal technologies invedtgain the survey had problems
with operation and maintenance. According to thwesyy maintenance problems are
the main issue affecting the implementation of mitseemoval units $ection 3.4.4
and 3.4.9; especially availability of spare parts, and easyd frequency of
maintenance tasks. Only two technology types wensidered to be cost-effective;
composite iron matrix technologies (Sono filter)dacoagulation-flocculation
processes with iron salts (Steven’s Institute ofhf®logy). The microbiological

guality of water was an issue of concern for meshhologies.
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On the other hand, it seems apparent that arsatigatron programmes are affected
by the low priority given to arsenic mitigation useholds. This can partially
explain why technologies such as pond sand filt@ig, water harvesters or arsenic
removal technologies are not fixed when they breakd However, some mitigation

options are very acceptable in terms of sociaustar comfort and hence they are
very likely to be accepted by households, andithibe case for deep tube wells or

piped water.

It is apparent that arsenic mitigation is not cdased any longer an exclusively
technology problem. According to the responseshi survey, the main issues
affecting arsenic mitigation programmes are pdltitechnological and economical.
The many uncertainties around arsenic hydro-geoistgm health effects and
remediation complicate planning and implementatioh arsenic mitigation
programmes. However, it is generally agreed thatuke of blanket approaches is
ineffective and that a variety of alternative sdfenking water options in parallel
with awareness programmes must be offered to holdsehn the particular case of
Bangladesh, arsenic mitigation is affected by tlen@icated political arena,

customary and religion norms, and the economicalpistances.
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4. General methods: analysis of total arsenic in aques samples,

preparation of adsorbents and batch adsorption expéements

This chapter presents the methods that were canisty used in the laboratory
work of this thesis. These include sample analf@isneasurement of total arsenic
in aqueous samples, the preparation of adsorbextshe& experimental conditions
for adsorption experiments. The development ofntle¢hod took a long time in part
due to an unidentified interference and in part ttua series of breakdowns of the
inductively coupled plasma mass spectrometer (IC®-Mn the School of
Environmental Sciences at the University of Easglin The preliminary adsorption
experiments are included in this chapter becausg there used as a means to
develop the method for analysis of arsenic conaéinotrs and to establish the
experimental settings for adsorption experimentth vgugarcane activated carbon
(SCACQ).

4.1 Analysis of total arsenic in aqueous samples from daorption

experiments

The concentration of total arsenic in aqueous sasnplas measured with an ICP-
MS. The samples analysed were collected from atlsarpxperiments with iron and
activated carbon (AC) based adsorbents. This septiesents the basic principles of
mass spectrometry, the overall operation conditimmsICP-MS, and the method

development for measurement of the samples stunligals thesis.
4.1.1 Inductively coupled plasma mass spectrometry

An ICP-MS model X5 Series | from Thermo Electronr@wation was used for
analysis of total arsenic in aqueous samples frdsomption experiments. In MS the
molecules or atoms in a sample are transformeda® ghase ions, separated
according to their mass-to-charge ratio (m/z) (inick m is the mass in unified
atomic mass units and z is the number of chargeghenion) and measured
according to their relative abundance in the sarfiébinson et al., 2005). The ICP-
MS has four main components; a sample introdudy@bem, an ionization source, a
mass selective analyser, and an ion detector. gvalia of a typical ICP-MS system

is presented in Figure 4.1.
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Figure 4.1 Diagram of the ICP-MS (not to scale).

Liquid samples are passed through a nebuliser inhadastream of high purity argon
is used to transform the sample into aerosol dtepl€hen, the finest droplets
(< 10 um) are introduced into the plasma; the teatpees in the plasma can reach
10,000 K. In the plasma the sample is vaporisesmeted and finally ionized. An
advantage of argon ICP is that most of the elemfmta mainly singly-charged

positive ions which generate relatively simple mgssctrums.

lons are then extracted from the plasma to thé ¥msuum stages of the MS. The
interface between the plasma and the MS is the lsarapd the skimmer cones. The
stream of ions passes through an orifice of 1 mrithénsampler cone; most of the
argon carrier gas is removed at this stage. Thespre is around 2 mbar for this
stage. Then, the sample coming from the central paithe plasma (the most
ionised) is passed through an orifice of 0.70-On7% in the skimmer cone. The
skimmer cone separates the neutral ions from tearst of ions and reduces the gas

flow into the MS. The region behind the skimmeredmat a pressure of f@nbar.

In the next stage, ion lenses focus the samplénfavduction into the quadrupole
mass analyser. The positively charged ions are raggsh from neutrally and
negatively charged ions by the use of potentialsliegh to several lenses placed
within the chamber. The ICP-MS model X5 Seriesn ba used in standard mode or
in collision cell technology (CCT) mode. In CCT neotthe sample is passed through
the dynamic reaction cell, a chamber placed befloeequadrupole. In the cell a
collision gas is used to attenuate interferencasexh by the carrier gas argon. Then,
the quadrupole filters out ions of a specific mssharge ratio. Finally, ions

transmitted through the quadrupole are countediétected). The analyser pressure
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is between 18 and 10’ mbar. The ICP-MS model X5 Series | is fully cotied by
the software Plasma Lab from Thermo Electron Cafpan.

ICP-MS is susceptible to a number of interferer{@able 4.1). In the case of arsenic
the most common interference is caused by thé%rt°CI*. This ion has the same
mass-to-charge ratio as arsenic, 75. This interterevas avoided by using nitric
acid instead of hydrochloric acid for sample aatdifion and by the use of CCT. In
one case, an adsorption experiment required thefuaecompound containing the
ion CI' (Section 7.% For that experiment, tH8Ar**Cl* interference was monitored,

reduced as much as possible, and accounted fatanathalysis.

Table 4.1 Common interferences in ICP-MS (adaptech EPA 1994).

Interference Description

Isobaric Caused by isotopes of different elements which fsimgly or doubly charged ions

elemental ion  of the same mass-to-charge ratio than the analyte.

Isobaric Caused by ions consisting of more than one atonctwhave the same mass-to-

polyatomic ion charge ratio than the analyte.

Physical Caused by the physical processes in Hresport of the sample to the plasma,
processes into the plasma, and transmission of fbrmugh the plasma-mass

spectrometer interface.

Memory Occurs when isotopes of elements in a ptsvgample contribute to the signals

measured in a new sample.

4.1.2 Method development
ICP-MS tuning

In each analysis run the instrument was first tuttedperate in the standard mode
and then tuned to operate in the CCT mode. Thedatdnrmode was tuned with a
solution containing cerium, indium, lithium, andanium at 10 pg t each. The
tuning solution was acidified at 2 per cent withrini acid (HNQ). The multi-
element tune solution A from Thermo Electron Cogpian (barium, beryllium,
bismuth, cerium, cobalt, indium, lithium, nickesald and uranium at 10 mg'Lwas
used to prepare the tuning solution. The passiitgrion for this tune is shown in
Table 4.2.
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Table 4.2 Passing criteria for the standard mode far the ICP-MS.

Isotope % stability Counts per second
Li 2 > 1,000

9n 2 > 100

220Bkg <1

2y 2 > 100

Li/ °Bkg > 20,000

19 /1 1%%Bkg > 100,000

8y 1 #°Bkg > 100,000
*ce0/MCe <0.02

The CCT tune was carried out with a 10 |iydobalt solution with no vanadium and
acidified with high purity hydrochloric acid (HCHt a concentration of 2 per cent.
This solution was prepared with the multi-tune Auson from Thermo Electron

Corporation. The solution was chosen in accordamitle the collision gas used,
ammonia (NH). The passing criteria for the tune was an intgnsi < 200 counts

per second (cps) for vanadium and intensity > 1,@p& for cobalt and a standard
deviation < 2 per cent for cobalt. Typical instrurheonditions and some method

parameters are shown in Table 4.3.
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Table 4.3 Typical instrumental conditions and mdtparameters for ICP-MS.

RF power 1200 Watts Analysis time (total) 216 s
. Standard
Plasma gas flow 15 L mih Detector mode )
resolution
Auxiliary gas flow 0.9 L mift Sampler/skimmer cones nickel
Nebuliser gas flow 0.88-0.4
Dwell time 30ms
(micro mist) mL min*
Solution pump rate 16 rpm Number of sweeps/reading 1,000
Sample introduction system  Concentric flow Numbfereadings/replicate 1
Rinse time 100 s Number of replicates 3
Equilibration time 70 s Total acquisition time 6.4

ICP-MS calibration

Two calibration methods were tested for sample yaisl the working calibration
curve method and the standard addition methodhénwtorking calibration curve
method standards are analysed to produce a caibraturve, the sample
concentration is determined by comparison agaihst dalibration curve. The

addition of an internal standard can be used taon®gthe precision of the method.

An internal standard is a substance that is addetheé same quantity to the

calibration standards, samples, and blanks. Tleenat standard is used to measure
the relative response of the analyte (EPA 1994f irternal standard is chosen
according to the first ionisation potential of thealyte. In this case the internal

standard used was rhodium (Rh) at a concentrafid® ag L. The first ionisation

potential of rhodium and arsenic are 7.460 and®\&dlts respectively.

The standard addition method is used to eliminatigional matrix effects in sample
analysis (Ellison et al., 2008). The rotational mxaeffect occurs when different
analytical signals are produced for the same amatyincentration in different
sample matrices. This effect could occur when thé&imof the standards is different
from the matrix of the samples to be analysed oerwkamples with different
matrices are to be analysed. The standard addrethod consists in analysing the
responses of several aliquots of the unknown sanvjite additions of increasing

amounts of a stock solution of the analyte. Theceatration of the unknown sample
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is determined by the extrapolation of the calilmmatturve to a zero response (Ellison
et al., 2008).

Sample analysis

Samples from preliminary adsorption experimentsewaitially analysed with the
working calibration curve method without an intdrs@ndard. Then an interference
of unknown origin was suspected. In an attempt dotrol the interference the
samples were analysed with the standard additidghadebut the effect persisted. In
a later stage the interference was identified wihevas noticed that concentrations
of iron and arsenic in the samples were correléfeglire 4.2).
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Figure 4.2 Graphic illustrating the correlation vieén arsenic and iron concentrations as
measured with the ICP-MS in one of the absorptigpeaments. Samples were analysed

with the standard addition method.

To test if iron was having an effect in the arser@ocentration as measured with the
ICP-MS a very simple experiment was carried out.aégenic solution of 50 pgi
was prepared and spiked with iron concentrationsoup500 pg I*. Then samples
were analysed with the ICP-MS with the working loedtion curve. A sample spiked
with arsenic but not with iron was analysed toosekic recovery was calculated by
dividing the concentration measured with the ICP-MSthe real concentration of
samples. Arsenic recovery for the sample withoah iwas 99 per cent, whereas
arsenic recovery of samples spiked with iron vaftech 16 to 104 per cent. Arsenic

recovery was not linear with respect to iron com@ions. First arsenic recovery

79



4. General methods

decreased when iron concentrations increased amwdatsenic recovery increased

when iron concentrations increased.

In another experiment, iron removal from arsenimgas was tested with the cation
exchange resin Dowex 26G®. For this experimentethsets of samples were
analysed. The first set of samples consisted @na&rssolutions at a concentration of
10 and 250 ug t; this set served as control. The second and #gtcf samples

consisted of solutions with known iron concentrasioup to 1,80Qg L™, spiked at

two arsenic concentrations of 10 and 2B0L™. Samples from sets 1 and 2 were
analysed with the ICP-MS without pre-treatment sachples from set 3 were passed
through a resin for iron removal before analysithvihe ICP-MS. Sample analysis

was done with the working calibration curve method.

The resin was activated with the following proceddorty mL of resin were packed
in a glass column. Then, 5 L of reagent grade wate passed through the resin.
Next, 120 mL of a solution of 6 per cent reageridgr HCl was passed through the
resin. Finally, the resin was washed with reageatig water. The pH of effluent

water was monitored to ensure the HC| had beenedbsht from the resin.

The device for sample filtering consisted of 3 nilactivated resin packed in a 5 mL
plastic syringe. A layer of fiberglass was placéd\ee the resin to avoid disturbing
the resin when introducing the sample. One coluynimge was used per sample.

The pH of samples was not adjusted before pasiserg through the column.

Figure 4.3 presents the fraction of recovery fanglgs spiked with iron with no
treatment and samples spiked with iron and padseddh the resin. It is clear that
arsenic recovery is not optimum. To improve recgyvéne pH of samples could be
modified or a more highly iron selective resin ablble used. No further attempts
were made to improve the recovery rates becaugptimise the method would have
taken considerable time and money, and becausadiresamples (from SCAC) of

the research did not contain iron.
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Figure 4.3 Arsenic recovery for samples spiked witim up to 1,800 ugt Symbols: No
treatment = arsenic samples spiked with iron andlyaed without pre-treatment;
DOWEX 26G® = arsenic samples spiked with iron andlgsed after removal of iron with

the resin.

SCAC samples were analysed with a working calibraturve method with the
internal standard Rh at 10 pg LThe single element solutions 1,000 myAs in 2
per cent HN@and 10 mg [* Rh in 2 per cent HCI from Claritas PPT were used f
the preparation of the calibration and internahdsads. Drift in the signal was
monitored during the analytical run with the abseluesponse of the internal
standard. The absolute response of the internadigtd must not deviate more than
65-125 per cent of the response in the calibrdtlank (EPA 1994). In most analysis

runs the internal standard response was kept bet@and 115 per cent.

Arsenic recovery was monitored in each run by asiatya spike every 10 samples.
A spike sample is an aliquot of reagent grade waterhich known quantities of the
analytes are added. For each spike analysed theepérrecovery was calculated
(Equation 4.1). The per cent recovery for eachyeahust be within 85 and 115 per
cent (EPA 1994).

spike — blank y Equation 4.1

% recovery = 100

In the equation, spike is the arsenic concentraa®measured in the spike, blank is

the arsenic concentration in an aliquot of reaggate water, and s is the analyte
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concentration added to the spike. Memory effecteewsonitored by analysing an
aliquot of reagent grade water every ten samples.

The instrument detection limit (IDL) and the methaetection limit (MDL) were
calculated. These calculations are presented weithildn Appendix B The IDL was
measured at 0.08 pg?Lthe MDL for a concentration range of 0-350 pg &t
0.15 pg L*, and the MDL for a concentration range of 0-3,p@0L™" at 0.80 pg L%,
Finally, matrix effects were investigated for SCA@mples. Reagent grade water
was added to a reactor containing the same amduS8CAC used in adsorption
experiments. The reactor was shaken for 24 houtghen the content of the reactor
was filtered. The filtrate was spiked with a knowancentration of arsenic and
analysed with the working calibration curve metheith 10 ug L' Rh internal

standard. The average arsenic recovery for thesplea was 105 per cent (n = 2).
4.2 Preparation of adsorbents
4.2.1 Commercial activated carbon and iron filings

In all experiments involving commercial activateatlwon (CAC) the lignite granular
AC type Darco® 12x20 from Sigma-Aldrich was usetheTonly preparation that
CAC required was drying overnight at 105 °C andpleg in desiccators until used.
Reagent grade iron filings (Fe) were obtained frBisher Scientific and used

without pre-treatment.
4.2.2 Synthesis of iron hydroxide

The synthesis of iron hydroxide (FeOOH) was based anethod by Streat al.
(2008). First, a solution of 0.3M iron(lll) chloed(FeC$) and a solution of 0.9M
sodium hydroxide (NaOH) were prepared. Then, eaathtisn was placed in a
dropping funnel. Next, solutions were mixed in ateBmeyer flask. The mixture
was magnetically stirred and kept at 45 °C. Thevflates of the reagents were
controlled to keep the reaction at a pH of 4. Hepind stirring continued for one
hour when addition of both reagents had finishedirdwn precipitate was formed
after suspending heating and stirring. This preéaipiwas left to age for four days.
Then, the precipitate was washed with reagent gveater, dried in an oven at

35 °C, pulverised with pestle and mortar, and ket desiccators.
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4.2.3 Iron impregnated commercial activated carbon

Arsenic uptake capacity of AC can be improved adiog iron onto its surface. In

this case iron(ll) was used for two main reasomstl, higher amounts of iron are
loaded on CAC with iron(Il) compounds than withridl) compounds (Gu et al.,

2005). Secondly, at pH > 3.0, iron(lll) forms hyxiges that are more difficult to

diffuse in the internal pores of AC (Gu et al., 3RGCAC was impregnated with iron
using two different treatments, called A and Bitreatment A, iron(ll) was loaded

onto CAC and then oxidised to iron(lll) (Gu et @&Q05). In treatment B, the surface
of CAC was oxidised and then iron(ll) was loadetié@ et al., 2007).

Treatment A was based on a method byegal. (2005). Iron(ll) solutions with a
concentration of 0.1M and 0.01M were prepared with(ll) chloride tetrahydrate
(FeChL-4H,0). Then, the CAC and the iron(ll) solution werexed in a low density
polyethylene bottle; the impregnation ratio was afgCAC per 15 mL of iron(ll)
solution. Sodium hypochlorite solution (NaClO) wadded at the beginning of the
reaction and then every 6 hours for 24 hours; tb€IN: FeC}-4H,0O ratio was
20 mL:10 g. The CAC was separated from the iromtswl by filtration. Finally,
iron treated CAC was washed several times with eetgrade water, dried at
105 °C, and kept in desiccators.

In treatment B, based on a method by Céeal. (2007), CAC was boiled for three
hours in a 25 per cent HNGolution. Then, the mixture was allowed to coaodl an
CAC was separated by filtration. Oxidised CAC waashed three times with
reagent grade water, dried at 105 °C and kept sicdators. Then, iron(ll) was
loaded onto the oxidised CAC. Iron(ll) concentrati€AC : iron(ll) solution ratio
and reaction time were the same as in treatmenfh&. pH of the reaction was
controlled between 4.5 and 5.0 with addition of 4ddlium hydroxide (NaOH) every
six hours per 24 hours. Table 4.4 shows the tredtsemmary. Iron impregnated
CAC samples were named according to the impregmatieatment and iron
concentration of the solution. For instance, the@dA-0.1M Fe” represents a CAC
sample impregnated with treatment A with an iroluson with a concentration of
0.1 M iron.
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Table 4.4 Treatment combinations for impregnatib&@AC with iron(ll).

Iron(I1)
Treatment Oxidant_____
M

A-0.1M Fe NaOCI 0.1
A-0.01M Fe NaOCI 0.01
B-0.1M Fe HNQ 0.1

B-0.01M Fe HNQ 0.01

4.2.4 Sugarcane activated carbon

All SCAC adsorbents used in the experimental pathis research were prepared
with the procedure described in the following paapis. A horizontal tube furnace
Carbolite CTF12-65-301 was used for preparatiothefsugarcane adsorbents. First,
raw sugarcane was squeezed with metallic rollenenTit was washed three times
with reagent grade water. Next, sugarcane was mexdly cut and sieved.

Sugarcane that passed through a 4.0 mm sieve bttinooigh a 1.0 mm sieve was
used for preparation of the AC. After sieving, sugae was washed three times

with reagent grade water and dried overnight.

Adsorbents were prepared in a two-stage proceslsomigation and activation. For

the carbonisation stage sugarcane was weighted ptabd in ceramic boats

(width = 4 cm, length = 10.5 cm, depth = 2 cm). Thé&e boats were loaded into the
furnace. Nitrogen free of oxygen (100 tmin™) was continuously passed through
the furnace. The temperature in the furnace wasased at a heating rate (HR) of
5 °C min® until the carbonisation temperature (CT) was redcfhen, the furnace

was kept at this temperature during the carbowisatime (Ct). The carbonised

material was allowed to cool inside the furnacéhim nitrogen atmosphere. Next, the
carbonised material was weighed and crushed wittramic pestle and mortar to a
particle size < 18Qum. After crushing and sieving the carbonised makenas

weighed.

For the activation stage, the furnace was loaddd thve carbonised material. Then, a
nitrogen flow of 100 crhimin™ and a HR of 5 °C mihwere set. Once the activation

temperature (AT) was reached the gas was switahezhrbon dioxide (C¢) at a
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flow rate of 100 cri min'. The AT was maintained for the activation time)(At
When the At elapsed the gas was switched backttogen (100 crhmin®). The
activated material was allowed to cool in the mgo atmosphere. Then, the
activated material was weighed. Finally, each gadn\C was washed five times
with 100 mL of reagent grade water, dried overnightl kept in desiccators until
used. The overall preparation process for SCAQustrated in Figure 4.4.

Figure 4.4 Flow diagram showing the preparatiopster SCAC. The tube furnace is used
in steps 2 (carbonisation) and 4 (activation).
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4.3 Experimental conditions for arsenic adsorption batb experiments
4.3.1 Materials and cleaning procedures

Chemicals used in adsorption experiments were l&fast reagent grade. Nitric acid
used to acidify samples or adjust the pH of sohgiavas of high purity. Ultrapure

acid was double distilled in the university laborgtand stored in a narrow neck
Teflon fluorinated ethylene propylene bottle. A pi¢ter Mettler Toledo seven easy
S20 and a balance Ohaus analytical plus model AP2&e used throughout the

experimental work.

The following chemicals were used in adsorptionegkpents; sodium hydroxide
(NaOH) 99.1 per cent, sodium chloride (NaCl) 9965 pent, disodium hydrogen
phosphate (NaHPf) 99.5 per cent, potassium sulphate,§Ky) 99 per cent,
laboratory reagent grade manganese sulphate (WnS®odium silicate
(N&O(SiOy)x-xH0) solution (12 per cent silicon), sodium arsendtbasic
heptahydrate (N&lAsO,7H,O) > 98 per cent, and sodium arsenite (NaAsO
> 99.0 per cent.

All plastic ware and glassware were cleaned be#oré after use in adsorption
experiments. First, laboratory ware was rinsedehimes with deionised water.
Then, it was soaked for 24 hours in a 5 per cemoDOO® bath. Decon 90® is a
surface active cleaning agent for laboratory apgibnis. Then, laboratory ware was
rinsed three times with deionised water. Next,asvsoaked 24 hours in a 20 per cent
HNO; bath. Then, it was rinsed three times with reageatle water and allowed to
dry in a clean air cabinet. Finally, clean and thioratory ware was stored in
resealable polythene bags. Acid baths were made amalytical reagent grade 70
per cent HNQ@ from Fisher Scientific. Acid and Decon 90® bathsrgvchanged at

least every six months.
4.3.2 Batch adsorption experiments

A similar methodology was followed in all batch eximents. For each experiment a
fresh arsenic solution of 1,000 mg*lwas prepared with sodium arsenate dibasic
heptahydrate (N&lAsO, 7H,O) or sodium arsenite (NaAgOdepending on the
experiment. The solution was then diluted to theceatration required in each

experiment. Experiments involving arsenic(lll) wemdnducted in darkness,
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covering reactors with black paper, to avoid oxmlatof arsenic(lll) to arsenic(V)
(Bednar et al., 2002). Also, arsenic(lll) stockwgmns were acidified with HN©
The pH of solutions was adjusted with drop wiseittad of sodium hydroxide 0.1M
(NaOH) or nitric acid 2.25 M (HN¢) when necessary.

First, the adsorbent was weighted and placed ianciglass reactors. Then, the
arsenic solution was poured into the reactors. Nesctors were placed in a bottle
shaker for time t. Finally, samples were filter&dotugh a 0.2um cellulose acetate
filter. McCleskeyet al. (2004) found that filter pore sizes (0.1 to 0i48) did not

affected preservation of arsenic samples.

Prior to sample filtration the membrane filter asbéy was pre-rinsed with 10 mL of
the sample to be filtered. After filtration the gamwas split in two parts; one part
was used for measurement of pH and the other wps fee ICP-MS analysis.
Samples for ICP-MS analysis were acidified with loleudistilled HNQ, 100 pL of
acid per 20 mL of sample, and stored in 50 mL pdasentrifuge tubes in a
refrigerator at 4 °C until analysis. Samples waralgsed with the ICP-MS within a
month. Used adsorbent and arsenic residual sotutieere collected for adequate

disposal.

4.3.3 Preliminary adsorption experiments with commercial activated
carbon, iron filings, iron hydroxide, and iron impregnated

commercial activated carbon

The original experimental plan only included expents with SCAC. Initially, it
was planned to prepare the AC samples in a comraitioven. However, some
concerns were raised with respect to the safetpadifying the design of the oven
for use with gases. Hence, it was necessary toydppfunding to get an adequate
oven for the planned experiments. In the meantimelinpinary adsorption
experiments with arsenic(lll) and arsenic(V) wewa with CAC, iron filings (Fe),
iron hydroxide (FeOOH) and AC impregnated with {{n These experiments
helped not only to define the experimental condgifor the adsorption experiments
with SCAC but also to develop the method for sanaplalysis.

Experimental conditions in this preliminary expeemh were as follows: initial
concentration of 18fg L™ for arsenic(lll) and of 247g L™ for arsenic(V), 1 g of

adsorbent, 90 mL of arsenic(lll) solution and rotemperature. The pH was not
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adjusted in this experiment. Samples were colleatedifferent times, from 60 to
1,497 minutes. The experiments were conductedipticate with a control and a
blank. A limitation of the experimental design wtaat 20 mL of sample, almost a
quarter of the total volume, was extracted from ib&ctor at each sampling time.
Hence, the initial conditions of the experiment raed drastically during the
experiment. Samples from the arsenic(lll) experimeere analysed with the ICP-
MS using the working calibration curve method aadhples from the arsenic(V)
experiment were analysed with the standard additrethod. The method of

analysis was changed because interferences wgrected.

Additional batch experiments were run with iron negnated CAC. Adsorbents A-

0.1M Fe and B-0.1M Fe were tested at two arsenia{ial concentrations, 100 and

472 g L. The experimental conditions were initial pH off8pm temperature and

adsorbent dose of 10 g*LAdsorbents A-0.01M Fe and B-0.01M Fe were tested

an arsenic(V) initial concentration of 35@ L. Samples were collected at 60, 360
and 1,440 minutes. Samples were analysed withtémelard addition method in the

ICP-MS.

It was concluded that both methods, the workingbcation curve and standard
addition methods, were inappropriate for analysisamples with an iron content.
The correct procedure would be to remove iron fremmples and then analyse
samples with the working calibration curve methdthe results from these
experiments are included in this section (Figug dather than in the results section

since they contributed to the development of théhottused to analyse the samples.
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Figure 4.5 Results from preliminary adsorption eipents that served to identify
interferences on sample analysis. a) arsenic(hll adsorbents CAC, Fe and FeOOH,;
samples analysed with a working calibration cub)earsenic(V) and adsorbents CAC, Fe
and FeOOH; c) arsenic(V) and adsorbents A-0.01Mufek A-0.1M Fe; d) arsenic(V) and
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adsorbent B-0.01M Fe and B-0.1M Fe. Samples fronchand d) were analysed with the

standard addition method.

4.3.4 Batch experiments with sugarcane activated carbon

Batch experiments with SCAC were carried out in ¢baditions stated isection
4.3.2 Experimental settings specific to batch experimenith SCAC were an
adsorbent dose of 5 g'land a total arsenic solution volume of 40 mL. Siadarge
amount of sample was required for ICP-MS analysis pH measurement, reactors
were sampled only once to avoid changing the ingigoerimental conditions. For
instance, for the adsorption experiment in whicé thhange in concentration was
measured with respect to time, instead of sampiireysame reactor at different
times one reactor was set for each time investigaixperiments were done in

triplicate and with a control and blank.

The sampling methodology, explained Section 4.3.2was tested to verify its
adequacy. Arsenic solutions were prepared at tboeeentrations: 50, 273 and
581 pg L. Each solution was split into four aliquots. Origuot was analysed to
obtain the real concentration of the solution. Dleer three aliquots and a blank
were treated like samples: filtered, acidified astdred at 4 °C. The arsenic
concentration in blank samples was from 0.1 tou@&*. Recovery was 98 + 2.2 %
in samples with 50 pgtarsenic, 105 + 2.5 % in samples with 273 |Tgand 102 +
1.5 % in samples with 581 pg'L

The analysis of samples from the first adsorptispeeiments with SCAC revealed
that the standard deviation of triplicates was érgihan expected, up to 9 per cent.
To investigate this variation an experiment wittwafold objective was carried out.
The first objective was to investigate if an in@ean the number of replicates, from
three to six, would reduce the standard deviatibreplicates to below 5 per cent.
The second objective was to investigate the eftédhe composition of the raw
sugarcane on arsenic removal. The raw materiabmsposed by the husk and the
fibre of the sugarcane that are left after extmctof the juices; this is normally
referred as to bagasse. For this experiment thetseo$ reactors were prepared. The
first set was the control; i.e. reactors with arsesolution and no adsorbent. The

second set was for the SCAC prepared with sugarbagasse with husk, and the
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third set was for SCAC prepared only with the filflee husk was mechanically
separated from the fibre).

The SCAC for this experiment was prepared withftlilewing parameters; CT of
700°C, Ct of 90 min, AT of 850°C and At of 180 mixigure 4.6 presents the arsenic
concentration of the liquid phase at equilibriumeifor the two adsorbents tested.
Even though the arsenic concentration was as lowldasig L, the standard
deviation for the six replicates was 2.6 per centSCAC made from the fibre and
husk and 3.2 per cent for SCAC made from the fibre.

30

Arsenic (ug L)
= N N
(&) o (&)

=
o
1

(&)
1

SCAC (husk + fibre) SCAC (fibre)

Figure 4.6 Average of arsenic concentrations foraplicas of SCAC made of bagasse and
husk and SCAC made exclusively of bagasse. Stamgaidtion is below 5% in both cases.

This experiment confirmed that increasing the nundfereplicates would improve
the standard deviation values. Also, it was foumat husk content on SCAC had a
positive effect on arsenic removal. Potentially, ARCmade exclusively of husk
would remove more arsenic than SCAC made of a mextbifibre and husk.

In spite of these findings it was decided to kdepriumber of replicates at three and
to prepare SCAC with the mixture of fibre and huBkese decisions were taken for
two main reasons. Firstly, due to the size of theetfurnace, the preparation of one
gram of SCAC could take as long as six days, ddpgndn the activation
temperature. Hence, if six replicates were usetdaasof three replicates, the time to
produce the necessary amount of SCAC would doubdeondly, production of

SCAC would be impractical at a pilot or industredale if the fibre had to be
removed.
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4.4Summary

This chapter introduced the general methods useddghout the development of the
experimental work and preliminary adsorption expemts. Laboratory methods
included procedures to clean plastic and glasswaeparation of adsorbents and
sample analysis with the ICP-MS. Preliminary adsormpexperiments with CAC,
iron filings, FeEOOH, and Fe-GAC were used to depdlte sample analysis method
and to establish the experimental conditions foAS@dsorption experiments.

Interferences, of unknown origin, in the measurene¢otal arsenic using the ICP-
MS with the working calibration method were detdctehen analysing samples
from preliminary adsorption experiments. The iramtent in samples was later
identified as the source of the interference. Aeseof experiments concluded that
the appropriate method for samples with iron cantegis removal of iron with an

ion/exchange resin prior to analysis on the ICP-Wig the working calibration

curve method. The resin used here, Dowex 26G, wagapable of removing 100
per cent of the iron. No further attempts were mié&nd a suitable resin since

samples from the main adsorbent investigated (SGACHot contain iron.

Samples from adsorption experiments with SCAC vesralysed with the working
calibration method with Rh at 10 pg'las the internal standard. Matrix effects on
arsenic analysis were ruled out; the recovery oatgamples with the SCAC matrix
was 105 per cent. The arsenic IDL was measured.G& |0y L}, the MDL for
concentrations from 0-350 pg'lwas 0.15 pg £, and the MDL for concentrations
from 0-3,000 pg L* was 0.80 ug L

An experiment suggested that SCAC made exclusiokehusk could have a higher
adsorption capacity for arsenic; however removaltted SC bagasse would be
impractical in pilot or full scale production of 8C. Hence, SCAC was prepared
from the husk and fibre. Although standard devratid arsenic concentration from
SCAC adsorption experiments dropped from 9 to Z&ent when six replicates
were used instead of triplicates, the latter weeptkin order to keep within

acceptable limits the time required to preparestif®orbent.
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conditions for the removal of arsenic

The preparation conditions of activated carbon (A@ye an effect on its physical
and chemical properties and hence on its adsorptapacity. In the specific case of
sugarcane activated carbon (SCAC) and arsenic r@mthe amount of existing

information on this subject is scarce. The settimgghe preparation of SCAC used
in this research were established with a combinatib experimental work in the

laboratory and statistical analysis. This chaptegsents the experimental and
statistical methods used for determining the optimpreparation parameters for

arsenic adsorption.

5.1Experimental design for establishing the preparatia conditions for
sugarcane activated carbon

There are two AC preparation methods, physical @memical activation. Physical
activation is a two-stage process; carbonisatiorthef raw material in an inert
atmosphere followed by activation with water steamcarbon dioxide (Cg).

Chemical activation is a one-stage process; themnaverial is mixed with chemical
agents, then chemicals are rinsed out, and firahponisation and activation are
simultaneously performed. The SCAC used in thiassh was produced with
physical activation since chemical activation woubgé more problematic to

implement in middle and low income country settings

A three-factor experimental design with two levelled a 2 factorial experimental
design, was used to establish the values of theapméon parameters of physical
activation of SCAC. This experimental design istigatarly useful to investigate
individual and joint effects of several factors anresponse with a minimum of
experimental runs when there is little informati@bout the system studied
(Montgomery et al., 2009). Two-level factorial dgs assume an approximate

linear response between the levels studied.

The 2 factorial design is defined as follows; lgki yoe the observed response when
factor A is at theth level { = 1, 2), factor B is at thgh level { = 1, 2) and factor C
is at thekth level k = 1, 2) for thdth replicate (= 1, 2, . . n) (Montgomery et al.,
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2009). A graphical representation of thef&ctorial experimental design and a table
with the treatment combinations with coded factsrgresented in Figure 5.1. In the

coded factorial design, low levels are assignedvtidae of -1 and high levels the
value of +1.

Factor
bc
. abc Run A B C
(+) High !
! a + - -
Factor C E b - + B
b ‘I- __________________ ab ab + + -
Low 0‘/‘/’ /. (+) High ¢ - - +
(-) Low

) FactorA () bc - + o+

Low High
abc + + +

Figure 5.1 Graphical representation and codednterat combinations of the® Zactorial
experimental design.

The variables investigated in the factorial expentn were carbonisation
temperature (CT), activation temperature (AT) amtivation time (At). These
factors were chosen due to their effect on the ipalysind chemical properties of
AC. Carbonisation time (90 min), carbonisation aadtivation heating rates
(5 °C min?), nitrogen flow (100 crhmin®) and carbon dioxide flow (100 émin™)
were kept constant in all treatment combinationarb@nisation and activation
heating rates affect the development of the pomgctsire of the materials; they
usually vary between 5 and 10 °C minHowever, the maximum heating rate
achieved by the furnace is 5 °C firFor this reason, it was not possible to include
this parameter in the experimental design.

In addition to the factorial experiment, two mommadl-scale experiments were
carried out; the variation of AT and pre-treatmeh8CAC with acid (acid treatment
is commonly used to improve adsorption of AC).He wariation of AT experiment

four adsorbents were prepared at AT values fromt@®m0 °C, a CT of 700 °C and
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an At of 120 minutes. In the acid treatment expenmtwo types of SCAC were
treated with nitric acid.

Acid treated SCAC samples were prepared with tHewing procedure. First,

SCAC samples were boiled for 30 min in a solutiér2® per cent nitric acid, at a
ratio of 1 gram of AC per 15 mL of solution. Nesamples were washed with
reagent grade water until the pH of the water ditahange. Finally, samples were
dried overnight at 105 °C and kept in a desiccalbe treatment combinations for

these three experiments are shown in Table 5.1.

Table 5.1 Treatment combinations for tHdatorial experiment design and the variation of

activation temperature experiment.

) Carbonisation Activation Activation  Nitric
Experiment Adsorbent _ _
temperature temperature time acid
°C °C min

SCo1 700 600 60 No

SC02 850 600 60 No

SCO03 700 900 60 No

SC04 850 900 60 No
22 factorial

SCO05 700 600 180 No

SCO06 850 600 180 No

SC07 700 900 180 No

SCO08 850 900 180 No

SC09 700 750 120 No
Variation of SC10 700 800 120 No
activation

SC11 700 850 120 No
temperature

SC12 700 900 120 No
Acid SCO01-A 700 600 60 Yes
treatment SCO7-A 700 900 180 Yes

SCAC samples were tested in separate arsenic(V) aaadnic(lll) adsorption
experiments. For comparison a sample of the comateactivated carbon (CAC)
was included in the adsorption experiment. Expents@vere carried out at room
temperature, at an initial arsenic concentration 850 pg L* and at an initial pH of

~ 8. Experiments were run in triplicate; the resplitssented here are the average of
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triplicates. The responses measured were the peofearsenic(V) or arsenic(lll)
removal, and yield of SCAC samples. The percergracsremoval and yield were
calculated with Equation 5.1 and Equation 5.2 retypely:

o Asy — Asy

YoAs.R = " As, X 100 Equation 5.1
in which %As.R is the percent of arsenic(lll) osemic(V) removal, Asis the initial
arsenic(V) or arsenic(lll) concentration, and Asthe final arsenic(V) or arsenic(lll)

concentration.

activated adsorbent

x 100 Equation 5.2

w
%yield =
Wraw material
in which Wagtivated adsorberdS the weight of the activated adsorbent ang MaterialS the

weight of the raw material.

Data collected from the factorial experiment wadistically analysed with the SPSS
software package, version 14.0. First, percenerecsremoval and yield were
calculated for each treatment combination. Thea félctors were coded to facilitate
mathematical operations and interpretation of ttaistical test results. Next, the
data were check for violations of the assumptiodngavametric tests; i.e. normally

distributed population with equal variance.

An analysis of variance (ANOVA) test was run tontfy the factors and the factor
interactions that have an effect on arsenic adsorpResults from the ANOVA test
were used to model arsenic(V) and arsenic(lll) gatgmn on SCAC. The general

regression model for & 2actorial experiment is presented in Equation 5.3.

Y =Co + Cyxqg + Cyxy + C3x3 + Ciax1xy + Ci3x1x3 + Cozxax3 + Cia3X1X0X3 + €

Equation 5.3
in whichY is the response; the C terms are parameters deteeminedy,, x, and
x5 are variables representing factors A, B and Caesgly; x;x,, x1x3, X,x3,
X1Xx,X3 represent interactions between the factors,eaisca random error term. The

C terms were calculated with the least squaresatés method.
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Three models were proposed for arsenic(V) and ex@Bhn adsorption. The first
model included only statistically significant terfiem the ANOVA test, with no
consideration of fulfilling the hierarchy principi@ontgomery et al., 2009). The
second model included the statistical significamins plus additional terms to fulfil

the hierarchy principle. The third model explores uadratic effect of AT.

Finally, the adequacy of the models was verifiedr Each model, the predicted
response with the 95 per cent confidence interad galculated for the data used for
the factorial experiment and for experimental dataincluded in the model (when

possible). Also, surface and contour plots werapced for each model. The plots,
the calculations for the predicted response ohtbedel, and the calculation of the 95
per cent confidence interval were made with therégrmmming language, version

2.13.1.

5.2 Results

The effect of the preparation conditions on arseamoval was tested initially with
arsenic(V) and then with arsenic(lll). Preliminangsults of the arsenic(V)

experiment were presented at two conferenéggpdndix . Analysis for these

samples was initially carried out with the standaddition method. However, later it
was found that this method was inadequate to am&SAC samples. It was not
possible to reanalyse these samples with the wgrkelibration curve method
because there was not enough sample to do so. gdetgle analysis coincided with

a serious breakdown of the ICP-MS.

An arsenic(V) adsorption experiment with four treabts from the factorial design
was run to confirm the previous results. Samplesevanalysed with the working
calibration curve with an internal standage¢tion 4.1.2rovides an explanation for
using the working calibration method). The samadréor arsenic adsorption was
observed, but higher percentages of arsenic adsorpiere achieved. Due to this
difference the full factorial experiment was runasg Results from this last
experiment agreed with results from the partialtdaal experiment. The results
presented here are those from the last experinkasults included in this chapter
and Chapter 7 were analysed with the working calibration curvethod with

rhodium as the internal standard.
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5.2.1 Sugarcane activated carbon yield and adsorption ofarsenic(V) and

arsenic(lll)

Results from arsenic adsorption experiments arsepted in Table 5.2. The three
responses measured (yield, %As(V).R and %.As()l)dRarly vary with the

preparation conditions of SCAC. Although interptieta of the factorial design is

restricted to statistical tests some remarks camdode. Firstly, arsenic(V) removal is
considerably higher than arsenic(lll) removal wW@AC. Secondly, arsenic removal
is higher with CAC than with SC01, SC02, SC05, S@ad SC09. Thirdly, results
from the variation of the AT experiment suggest #v@ has a strong effect on both
yield and arsenic removal. Results from the aceadttd adsorbents for arsenic(V)
were very discouraging; adsorption dropped praltyid® zero per cent. Hence,

arsenic(lll) adsorption experiments with acid teebsamples were not carried out.
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Table 5.2 Percent yield, and arsenic(V) and ar¢ghicemoval for the factorial, variation of

activation temperature, acid treated and commeaciaated carbon experiments.

Experiment Adsorbent Yield SD Arsenic(V) SD Ars€hig SD

% % removal % removal

SCO01 22.7 0.8 7.3 8.7 7.6 1.2

SCO02 21.6 0.6 17.5 1.9 10.8 1.3

SCO03 16.1 2.4 78.8 1.3 78.6 1.7

SCo04 16.2 1.7 80.4 2.1 81.6 0.5
23 factorial

SCO05 21.6 0.7 2.8 1.4 4.8 1.1

SCO06 21.4 0.6 11.7 1.8 6.5 0.9

SCO07 13.5 1.4 87.6 0.8 90.0 0.2

SC08 10.5 2.3 93.4 0.8 92.0 0.1

SC09 21.6 0.3 15.5 0.2 9.4 0.3
Variation of SC10 20.1 0.4 34.6 25 25.9 15
activation
temperature  SC11 16.4 11 65.4 3.6 70.4 11

SC12 13.0 2.0 93.4 0.8 93.0 0.1
Acid treated SCO01-A 22.7 0.8 0 0.9 - -

SCO07-A 13.5 1.4 0.4 1.2 - -

Commercial

CAC - - 37.0 1.3 25.2 2.3
sample

Prior to statistical analysis the data were anayee violations of the assumption of
normal distribution for parametric tests. Since gknsize was smaller than 50 the
Shapiro-Wilk test was used. The test was statisticet significant (p > 0.01) for
yield, %As(V).R and %As(lll).R experiments and sd aamples have an

approximate normal distribution.

Then, the effect of the preparation parametersAdTand At on yield of SCAC was
investigated with an ANOVA test for repeated measurThis test was selected

because yield measurements were not independentgach other. At one time, two
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batches of SCAC were prepared in the same furnatehence variations in yield
also reflect the variability within the furnace ruResults from this test suggest that
CT (p = 0.041), AT (p < 0.001), At (p = 0.001), athe interaction between AT and
At (p = 0.001) have an effect on SCAC yield. The@¥A test for yield is included
in Table E1 inAppendix E Plots of the main factors against yield, presgritem
Figures E1 to E6 il\ppendix Eindicate that AT has a strong effect on yield #drat
the effect of At is more important at higher valeé\T and CT.

The standardised residual plots of the ANOVA téstgactorial experiments and the
arsenic(V) and arsenic(lll) per cent removal did paesent a regular or systematic
pattern. Also, with the exception of two pointssideials were equally distributed
across y = 0. The criterion to identify outlierssaa standard residual value higher
than 3.3 or smaller than -3.3 (Pallant 2007). Basethis criterion, no outliers were
found in the data sets. The normality probabiliiyt presented a reasonably straight
diagonal for both data sets. The Levene's testqailéy of error variances was
statistically significant (p < 0.050) for both anggV) and arsenic(lll) factorial
experiments. This result implies that the equatifyvariance assumption is not
fulfilled. However, the ANOVA test is robust forightype of violation if group sizes

are similar; which is the case (Pallant 2007).

The plots of the effect of the main factors on AR (Figures E7 to E12 in
Appendix Eand on %As(lll).R (Figures E13 to E18Appendix Eindicate that AT
and the interaction AT-At could have an effect athbarsenic(V) and arsenic(lIl)
adsorption. According to the ANOVA test CT (p <@, AT (p < 0.001), the
interaction CT-AT (p = 0.050), and the interact®n-At (p < 0.001) are statistically
significant for arsenic(V) adsorption (Table Bppendix EE The factor At (p =
0.052) is borderline statistically significant. TA&OVA test shows that CT (p <
0.001), AT (p < 0.001), At (p < 0.001) and the ratgion AT-At (p < 0.001) are
statistically significant for arsenic(lll) adsorpii (Table E3Appendix B

The effect of CT, AT and At on arsenic(V) and ars@i) adsorption was modelled
with the general regression equation for tHefatorial experiment presented in
Section 5.1(Equation 5.3). The general linear model funciionhe SPSS software
was used to calculate the C terms in EquationTha8.plot of residuals was checked
for each model; no significant abnormalities weretedted. The models for
arsenic(V) and arsenic(lll) are presented below.
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Arsenic(V) adsorption models

Model A: first degree equation with the statistigadignificant terms from
the ANOVA test (Equation 5.4 and Figure 5.2). Mo#elWas derived from
data from the factorial experiment (SC01-SC08). §hedness of fit value
for this model was R=0.993. The equations and plots for all models

presented in this chapter are for coded factors.

% As(V).R = 47.454 + (3.307 X CT) + (37.636 X AT) — (1.462 X CT X
AT) + (4.000 x AT x At)
Equation 5.4

Model A: first degree equation including statistically significant terms only
%AS(V).R=Cq+(Cy xCT) +(Cy xAT) +(C15 x CT x AT) + (Cp3 x AT x At)
At =-1 (60 min)

b)
it -80—0w
n—
60 _—
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0 | 30
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o \

" —

Activation temperature
0.0
|

T T T T T
-1.0 -0.5 0.0 0.5 1.0

Carbonisation temperature

Figure 5.2 Arsenic(V) adsorption model A: first deg equation with the statistically

significant terms only. a) Surface plot, and b)toon plot at an activation time of 60 min.

Model B: a first degree equation with the statatic significant terms from
the ANOVA test plus additional terms to observe therarchy principle
(Equation 5.5 and Figure 5.3). This model was olgiusing results from
the factorial experiment (SC01-SC08). The goodmédfit value was R =
0.994.

% As(V).R = 47.454 + (3.307 X CT) + (37.636 X AT) + (1.448 x At) —
(1.462 X CT X AT) + (4.000 x AT X At)
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Equation 5.5

Model B: first degree equation including statistically significant terms and
additional terms to observe the hierarchy principle

%As(V).R=Cq+(Cy xCT) +(Cy xAT) + (C3x At) + (C15 X CT x AT) + (Cp3 x AT x At)

At=-1 (60 min)
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Figure 5.3 Arsenic(V) adsorption model B: first deg equation including statistically
significant terms and additional terms to obseheettierarchy principle. a) Surface plot, and

b) contour plot at an activation time of 60 min.

* Model C: second degree equation with respect tqEquation 5.6). Results
from the variation of AT experiment suggested ttiet effect of AT on
arsenic(V) removal was quadratic. The factorial eekpent data (SCO1-
SCO08) could not reproduce this quadratic relatignddence, this model was
derived with data from the factorial experiment aath from the variation of
AT experiment. Figure 5.4 shows the surface plahefmodel at an At of 60
min, and contour plot at an At of 60 and 180 miheTpurpose of the two
contour plots is to illustrate the effect of At amsenic(V) adsorption. The

goodness of fit value for this model wa%$=R0.987.

%As(V). R = 48.510 + (29.982 X CT) + (38.856 x AT) — (2.682 X CT X
AT) — (27.731 X CT x AT?) + (4.000 x AT x At) +
(1.448 x AT? X At)

Equation 5.6
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Model C: Second order equation for AT including samples from SC01 to SC12
%AS(V).R = Co+ (Cy xCT) + (Co X AT) +(Cpp X CT x AT) +(Cpz0 X CT x AT?) +(Cpg x AT X At) + (Cop5 x AT X At)

a) b) At =-1 (60 min)

At =-1 (60 min)

100

Activation temperature
0.0
|

-0.5

%
3
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w(NsY

T
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C) At =1 (180 min)
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T
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Figure 5.4 Arsenic(V) adsorption model C: secondrde equation with respect to AT.
a) Surface plot at an activation time of 60 min,cloptour plot at an activation time of

60 min, and c¢) contour plot at an activation tifhd &0 min.

Arsenic(lll) adsorption models

* Model D: first degree equation with the statisficadignificant terms from
the ANOVA test (Equation 5.7 and Figure 5.5). Thedel observes the
hierarchy principle. The Rvalue is 1.000.

%As(I1T). R = 46.471 + (1.232 x CT) + (39.060 x AT) + (1.833 x
At) + (3.606 x AT x At)

Equation 5.7
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Model D: first degree equation, including statistically significant terms only, that
observes the hierarchy principle

%As(IIl).R=Cy+(Cy xCT) +(Cy xAT) + (C3 x At) + (Cp3 X AT X At)

At= -1 (60 min)
a b o
) ) < - 80
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nN—
80 7777 ° |
A 1] ® 831 —e—
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o
2 : |
E c © %As(lll).R
" s 40
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B < 2] 30
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o |-
C%o” Ny © i 10
7, 0.0 - ‘ ‘ | ‘ |
a2y
| -1.0 -0.5 0.0 0.5 1.0
[5’/;,17 0.5 0.
e o Carbonisation temperature
“% 1010 ©

Figure 5.5 Arsenic(lll) adsorption model D: firstegtee equation with statistically
significant terms that observe the hierarchicah@gle. a) Surface plot, and b) contour plot

at an activation time of 60 min.

* Model E: second order equation with respect to Bguation 5.8 and Figure
5.6). The relationship between AT and arsenic@dtyorption appears to be
quadratic; as for the case of arsenic(V) removiaé model was derived from
samples SCO01 to SC12. The goodness of fit valumémtel E is R = 0.982.

%As(I11).R = 13.23 — (6.68E~2 x CT) + (40.63 x AT) + (34.54 x
AT?) — (8.65 x At) + (3.61 x AT x At) + (10.48 X AT? x
At)

Equation 5.8
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Model E: Second order equation for AT including samples from SCO01 to SC12
%AS(I11).R = Co+(Cy x CT) +(Co x AT) +(Cpp x AT?) +(C3 X At) + (Cp3 X AT x At) +(Cpp3 X AT x At)
At = -1 (60 min)
a) b) o,
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Figure 5.6 Arsenic(lll) adsorption model E: secalefree equation with respect to AT.
a) Surface plot at an activation time of 60 min,cloptour plot at an activation time of

60 min, and c¢) contour plot at an activation tifhd &0 min.

5.2.2 Model adequacy checking

Table 5.3 presents the experimental, predictecta®®l per cent confidence interval
for percent arsenic(V) removal for models A, B &d For the three models, the
experimental %As(V).R for samples SC01-SC08 is aody agreement with the
predicted values. Also, the experimental values \&ithin the + 95 per cent

confidence interval estimated for the models. Theeemental data from the
variation of the AT experiment (SC09-SC12) is ppadproduced by models A and
B. Experimental %As(V).R is within the + 95 per teonfidence interval only for

SC11. On the other hand, model C accurately regexieoAs(V) removal for these

four samples.
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5. Optimising SCAC

Table 5.3 Experimental, predicted and + 95 per cenfidence intervals for arsenic(V) per
cent removal with sugarcane activated carbon fer a@lisorption models: A (first degree
equation with the statistically significant termelyg; B (first degree equation including

statistically significant terms and additional terto observe the hierarchy principle); and C

(second degree equation with respect to AT).

Per cent arsenic(V) removal

Adsorbent Model A Model B Model C
Experimental +95 % +95 % +95 %
Predicted Predicted Predicted

Cl (a) Cl (a) Cl(a)
SCO01 7.3 9.0 8.3 7.6 7.8 7.3 10.5
SC02 17.5 18.6 8.3 17.1 7.8 17.1 10.5
SCO03 78.8 79.2 8.3 77.8 7.8 82.3 10.2
SC04 80.4 82.9 8.3 81.5 7.8 81.5 10.5
SCO05 2.8 1.0 8.3 2.5 7.8 2.2 10.5
SC06 11.7 10.6 8.3 12.0 7.8 12.0 10.5
SCO07 87.6 87.2 8.3 88.7 7.8 93.2 10.2
SC08 93.4 90.9 8.3 92.4 7.8 92.4 10.5
SC09 15.5 44.1 7.9 44.1 7.2 18.5 10.1
SC10 34.6 57.0 7.9 57.0 7.3 35.3 9.9
SC11 65.4 70.3 8.0 70.3 7.4 58.8 9.7
SC12 934 83.2 8.2 83.2 7.5 87.8 5.9

(a) CI = confidence interval

Table 5.4 presents the experimental, predicted%ngder cent confidence intervals
for the arsenic(lll) adsorption models. Results sirailar to those for arsenic(V)
adsorption. The linear model reproduces well thpeerental results from the
factorial experiment but poorly reproduces the dfntan the variation of AT

experiment. The quadratic model (E) very closeproduces experimental data from

both experiments, with exception of SC11.
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Table 5.4 Experimental, predicted and 95 per cenfidence intervals for arsenic(lll) per
cent removal with sugarcane activated carbon feré&tsorption models: D (first degree
equation with statistically significant terms thatbserves the hierarchy principle); and E

(second degree equation with respect to AT).

Percent arsenic(lll) removal
Adsorbent Model D Model E
Experimental
Predicted +95% Cl(a) Predicted 95 % Cl (a)
SCO01 7.6 8.0 1.8 9.0 12.7
SC02 10.8 104 1.8 8.9 12.7
SCO03 78.6 78.9 1.8 83.0 12.5
SC04 81.6 81.3 1.8 82.9 12.7
SCO05 4.8 4.4 1.8 54 12.9
SCO06 6.5 6.9 1.8 5.3 12.8
SCO07 90 89.7 1.8 93.9 12.5
SCO08 92 92.2 1.8 93.8 12.7
SC09 94 45.2 1.7 13.3 12,5
SC10 25.9 58.1 1.7 30.5 12.3
SC11 70.4 71.4 1.7 56.0 11.9
SC12 93 84.3 1.7 88.5 12.1

(a) CI = confidence interval
5.3Discussion

The experimental data and statistical analysisiezhiout on the experimental data
allowed the identification of the preparation paedens that maximise arsenic
adsorption with SCAC. First, the factor and comboraof factors with an effect on
yield, %As(V).R and %As(lIl).R were identified witeparate factorial experiments.
Then, the effect of AT was more closely studiedhally, the effect of nitric acid

washing of SCAC on arsenic adsorption was tested.

The ANOVA test for yield agreed with the expectedults; higher values of CT, AT
and At reduce the yield of SCAC. The specific gffeicAT on yield can be clearly

observed in the variation of the AT experiment. d&hfnately, SCAC samples with
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high yield values are poor arsenic adsorbents, asdbrbents with higher arsenic
adsorption were prepared at high AT. High yield adov AT are desired
characteristics of AC; low yield may increase thstof the AC and adsorbents with

high AT require more energy input for preparation.

The ANOVA tests emphasised the differences betvasanic(V) and arsenic(lll)
adsorption. The factors CT, AT, AT-At were statiatly significant for both
arsenic(V) and arsenic(lll) adsorption; but theseffof the interaction CT-AT was
statistically significant only for arsenic(V) adption, and the effect of At was

statistically significant only for arsenic(lll) agigption.

High arsenic(V) and arsenic(lll) adsorption occufsr similar preparation
conditions; low CT-high AT and high CT-high AT. Bhsimilarity is favourable
since arsenic(V) and arsenic(lll) could be remowath the same SCAC without
pre-oxidation of arsenic(lll). On the other hartte CAC adsorbed more arsenic than
some SCAC types. This highlights the importance optimising preparation

conditions for agriculturally based AC for the stamee (or element) to be adsorbed.

Linear models, derived from the factorial experime&o not reproduce the effect of
AT on arsenic(V) or arsenic(lll) removal. This dygsaement between experimental
data and the response predicted by the model igaltiee assumption of a linear
relationship between the two levels of AT. In theiation of AT experiment, it is
clear that the relationship between AT and arsadgorption is not linear. The rate
of change of %As(V).R from 800 to 850 °C AT is tifes higher than from 750 to
800 °C AT for arsenic(V) and 2.5 times higher fosemic(lll) removal. On the other
hand, quadratic models reproduce very closely exgatal data from the factorial
and variation of AT experiments. Overall, the +8& cent confidence interval for

the predicted responses is wider for quadratic foehnear models.

The adequacy of the quadratic models could notdreptetely verified since all
experimental data (SC01-SC12) were used in thevatesn of these models. Also,
the assumption of the linear relationship betwdwnldow and high CT levels could
not be verified. Although pair-wise comparisonsSSEAC samples prepared at the
same AT and At but at high and low CT levels regdaklatively small changes in
arsenic(V) and arsenic(lll) adsorption, there are experimental points at
intermediate values of CT to draw a strong conolusibout the CT effect.
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Assuming that the quadratic model accurately remissarsenic(V) and arsenic(l11)
removal, the following conclusions can be drawnst-iat the same CT arsenic(V)
adsorption is enhanced with increments in AT forstmpart of the experimental
range. Second, %As(V).R varies significantly wighatively small changes in CT
and AT. For instance, arsenic(V) removal incredse$ per cent from AT 850 to
860 °C (CT = 700 °C and At = 60 min). Thirdly, tfaetor At has a relatively small
effect on arsenic(V) and arsenic(lll) adsorptiorrseénic(V) adsorption increases
with At at high AT, and decreases with At at low AfWhile arsenic(lll) increases
with At at high and low AT. A few percentage unitsarsenic adsorption could
make the difference in complying with arsenic dmgk water regulations or not.
Hence, the process has to be carefully monitoreghture the right temperature is

reached.

The assumption about the CT effect is less relef@narsenic(lll) adsorption than
for arsenic(V) adsorption, since the interactiorthe CT-AT term is not statistically
significant for arsenic(lll) adsorption. The CT et on arsenic(lll) removal is very
small; which causes the contour %As(ll).R linedbtparallel to the CT axis. The
effect of AT is more important at higher AT valugéke distance between contour

lines is smaller at higher AT.

The uncertainties of the effect of CT on arsenic{®noval are of little practical
importance for the following reasons. Firstly, tlseudy identified that the
combination of low CT and high AT produce SCAC witlgh arsenic adsorption.
The only combination of factors that could be ofrenmterest is low CT and low
AT; but according to the experimental data %As(Vamd %As(lIl).R are low for
these conditions. Secondly, arsenic removal is nogiti at high activation
temperatures with no regard to the CT value. Furéix@erimentation could clarify
the effect of CT on arsenic removal, especiallyaifower temperature range that

studied here.
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5.4Summary

In this chapter, a *2factorial experimental design was used to optintise
preparation conditions of SCAC for arsenic(V) amskaic(lll) removal. The factors
investigated were CT at 700 and 850 °C, AT at 6@ @00 °C, and At at 60 and
180 minutes. Also, the effect of AT and pre-treatimegith acid were investigated in
two small-scale experiments. Arsenic removal wahést with the SCAC prepared
at an AT of 900 °C. In comparison, arsenic remavas$ higher with CAC than with
SCAC prepared at AT of 600 and 750 °C. Pre-treatroeiSCAC with nitric acid
reduced to negligible levels the adsorption of @ig®). According to the ANOVA
test for the factorial experiments for yield, andsemic(V) and arsenic(lll)

adsorption,

e the factors CT (p = 0.041), AT (p < 0.001), At (p0001), and the
interaction AT-At (p = 0.001) have a statisticadignificant effect on yield,

» the factors CT (p < 0.001), AT (p < 0.001), theemction CT-AT (p =
0.050), and the interaction AT-At (p < 0.001) havstatistically significant
effect on arsenic(V) adsorption, and

e the factors CT (p < 0.001), AT (p < 0.001), At (p0<001), and the
interaction AT-At (p < 0.001) have a statisticalbygnificant effect on

arsenic(lll) adsorption.

Linear models for arsenic(V) and arsenic(lll) agsimn did not reproduce
accurately the data from the variation of AT expent. This result was attributed to
the non-linear relation between AT and per cergracsremoval. Although quadratic
models (with respect to AT) reproduced very welladaom the factorial and AT
experiments, it was not possible to verify the ihass of the models since all

experimental data were used to derive these models.

Despite the limitations of the®Zactorial experimental design, such as assuming a
linear relationship between the levels of the fexc&iudied, it proved to be a useful
method to optimise the preparation conditions ofsAfor removal of target
pollutants. The main objective of the experimens tdfilled, to identify the region

at which arsenic(V) and arsenic(lll) removal ardimpl, that is low CT and high
AT.
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6. Characterisation of sugarcane activated carbon and

commercially available activated carbon

The characterisation of some of the physical arehubal properties of AC samples
was made to identify some of the properties thay imave an effect on arsenic
adsorption. The characterisation experiments iredutie pH of zero charge (pt),
scanning electron microscopy (SEM), surface ared,particle size analysis. It was
not possible to characterise the 12 different sampf sugarcane activated carbon
(SCAC) since the preparation of the materials wolidde taken a considerable
amount of time. Then, two samples with low percgataf arsenic removal (SC05
and SCO06), and three samples with medium to highepéage of arsenic removal
(SC07, SC11 and SC12) and the commercial activeaelnon (CAC) sample were

selected to carry out sample characterization éxeers.
6.1 Determination of the pH of zero charge
6.1.1 Importance of the pH of zero charge in adsorption

The pHc is the pH at which the surface of the adsorbestdaet neutral charge
(Hiscock, 2005). At higher pH values the surface hanet negative charge and at
lower pH values the surface has a net positivegehafhe pHc is an important
parameter in adsorption. In the typical pH rangaatural waters, from 6.5 to 8.5,
arsenate is present asA$0, and HAsQ? (Ravenscroft et al., 2009). At pH values
lower that 9.2 the arsenite ions&60;° dominates and at higher pH values the
species HAsO; and HAsQ” are also present (Ravenscroft et al., 2009). Fande:
electrostatic conditions may influence adsorptibthe negatively charged arsenate
and arsenite ions (Johnston et al., 2001).

6.1.2 Methodology for measurement of the pH of zero charmg

The pHc of the SCAC samples and the CAC sample was datednwith the
immersion technique (Bourikas et al., 2003). Thpeeixnental methodology for the
determination of the pkt requires the use of free carbon dioxide {{C@ater. Free
CO, water was prepared by boiling reagent grade wated5 minutes, and then

cooling it quickly. The pH was measured with a N&gtiToledo seven easy S20 pH-
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meter. Three pH standards were used to calibralye tte instrument; 4, 7 and 9.2.

The calibration curve had always a maximum errat 6fper cent.

A stock solution of 0.1M sodium nitrate (NahQwvas prepared with the free €O
water. This stock solution was used for preparadiosolutions with pH values from
2 to 11. The pH of solutions was adjusted with drge addition of 0.1 M sodium
hydroxide (NaOH) or 2.25 M nitric acid (HND Next, activated carbon was
weighed and placed in glass vials. Then, 20 mLhef gH adjusted solution were
poured into the glass vials. The glass vials wegdesl and placed in a bottle shaker
for 48 hours. Finally, the pH of solutions was mead. For each adsorbent the

experiment was done by triplicate for each pH value

The pH.c was determined from the experimental data asvisllarhe change in pH

of solutions ApH = pH-4shours— PH=0) Was plotted against the initial pH (pb). The
point at whichApH = 0 is the plk. This procedure was tested on commercial
activated carbon with two different amounts of alisat; 0.15 g and 0.20 g. The
pHzc value determined with both tests was practicaily same. For an activated
carbon mass of 0.15 g the pHwas determined as 6.83 + 0.1, and for an activated
carbon mass of 0.20 g the pHwas 6.83 = 0.1. Hence, following tests were done
with an adsorbent mass of 0.15 g. An initial test $ugarcane activated carbon
samples revealed that their gHvas higher than 8, hence thegddreened for these
adsorbents was from 4 to 11. Figure 6.1 presenexample plot for sample SC07

the calculation of the pH.

6
5 - £
4 - ,:' \’\
3 ] *
127 .~
I 1 - ‘/ \\\
O S —
20 1 2 3 4 5 6 7 8 9041112
-2 -
3
PH =0

Figure 6.1 Example plot for SCO7 for the calculatiof the pHc for activated carbon

samples.
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6.1.3 Results

Table 6.1 shows the pd values obtained for different activated carbon [Hams
The error term on the pld was calculated as the standard deviation of teeage of
the triplicates. CAC has a pH very close to neutrality and SCAC samples are of
basic character (from pid 9.2 to 10.2). In terms of the pHarsenic(V) adsorption
on SCAC is favourable across the pH range of nhtweders; As(V) ions are
negatively charged and the SCAC surface is po$jticiearged. As(V) adsorption on
CAC is only favourable when natural waters haveHasmaller than the pid of
CAC.

Table 6.1 pH of zero charge (bl of commercial activated carbon (CAC) and sugagcan
activated carbon samples (SC05, SC06, SC07, SG1$@12). The preparation conditions
for SCAC samples were presented in Table 53ection 5.1

Adsorbent pHc
CAC 6.8+0.1
SC05 9.2+0.1
SCO06 10.2+£0.2
SCO07 9.2+0.1
SC11 9.8+0.1
SC12 9.7+0.1

6.2 Scanning electron microscopy

6.2.1 Scanning electron microscopy theory and sample anais

methodology

Samples were studied with SEM; an application chyx-emission spectroscopy. In
this technique the sample is bombarded with elastthe primary beam), then the
sample emits other electrons (the secondary be#ms),signal is then used to

produce an image of the sample. In this researédB@L JSM-5900 LV scanning

electron microscope was used. This instrument veasl 4o produce topographic
contrast (secondary electron imaging) and chemicanhtrast (backscattered
secondary electron imaging) pictures. A qualitaavalysis of the sample was done
with energy dispersive X-ray spectrometry (enengpersive spectrometer).
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6.2.2 Scanning electron microscopy results

Below are presented the topographic contrast @sttaken for CAC (Figure 6.2)
and SCAC samples SCO05 (Figure 6.3), SC06 (Figute 6C07 (Figure 6.5), SC11
(Figure 6.6) and SC12 (Figure 6.7). The qualitateenposition of SCAC samples
was as follows carbon (C), oxygen (O), aluminiun) (&alcium (Ca), chloride (ClI),
copper (Cu), and iron (Fe). The elements carbon ¢g&ygen (O), aluminium (Al),
chloride (Cl), sodium (Na), sulphur (S), siliconi)(Sand titanium (Ti) were

identified in CAC samples.

Figure 6.2 Micrographs of commercial activated car@AC. Micrographs were taken at a)
x350, and b) x1000.

The SEM micrographs illustrate the assortment pbtwaphies found on CAC and
SCAC samples. SCAC samples look very different frl6/C; this was expected
since raw material and preparation conditions ame different for both types of
adsorbents. CAC samples appear to have a moregsuoiace than SCAC samples.
SCAC samples are mostly flakes of various sizesimadular shapes. Some of the
flakes have holes of different sizes. In some cakese holes seem to follow a
pattern; e.g. Figure 6.3 d), Figure 6.4 b), Fighifed), and Figure 6.6 d). There is no
apparent relation between the synthesis paramete®CAC and development of

certain type of structures.
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Figure 6.3 Micrographs of sugarcane activated cark@ample SCO05. Micrographs were
taken at a) X900, b) and ¢) x3500, d) x4000, eP87%hd f) x8000.
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Figure 6.4 Micrographs of sugarcane activated cark@ample SC06. Micrographs were
taken at a) x1400, b) x2700 and c) x5500, d) x@&)00r000 and f) x8500.
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Figure 6.5 Micrographs of sugarcane activated cark@ample SCO07. Micrographs were
taken at a) X500, b) x1000, c) x2200, d) x330&6800 and f) x7000.
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Figure 6.6 Micrographs of sugarcane activated cark@mple SC11. Micrographs were
taken at a) x1000, b) x1900, c) x3000, d) x370&4&00 and f) x6000.
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Figure 6.7 Micrographs of sugarcane activated cark@ample SC12. Micrographs were
taken at a) X500, b) and ¢) x1000, d) x1600, eP82hd f) x2700.
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6.3 Specific surface area and pore width distribution

Specific surface area and pore width distributioerevdetermined for SCAC and
CAC samples. The experimental analysis was done tvé gas adsorption method.
Surface area and pore width distribution concepés kaiefly introduced in this
section. Section 6.3.1deals with the experimental method for sample yens|
Section 6.3.2vith the methods for interpretation of absorptieotherms used in this

research, an8ection 6.3.3vith the results.

Surface area and pore size, among other factdestdhe adsorption process and
consequently the shape of sorption isotherms. Ppheific surface area is defined as
the surface area in square metres per gram of lfstofn? g). The International

Union of Pure and Applied Chemistry (IUPAC) clasgeses according to their

internal pore width in micropores (< 2 nm), mes@&so(2-50 nm) and macropores
(> 50 nm). In micropore filling, adsorption is gomed by the interactions between
adsorbate molecules and the walls of the pores ¢llat al., 2004). For mesopores
the interaction between adsorbate molecules isialportant; this interaction leads

to capillarity condensation (Lowell et al., 2004).

The IUPAC has classed the different types of adswrgsotherms and hysteresis
loops experimentally found by many researchersg(&th al.,, 1985). Figure 6.8
presents the IUPAC isotherm classification. The AI@Rclassification for hysteresis
loops is not included here for space reasons. ateloops are formed when the
adsorption and desorption branches of the isotluffier; they are an indication that

capillarity condensation is occurring.
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Isotherm

Characteristics

Type | .
(Langmuir)

Type ll .

Typical of chemisorption or
physisorption of microporous
adsorbents.

Typical of non-porous or

macroporous adsorbents.
» The inflexion point B, is the
~__B point at which the monolayer is
complete.
Type llI * Isotherm is convex to the axis
P/R.
e There is no point B.
» Adsorbate-adsorbent
interactions are weak.
» Adsorbate-adsorbate
interactions are important.
Type IV » Typical of mesoporous
adsorbents.
 Hysteresis loop associated with
pore condensation.
« Low P/R range is associated
-~ with Type Il isotherm.
\ Type V  Hysteresis loop.
* Low P/R range associated with
Type Il isotherms.
Type VI » Stepwise multilayer adsorption
on a uniform non-porous
adsorbent.

I \Y

Amount adsorbed —————>

Relative pressure————>

Figure 6.8 IUPAC classification of isotherm typegaphic representation, name and
characteristics (Lowell et al., 2004; Sing et 3935).

6.3.1 Experimental settings of sorption isotherms

The analysis was carried out in an Autosorb-1® fr@umntachrome Instruments
and the data were analysed with the QuantachroniBAASE software. In general
terms, the experimental procedure was as followst the sample was degassed at
300 °C in a high purity helium flow; this is a cieag procedure. Then, the sample
was brought to constant temperature by means igualInitrogen (-195.8 °C) bath.
Next, small amounts of the adsorbate gas (argom¢ weroduced by steps in the
vacuum chamber in which the sample was kept. Teerhdd volume was measured
across the relative pressure (§/Range 0-1; in which P is the adsorption pressure

and R is the saturation vapour pressure.
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6.3.2 Methods for determination of surface area with sorpion isotherms
Non-porous materials, the Brunauer-Emmett-Tellarsgmpn

The Brunauer-Emmett-Teller (BET) theory is an egien of the Langmuir equation

to multilayer adsorption. It was developed throtigd concept of an ideal localised
monolayer in which it is assumed that each layereseas a site for the adsorption of
a molecule on the subsequent layer. The BET thelsty assumes that adsorption
sites are energetically identical and neglects itlieractions between adsorbate

molecules in the same layer (Gregg et al., 1982).

The BET equation has a limited applicability rang@ch depends on the adsorbent-
adsorbate system (Sing et al., 2004). Tlwenstant in the BET equation determines
the shape of the knee on the isotherm plot; the keEomes sharper whewvalues

become greater. The BET equation can be used ¢ondek the specific surface area

of Type Il isothermsq> 2) and of Type IV isotherms.
Classical approaches to adsorption in micropores
Langmuir isotherm

The Langmuir theory was the first theory appliedgas adsorption isotherms. The
Langmuir model assumes monolayer adsorption onteogeneous surfaces (Allen
1999). In the earliest studies, microporous mdtemath Type Il isotherms were

explained through the Langmuir equation; it wasias=sd that narrow pores could fit
only one layer of adsorbate (Gregg et al., 1988 monolayer completion was thus
related to the isotherm plateau. However, sincel889'’s it is accepted that Type |
isotherms are related to the micropore filling nmegbm; in which layer by layer

adsorption turns to volume filling by a similar pess to capillarity condensation
(Sing et al., 2004).

Since the amount adsorbed is related to the miceopolume and not to the
monolayer surface the concept of surface area foropores is meaningless for the
micropore filling mechanism. The micropore volunfarocroporous samples can be
estimated with the t-plot and the Dubinin-Radusitt®e\(DR) method. The theory
behind the t-plot assumes that the thickness oatlsarbed layer remains constant

throughout the relative pressure range. Then, tenwe of gas adsorbed may be
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plotted against the statistical thickness of theodoked film {). The Boer equation is
the most popular method for the calculation. of

The Polanyi’s potential theory explains micropatinfy. Polanyi’s theory assumes
that below the critical temperature the adsorbaimptetely liquefies and the
absorbed volume of the liquid can be determinednfribe adsorption isotherm
(Allen 1999). The DR equation uses the Polanyi'sotly to describe micropore
filling (Hutson et al.,, 1997). The DR theory hasebesuccessfully used for
adsorption in microporous carbonaceous adsorbemts agtivated carbons; DR
theory is not applicable for adsorbents with a wideropore distribution (Hutson et
al., 1997). The constapt referred to as an affinity coefficient, is a maasof the
relative affinity of adsorbate molecules for a agH.

Classical approaches to adsorption in mesopores

Data analysis for Type IV isotherms (mesoporousodmts) is made through the
application of the Kelvin equation. The Kelvin etjoa is used to calculate the
minimum pore radius at which capillarity condensatican occur (Gregg et al.,
1982). This equation makes several assumptionshamde has an applicability
range; usually for pore radius from 1 to 25 nm. éding to the Kelvin equation
capillarity condensation should occur within a pae pressure P, which is
determined by the pore radius, smaller than tharatn pressure P and the
meniscus should be concave. The use of the Ketyiiatéon requires the assumption
or knowledge of the pore shape and the angle abhcbbetween the condensate and
the adsorbate film on the pore walls.

The non-linear density functional theory

Classical methods have a narrow range of applitghile. can be used to estimate
either micropore or mesopore volume. Also, the s of these methods is limited
because they assume that the pore fluid has the geoperties as the bulk fluid. The
non-linear density functional theory (NL-DFT) alleva more realistic interpretation
of micropore and mesopore filling. This method ustagistical mechanics to model
pore fluid properties (Thommes et al., 2010).

Although software development has extended the aisdlL-DFT methods for
routine experiments, its use is limited becausewkedge of the adsorbent bulk
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properties and surface structure is needed, aratlzeigs with rigid pores of known
shape are required (Sing 2004). Literature in p@ieation of this method is slowly

but steadily increasing.
6.3.3 Results

The sorption isotherms obtained for SCAC and CA@as are shown in Figure
6.9. From this figure it seems that SC05, SC06 8adl samples are Type |
isotherms; SCO7 and SC12 are Type Il isotherms;GA@ is a Type IV isotherm
with hysteresis loop Type H3 (IUPAC classificationhis hysteresis loop is
characteristic of open silt-shaped capillaries vpidinallel walls, capillaries with very
wide bodies and narrow short necks, or plate-li&giges giving rise to slit-shaped
pores (Allen 1999). Isotherms for all SCAC samplessent a hysteresis loop too.
This is open at the low relative pressure end don@es SC05 and SCO06; and closed
at both ends for SC07, SC11 and SC12 samples. ysterbsis loop for SCAC

samples is not observable in the figure due tstade.
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| —e— SCO05-A
350 - -+ O+ SCO05-D
1 —A— SC06-A
_ 300 - <A SC06-D
= 250 - —a— SCO07-A
(\%/ Q- SCO7-D
g 200 - —&—SC11-A
% 150 - A SC11-D
> —e—SC12-A
100 - 0 SC12-D
50 | —=— CAC-A
| .- CAC-D

0.0 0.2 0.4 0.6 0.8 1.0

P/,

Figure 6.9 Argon isotherms at -195.8°C (nitrogepilil bath) for SC05, SC06, SC07, SC11,
SC12, and CAC samples. Symbols: (A), adsorptiomdiraof the isotherm; (D), desorption
branch of the isotherm; (R)P relative pressure range; (P), adsorption pressamd (k),

saturation vapour pressure.
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6. Characterisation

First, the presence of micropores and mesoporesanmples was tested with the t-
plot and DR plot. The t-plot for an exclusively pamous material should yield a
straight line passing through the origin. Figurg06presents the t-plots obtained for
the samples studied. The positive intercept valuthe fitting curve suggests the

presence of micropores. Table 6.2 summarises tha mesaults obtained for all

adsorbents.

400
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300 -
an .4 SCO05
© 250 -
% k- SCO6
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= ...l SCO7
§ 150 - ke SC11

50 - -..m--- CAC

O T T T T T T T T
0.0 0.5 1.0 15 2.0 2.5

Statistical thikness (nm)

Figure 6.10 t-plot for SCAC and CAC samples. Hollmarkers represent the data that were
included in the calculation of the best fittingdirsolid markers represent the excluded data,

and solid lines are the best fitting curve for lihear region of each sample.
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Table 6.2 t-plot results for SC05, SC06, SC07, SGI12 and CAC.

t-plot SCO05 SCO06 SCO07 SC11 SC12 CAC
P/P 0.05-0.20 0.05-0.20 0.05-0.30 0.05-0.20 0.05-0@05-0.20
Slope 6.27 9.11 19.83 10.91 16.58 29.66
Intercept 97.31 75.76 209.20 143.20 178.68 71.91
R? 0.9930 0.9869 0.9980 0.9982 0.9992 0.9991
Micropore volume

0.12 0.09 0.26 0.18 0.22 0.09
(cm’ g
Micropore area (fg™) 285.4 224.3 621.5 421.0 531.5 250.6
External surface area +

77.0 111.9 243.8 134.1 203.8 364.6

mesopores walls (hg™)

The DR plots for the AC samples are presented gur€i 6.11. For a microporous
sample the DR plot should produce a straight lité an interception equal to the
micropore volume. All samples in Figure 6.11 présan upward turn as the
saturation pressure approaches; this is charaateaé samples with multilayer
adsorption and capillarity condensation in mesopof@ble 6.3 presents the main
results for the DR method. The t-plot and the DRhoé confirm that all samples
have micro and mesopores.

1.6E-01
1.2E-01
.4+ SCO5
= '.:.:.:.:.:.:.:f.‘.‘B‘.‘.‘.‘.‘.’.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘:::::::Q -~ SCO7
6 6'&}“6 ................................................... @ ---@-- SC12
0.0E+00 - ' ' ' AC
0.0 1.0 15 2.0
[log(P/Py)]?

Figure 6.11 DR plot for SCAC and CAC samples. Hollmarkers represent the data that
was included in the calculation of the best fittiilnge, and solid markers represent the

excluded data. Symbols: W=weight adsorbedyF&Pative pressure.
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Table 6.3 DR plot results for SC05, SC06, SC07,156GC12 and CAC.

DR plot SCO05 SC06 SCo7 SC11 SC12 CAC
0.05- 0.05- 0.05- 0.05- 0.05-
Py/P 0.05-0.25
0.25 0.20 0.20 0.20 0.20
Slope -2.11x18  -3.4x10°  -2.9x10° -2.3x10°  -2.7x10°  -6.2x10°
Intercept 2.74x18  3.2x10° 6.67x10° 5.05x10° 7.07x10° 7.99x10°
R? 0.9917 0.9966 0.9894 0.9881 0.9871 0.9883

Affinity coefficient (B) 0.3113 0.3113 0.3113 0.3113 0.3113 0.3113

Average pore width

1.2 15 14 1.3 14 2.1

(nm)
Adsorption energy

21.58 16.93 18.50 20.79 19.00 12.63
(KJ mor?)
Micropore vol.(cmi g*) 0.16 0.15 0.37 0.24 0.32 0.26
Micropore surface area

473.4 445.2 1132.1 724.1 958.1 790.5

(m? g%

The surface area of samples with isotherm Typed e#culated with the Langmuir
equation. Figure 6.12 presents the Langmuir isathfar these samples; at high
relative pressures the experimental data deviates the straight line. Table 6.4
shows the Langmuir surface area for these samples.surface area for SC11 is
higher than that of SC05 and SCO6.
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6
- o SCO05
A SCO06
A SC11

Lang eq (SCO05)
--------- Lang eq (SC06)

—-——-Lang eq (SC11)

Figure 6.12 Langmuir isotherm for SCAC samples visththerm Type |. Hollow symbols
represent the adsorption data included in the aigland full symbols represent the
adsorption data not included in the analysis. Symbbang eq = Langmuir equation,

Symbols: W = weight adsorbed, PArelative pressure.

Table 6.4 Langmuir surface area for SC05, SCO6SLitl samples.

SCO05 SC06 Sci11
Py/P 0.05-0.3  0.05-0.3  0.05-0.3
Surface area (g™ 478.8 451.4 745.2

The BET isotherm was used to determine the suidaea of samples for isotherms
Type Il and Type IV. Results from the BET isotheionthese samples are shown in
Table 6.5. The constant had a negative value for SC07 and SQiplsa. This is

an indication that the BET theory does not represetequately the adsorbate-

adsorbent system.
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6. Characterisation

CAC

sco7 SC12
Py/P
Slope 2.43 2.86
Intercept -1.76x16  -2.03x10°
c -137.28 -139.87
R? 0.9993 0.9994
Surface area (fg™) 865.2 735.3

0.05-0.20 0.05-0.20 0.05-0.15

3.39

6.15x10°
553.18
1.0000

615.2

Finally, Figure 6.13 shows the pore size distritmitobtained for SCAC and CAC
samples from pore sizes from 1.0 to 7.0 nm obtainech the NL-DFT analysis.

Pore volume in samples SC05 and SCO06 is mainly aparous; whereas the

proportion of mesopore volume increases in theovathg order SC11 < SC12 &
SC07 < CAC (Table 6.6). The mode for pore width &ir SCAC is within the

micropore range, and for the CAC is in the mesopange.
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Figure 6.13 Pore width distribution from NL-DFT trg for SC05, SC07, and CAC.
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Table 6.6 DFT results for SC05, SC06, SC07, SCC12Sand CAC.

SC05 SC06 SCO7 SC11 SCi2 CAC

Pore volume (crhg™) 0.156 0.152 0.411 0.245 0.345 0.359

Micropore volume/pore volume 098 098 0.83 0.91 830. 0.58

Lower confidence limit (nm) 15 15 15 15 15 15
Fitting error % 0.029 0.066 0.212 0.100 0.204 0.643
Pore width (mode) (nm) 15 1.8 15 15 15 3.0

6.4 Particle size analysis
6.4.1 Method background

Particle size is an important parameter for adsusbeProperties such as the
chemical reactivity and adsorbent strength mayfteetad by particle size. The size
distribution of a material can be measured by sgvsedimentation, microscopy,
and laser diffraction methods. Sizing methods asstivat particles are spheres and

particle size is reported as the diameter of thevadent sphere.

With exception of samples composed by sphericdlgbes there may be significant
disagreements among size distributions producediffigrent methods (MIL 2011).

Thus, most patrticle size distributions are only pamble to those obtained with the
same method. For instance, microscopy methods peodunumber distribution, and
laser diffraction methods a volume distribution.e$a distributions have a very

different meaning and are incomparable.

In this research the laser diffraction method waeduto obtain the particle size
distribution of SCAC and CAC samples. In laser rdiftion techniques the
diffraction pattern produced when light is scatteby the particles in a wet or dry
suspension is matched to a theoretical patternugext by an optical model (EL
2011). Optical models are based on the Maxwelkstebmagnetic field equations;
the models used are the Mie theory or the Fraumhagbproximation of the Mie

theory. Table 6.7 presents a comparison of these dptical models. Modern
instruments use the Mie theory but the Fraunhofgsr@imation is still very

popular.
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Table 6.7 Comparison between Mie theory and theirffrafer approximation of the Mie

theory in laser diffraction methods for particleisg.

Fraunhofer approximation Mie theory

Assumptions

« Particles are opaque discs. * Particles are spheres.

« Al particles scatter light with the same detected before it interacts with other

efficiency. particle.

«  The difference between the refractive index of ~ Particles are homogeneous.

the particle and the medium is infinite.

Advantages /disadvantages

« Particle and medium properties are not » Inmany cases it is superior to Fraunhofer
required. approximation.
« Inaccurate for particle sizes < 50 pm. * Particle and medium properties need to be

« Especially inaccurate for particle sizes < 2 known.

pum.

6.4.2 Methodology for sample analysis

The instrument used was a Mastersizer 2000 witlydrd1G dispersion unit; both
manufactured by Malvern Instruments Limited. P#tisize resolution for this
instrument is from 20 nm to 2000 um. The particke glistribution was calculated
with the Mie theory. Prior to analysis, sampleseavplaced in a beaker, pre-wetted
with the dispersant and stirred until they wereradticed for sample analysis.
Samples were measured in wet dispersion; the dispeused was water (refraction
index = 1.330). The refraction index for activatsdbon samples was 2.420. Three
different aliquots of the same sample were anatydesiresults presented here are

the average of these replicates.
6.4.3 Results

The particle size distribution of AC samples isgemrged in Figure 6.14. Patrticle size
distributions for SCAC samples are very similar; 9 cent of the cumulative
volume for all SCAC samples is due to particlewatsize smaller than 180 um. On
the other hand, the particle size distribution &CCis very different from SCAC

samples; the differences in particle size are apao the naked eye. The SCAC
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samples are flakes, according to the SEM micrographd the CAC particles are of

granular structure.

The particle size distribution was also analysedosting to the British Soll
Classification System (BSCS) (Table 6.8) (Davisbiale 2010). The percentage of
silt varies from 47.1 to 54.2 per cent in SCAC skEwmpThe CAC is composed
mainly by sand-size-fraction (97.1 per cent). Inhbtypes of samples, SCAC and
CAC, the clay-size-fraction is below 0.3 per cent.

100 -

80 -

60 -

40 -

Cumulative volume (%)

20

10 100 1000

Particle size (um)

Figure 6.14 Particle size distribution of SC05, 8CBC07, SC11, SC12 and CAC samples.

Table 6.8 Size limits for soil separates accordmghe British Soil Classification System

(Davison et al., 2010).

Soil size fraction

Particle size

%Volume

pm AC0O5 AC06 ACO07 ACll1 AC12 CAC
Coarse sand 600-2,00 0.1 0.1 0.3 0.0 0.1 85.5
Medium sand 200-600 7.4 9.4 5.9 5.6 4.9 9.1
Fine sand 60-200 43.6 43.1 394 42.7 40.5 2.5
Coarse silt 20-60 31.2 30.0 33.3 32.8 34.0 0.9
Medium silt 6-20 15.1 14.8 17.7 15.9 17.3 1.0
Fine silt 2-6 2.5 24 3.1 2.7 2.9 0.8
Clay <2 0.2 0.2 0.3 0.3 0.3 0.1
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6.5Discussion

Adsorption of metals onto AC is a complex phenonmeand the processes involved
are not yet fully understood. The influence of pHamsorption has been observed in
the literature $ection 2.3.2nd2.3.3. In electrostatic terms, arsenic(V) adsorption is
favoured on SCAC samples but not on CAC at the pHwvlaich the factorial
experiment was runSgection 5.1 However, arsenic(V) and arsenic(lll) adsorption
was higher with CAC than with the SCAC samples: 5@0d SCO06. Also, although
the pHc of samples SC05 and SCO07 is approximately eqdagration performance
with these two samples was contrasting. Percermégasenic removal was much
higher with SC07 than with SC05. On the other hamsglenic(lll) adsorption cannot
be explained in terms of electrostatic forces sieeneutrally charged ionz8sO;°

is predominant below pH 9.2.

The pHc for other SCAC adsorbents has been measured d&r4J0, activation
and 3.5 for phosphoric acid §PQ,) activation (Giraldo-Gutierrez et al., 2008).
Preparation methodologies explain the differencgeoked in those materials and the
SCAC samples prepared in this research. The SCA@Gisnresearch was prepared
using the husk and the bagasse with no additi@meificals, whereas the referenced
materials were prepared exclusively with husk amaked in 30 per cent nitric acid
prior activation. The pkt of other agricultural waste-based AC samples was
determined at 11.90 for bean pods, 7.5 for copperegnated coconut husk, and 6.2
for agricultural bagasse (Budinova et al., 200@ndguet al., 2002; Manju et al.,
1998).

In another study, the commercial activated carb@i190 from PICA France was
modified with various oxidants (Mufiz et al., 2008)senic removal at an initial pH
of 8 followed the order pyt = 3.08 > 3.45 > 10.26 (NC-100) > 6.70 > 6:43.33.
For this research the initial oxidation state ofeamic is unknown. Electrostatic
conditions are only favourable for arsenic(V) agéon onto NC-100 (pkt =
10.26). The effect of the pid on arsenic adsorption is not evident either irt tha

research.

The surface area analysis presente&eation 6.4.3uggests that CAC and SCAC
samples have micro and mesopores. The presenceesbpaores in the SCAC
materials was confirmed with the t-plot, DR plotdathe NL-NDF theory. The
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micropore volume calculated with the DR method risnf 1.3 to 3.0 times the
micropore volume from the t-plot. This was expecseite the micropore volume
calculated from the DR plot needs correction dualt®orption on mesopores at low
relative pressures. The pore volume calculated thighNL-DFT theory is from 1.0
to 1.1 times the micropore volume calculated wii& DR theory. Although the NL-
DFT analysis is not accurate enough to establishptbre size distribution in the
micropore region, it is possible to deduce thalirsamples most of the pore volume
comes from microporosity. Also, the samples withigher degree of mesoporosity
are SC07, SC12 and CAC.

Surfaces areas of SCAC samples range from 451%af3® . Samples SC05, SC06
and SC11 have Type | isotherms; SC07 and SC12 hygwe Il isotherms; and CAC
has a Type IV isotherm. Tsat al. (2001) and Tsengt al. (2006) also found Type |
isotherms for SCAC adsorbents. Teail. (2001) obtained Langmuir surfaces areas
from 4.86 to 790 g™ for zinc chloride (ZnG)) activated SCAC and Tsergj al.
(2006) from 391 to 2,299 1y for red sugar cane pith AC activated with potassiu
hydroxide (KOH). Nget al. (2002) measured the surface area of sugarcanm-stea
activated carbon in 5657g™.

The results obtained with the particle size analgse consistent with the preparation
methods of the SCAC adsorbents and the topograplaiges obtained with SEM. In
the case of SCAC samples the particle size may miepmsn the preparation
procedure; carbonised samples are crushed withsdepand mortar and passed
through a 180 um sieve. If the adsorbent were peepat a larger scale the particle

size distribution may change.

The relationship between arsenic adsorption angegsties of the AC samples was
analysed with a Pearson’s correlation test. Fastenic adsorption data from the
factorial experiment (Table 5.2 iBection 5.2.)1 was plotted against the pH
surface area, micropore/pore volume ratio and pet sand. Per cent arsenic(V)
removal data is presented in Figure 6.15 and pet &esenic(lll) removal data in
Figure 6.16.
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Figure 6.15 Correlation between per cent arseniogfjoval (%As(V).R)) and a) pH of zero

change (pkc), b) surface area, ¢) micropore/pore volume raid d) % sand.
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Figure 6.16 Correlation between per cent arsemia@moval (%As(lll).R) and a) pH of

zero change (pH), b) surface area, ¢) micropore/pore volume raiio d) % sand.
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The Pearson’s correlation coefficient was calcalater data sets with a linear
relationship; the Person’s coefficient cannot beliad to non-linear data. Two

separate Pearson’s correlation test were run; pokiding only SCAC samples

(Table 6.9) and other for the only set of data GAE samples and the CAC sample
that had a linear relationship (surface area) @#&bl0). In the test for SCAC the
surface area, micropore/pore volume ratio, andgmereand were strongly correlated
(p < 0.050) to percent arsenic(V) and arsenic(@dsorption. The correlation is
negative for micropore/pore volume ratio and percamd, and positive for surface
area. The Pearson’s correlation test for surfaea @and the data set for SCAC
samples and the CAC sample shows a strong a positikrelation for arsenic(V)

and arsenic(lll) per cent removal and surface area.

Table 6.9 Pearson correlation test for samples S@@06, SC07, SC11 and SCl12.

Statistically significant terms are in bold font.

%As(V).R  %As(Ill).R

pHzc Pearson correlation -0.165 -0.212
Significance (2-tailed) 0.791 0.732

Surface area Pearson correlation 0.939 0.956
Significance (2-tailed) 0.018 0.011

Micropore/pore _

volume ratio Pearson correlation -0.975 -0.968
Significance (2-tailed) 0.005 0.007

Pore width Pearson correlation -0.533 -0.590
Significance (2-tailed) 0.355 0.295

% Sand-size-fraction Pearson correlation -0.960 -0.966
Significance (2-tailed) 0.010 0.007

Table 6.10 Pearson correlation test for samples ,(3@5, SC06, SCO07, SC11 and SC12.

Statistically significant terms are in bold font.

As(V).R  As(lll).R

Surface area Pearson correlation 0.938 0.942

Significance (2-tailed) 0.006 0.005
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From the analysis of the data presented in thissdesome observations can be
made with respect to SCAC properties and arsemuwoval. It is apparent that
surface area, micropore/pore volume ratio and @arsize have an effect on the
percentage of arsenic(V) and arsenic(lll) that lbarremoved from solution. SCAC
with a higher surface area and lower content oflsare fraction is able to remove
a higher percentage of arsenic from solution. Téssilt is explained in terms of the
well known inverse relationship between particleesiand surface area. Also,
samples of SCAC with lower micropore/pore voluméiosa remove a higher
percentage of arsenic. This suggests that arsdaargtion on SCAC may be limited
by the small pore diameter of micropores. On tleiohand, surface area is the only
property that has an effect on arsenic adsorptiblenwall AC samples (SCAC
samples and the CAC samples) are considered. HowteeePearson correlation test

does not prove that the relationship between visalk causal.
6.6 Summary

The CAC sample, two SCAC samples with low arseamaval capacity (SC05 and
SCO06), and three SCAC samples with medium to higlerac removal capacity
(SCO7, SClland SC12) were characterized with therrdenation of the pkt,
surface area and patrticle size distribution. Ateppgraphic analysis of samples was
carried out with SEM.

The pHc, as measured with the immersion technique, wasd@.&AC, 9.2 for
SCO05, 10.2 for SC06, 9.2 for SCO7, 9.8 for SC1H, @7 for SC12. The pd was
not related to the adsorption capacity of SCAC dulsas. For instance, SC05 and
SCO07 had similar pt, but arsenic adsorption capacity of SC07 was ntugher
than that of SC05. According to the topographidysiswith SEM, SCAC samples
were composed of flake-like particles of variousesi (< 200 pm). Some of the
flakes presented holes of different sizes. No agparelationship between the
preparation conditions of SCAC and the type ofctmes developed was found.

The specific surface area and the pore width bigion of samples were determined
with argon gas adsorption at -195.8 °C (nitrogguiti bath). Samples SC05, SC06
and SC11 presented a Type | IUPAC isotherm, sanf&37 and SC12 a Type I
isotherm, and CAC a Type IV isotherm. The t-pltie DR plot and the NL-DFT
analysis showed that micropores and mesopores present in all samples. The
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surface area of samples with isotherm Type | wdsutzied with the Langmuir
equation and the surface area of samples with esothType Il and IV was
calculated with the BET isotherm. The Langmuir aoef area in fng™ was 479 for
SCO05, 451 for SC06, and 745 for SC11. The BET sartaea in g™ was 865 for
SCO07, 735 for SC12, and 615 for CAC.

According to the NL-DFT the pore width mode wastlne micropore range for
SCAC samples (1.5-1.8 nm) and in the mesopore rdagehe CAC sample

(3.0 nm). SCAC samples with the lowest arsenic gdem capacity (SC05 and
SCO06) also had the lowest surface area, pore vgolanmiemesopore volume. SCAC
samples with the highest arsenic adsorption capaeitl a micropore/pore volume
ratio between 0.83 and 0.91.

The particle size distribution of samples was measuvith a laser diffraction

method. Ninety per cent of the cumulative volumeS&AC samples was due to
particles with a size < 180 um. According to thed%$ SCAC samples were
composed by 47.1-54.2 per cent volume of silt-fiaetion (2-60 pum) and less than
0.3 per cent volume of clay-size fraction (<2 pnihe predominant soil-size-
fraction in the CAC sample was the sand-size foac{60-2,000 um) measured at

97.1 per cent.

According to the Pearson correlation test, inclgdonly SCAC samples, surface
area has a strong and positive correlation (R 39.9 = 0.018), micropore/pore
volume ratio has a strong negative correlation (R.975, p = 0.005) and per cent
sand-size fraction has a strong negative corr@lafi® = -0.960, p = 0.010) with

arsenic(V) adsorption; similar results were obtdif@ arsenic(lll) adsorption with

SCAC. The Pearson’ test for SCAC samples and theC Gample found a

correlation between surface area and arsenic(V¥ (R938, p = 0.006) and

arsenic(lll) (R =0.942, p = 0.005) per cent remova
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7. Arsenic(V) and arsenic(lll) adsorption experiments with
sugarcane activated carbon and commercially availdé

carbon

The adsorption performance of adsorbents is exgetdevary under different
experimental conditions. Factors such as pH, ti@®perature and species present
in solution can have an effect on the adsorbentlwéfy to remove specific
contaminants from water. Based on the results f@mapter 5 the adsorbent SC0O7
(carbonisation temperature 700 °C, activation tawtpee 900 °C and activation
time 3 h) was selected to conduct further expertsiém investigate the adsorption
kinetics Section 7.}, and the effect of pHSection 7.p temperatureSection 7.3
and interference from the water constituents ctigrisulphate, phosphate and
silicate Section 7.% on arsenic(V) and arsenic(lll) adsorption. Thegperiments
were run in parallel with adsorption experimentshwthe lignite granular activated
carbon type Darco® 12x20 (CAC).

7.1Kinetics of arsenic(V) and arsenic(lll) adsorption
7.1.1 Experimental methodology

Separate kinetic experiments were run for SCO7 @AQ; for each adsorbent the
effect of the initial oxidation state of arsenicdaof the initial concentration were
investigated. In total four test were carried autdach adsorbent; arsenic(V) at low
initial concentration ¥ 240 pg L), arsenic(V) at high initial concentration
(= 2,500 pg [Y), arsenic(lll) at low initial concentration, andsanic(lll) at high
initial concentration. This concentration range wabkosen because most
groundwater samples would fall within this ranger khstance, of the samples
analysed in the 2009 Drinking Water Quality SurveyBangladesh, 90 per cent
were below 77 ugt and the maximum concentration found was 900 [1¢BBS et
al., 2011). Experiments were carried out at anainjppH of approximately 8, an
adsorbent dose of 5 g'f.and room temperature. The period of time investid was
from 15 min to 2,880 min (48 hours); the final tadésenic concentration (Asand

final pH (pH) values were measured for each sample.
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7. Adsorption experiments

7.1.2 Analysis of kinetic data

Kinetic data were analysed with a pseudo-first ont@del and a pseudo-second
order model. First, the experimental adsorptionacayp () of adsorbents was

calculated with the following equation:

As, — As
(Asg t)xv

Equation 7.1
m

Qexp =

where;

OexpiS the adsorption capacity in ug gt time t,

Asy is the initial arsenic(V) or arsenic(l1l) conceation in pg L,
As is the arsenic concentration in pg &t a given time t,

V is the volume of arsenic solution in L,

m is the mass of adsorbent in g.

Then, the experimental data were fitted to a psdingiborder equation (Lagergren,
1898).

ﬂ =ki(qy — q¢) Equation 7.2

dt

where:

. is the adsorption capacity at equilibrium in i g
q: is the adsorption capacity in ug gt time t,

k; is the pseudo first-order adsorption rate constantin™.

Integration of the pseudo-first order equation vidtundary conditions from t = 0 to

t =t, and from g= 0 toq; = q; gives:

ky .
— = - Equation 7.3
log(q; — q¢) = log(qy) 2303 q

For each experimental condition the experiment#h aeere fitted to Equation 7.3
with the least-squares method. The values ocard k; were determined from the
intercept and the slope of the linear correlati@spectively. In a similar fashion,

data were fitted to the pseudo second-order equéitio et al., 2000):
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7. Adsorption experiments

e _ 2 Equation 7.4
d_t =k2(92 — qt) quation 7.

where:
ko is the rate constant of pseudo second-order aiisoip g pg* min,

02 is the adsorption capacity at equilibrium in pi§ g

Integration of the pseudo-second order equatioh dundary conditions from t = 0
tot =t, and frong; = 0 toq: = ¢ gives Equation 7.5. The experimental data were
plotted with (t/q;) on the y axis and time on the x axis. Values f@ pseudo-
second order equation were calculated with thets@sares method, @ndk, were

determined from the slope and the interception serespectively.

t 1 1 .
(q—) = +—(t) Equation 7.5
t

The selection of the model that best representedettperimental data followed
various criteria. First, the adsorption capacityegtilibrium (q and @) obtained
from the models was compared against experimeraales (@.). Secondly, the
pseudo-first and pseudo-second order models waghmally compared against the
experimental kinetic data. Thirdly, the varianceeatth model was calculated with
Equation 7.6; it was assumed that the error in daga follows a chi-square
distribution (Masel 2001). The statistical sigréince of the difference between
models was tested with the F test.

2
_ Z[ dt (exp) — 4t (model)] Equation 7.6
(samples)- (independent parameters in model)

i

The F test is not mathematically rigorous but pdesia practical and fast approach.
A rigorous approach would be to run a Cox, Bayesimaximum-likelihood or
minimum-entropy algorithm (Masel, 2001). It is lesked that these series of steps
provide a more truthful approach compared to theotipess of fit” by the

correlation factor (B of the least square method.
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7. Adsorption experiments

7.1.3 Results for kinetic experiments
Percent arsenic removal with respect to time

The percentage of arsenic removal (%As.R) witheesjp time for SCO7 and CAC

Is presented in Figure 7.1 and Figure 7.2 respagtiyn all experimental conditions

arsenic adsorption is higher with SC07 than withGCA'he data for arsenic(lll)

adsorption onto SCO07 at low initial concentrati@ntradicts expected results; the
percentage of arsenic adsorption at low initialcarration was lower than at high
initial concentration. These data also differ frother experimental data obtained
under similar experimental conditions. For instanice the factorial experiment

(Section 5.2 1arsenic removal at an initial arsenic(lll) contation of 246.3 ug L

! initial pH of 8.03, and room temperature was 80gent.

Adsorption onto sugarcane activated carbon (SCAU)Ws the same trend at low
and at high initial arsenic(V) concentrations. Aggmn occurs very rapidly during
the first 15-30 minutes, and then arsenic is adsbriery slowly. Arsenic(lll)
adsorption differs from arsenic(V) adsorption. Atgt initial arsenic(lll)
concentrations, arsenic removal is 39 per cent5aminutes and then gradually

reaches 85 per cent at 2,880 minutes.

100
90 r/*’_‘* *>- :
80 - JEPEEEET A P etectucted &
70
o 60 ‘/‘]\,
g 50 ’/&‘\\é é
S \J SN N = Oommmmmmmmmmmmmmmmmmom=mes
wfl © —o—As(V) 227.9 ug/L
30 —a—As(V) 2,481.2 pg/L
20 1 -=0-- As(lll) 242.3 pg/L
10 | ----As(lll) 2,575.3 pg/L
0 . | | | |
0 500 1000 1500 2000 2500 3000
Time (min)

Figure 7.1 Kinetics of arsenic adsorption onto S@tcentage of arsenic removal (%As.R)

with respect to time for two initial concentratidios arsenic(V) and arsenic(lll).
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Overall, arsenic adsorption onto CAC follows themseatrend for the four

experimental conditions investigated; %As.R graguiaicreases with time (Figure
7.2). Arsenic(lll) adsorption at high initial comteation seems abnormally high at
15 minutes; the standard deviation of this poimelatively high (x 6 per cent). Also,

arsenic(lll) adsorption at high initial concenteoatiis higher than at low initial

concentration during the first 1,000 minutes.

45

40 - _-®

=
—a—
p———
p——
- -
- -
- -
=

- o -As(V) 229.3 ug/L
- 0O-As(V) 2,499.7 ug/L
—o—As(lll) 242.8 ug/L

—=— As(lll) 2,739.0 pg/L

0 500 1000 1500 2000 2500 3000
Time (min)

Figure 7.2Kinetics of arsenic adsorption onto CAC. Percentfgarsenic removal (%As.R)

with respect to time for two initial concentratiomisarsenic(V) and arsenic(l11)
pH variation with respect to time

Figure 7.3 presents the changes in pH in solutibh mespect to time for SC07 and
CAC samples, respectively. In a similar mannerdocentration, the pH of samples
changes mostly during the first 15-30 minutes @f tbaction. In the case of SCO07,
pH values at 2,880 minutes (pH/ary between 7.0 and 7.6. For adsorption with
CAC, pH falls from pH =~ 8.0 to values of between 6.3 and 4.8 during tte fi5
minutes. No apparent relationship between changesiiand %As.R was observed

for both SC07 samples and CAC samples.
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- & - As(V) 227.9 pg/L

— A - As(V) 2,481.2 pg/L
—o— As(lll) 242.3 pg/L
—— As(lll) 2,575.3 pg/L
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—5
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0 500 1000 1500 2000 2500 3000
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b)
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- 00 = As(V) 2,499.7 pg/L
—o—As(Ill) 242.8 pglL
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Figure 7.3 Variation of pH with respect to time &atsorption at two initial concentrations of

arsenic(V) and arsenic(lll): a) adsorption onto $Cihd b) adsorption onto CAC.
Kinetic models for arsenic adsorption

Adsorption capacities calculated with the pseudst-brder (g) and for the pseudo-
second order ¢ models are plotted against the experimental atisor capacities
for adsorption of arsenic(V) and arsenic(lll) or&@€07 (Figure 7.4) and CAC
(Figure 7.5). From these figures is evident, in huses, that the pseudo-second
order model reproduces better the experimental. ddbavever, for CAC at low
initial concentrations it is not possible to deterenfrom the plots which model
better fits the data. In the case of arsenic(ldi$aption at low initial concentration

onto SCO07, the pseudo-second order model accuratelgicts the equilibrium
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7. Adsorption experiments

adsorption capacity @ but fails to reproduce the maximum adsorptionac#y
reached at 180 minutes. This cannot be observdeigraph of Figure 7.4 due to its

scale.
a)
A 25 &
> 300
o
3
~ 200
o
—é ¢ 4
0 500 1000 1500 2000 2500 3000
Time (min)
— = = Pseudo 1st order, As(V) 227.9 pg/l- Pseudo 2nd order, As(V) 227.9 pg/L
----- Pseudo 1st order, As(V) 2481.2 pghi—— Pseudo 2nd order, As(V) 2481.2 pg/L
& As(V)227.9 pg/L A As(V)2481.2 pg/L
by 600
500 - o X
<400 -
230045/ K cmmemmemmmmemmmeeeeee
52007/ T .-
100 -
O = |- — Al T T <>
0 500 1000 1500 2000 2500 3000
Time (min)
= = = Pseudo 1st order, As(lll) 242.3 pg/L: Pseudo 2nd order, As(lll) 242.3 pg/L
----- Pseudo 1st order, As(lll) 2575.3 pgh=—— Pseudo 2nd order, As(lll) 2575.3 pg/L
< As(lll) 242.3 pg/L A As(Ill) 2575.3 pug/L

Figure 7.4 Experimental data, and pseudo-first oeshel pseudo-second order model data
for arsenic adsorption onto SCO7 for: a) initiabearic(V) concentrations of 229.3 and
2,499.7 ug ; and b) arsenic(lll) initial concentrations of 222nd 2,575.3 ug'L
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Figure 7.5 Experimental data, and pseudo-first ongiedel and pseudo-second order model
data for arsenic adsorption onto CAC for: a) ars@f)i initial concentration of 229.3 and
2,499.7 ug L b) arsenic(lll) initial concentration of 242.8chR,739.0 pg L.

Table 7.1 presents the experimental arsenic adsormapacity (), and the
parameters for the pseudo-first order and pseudorskeorder kinetic models for
SCO07 and CAC under the different experimental domak investigated. In the case
of adsorption with SCO7, at low initial concentoati g, for arsenic(lll) is
approximately half of g, for arsenic(V); but at high initial concentratiog,, for
arsenic(lll) is 14 per cent higher thaggfor arsenic(V). The adsorption capacity for
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7. Adsorption experiments

SCO07 increases roughly 10 times and 20 times fenfld increase in concentration

of arsenic(V) and arsenic(lll), respectively.

In most kinetic tests, the F test for the variaotmodels was statistically significant
(p < 0.05) for the pseudo-second order model; tkememion being adsorption of
arsenic(lll) at low initial concentration onto CA@ =0.12). Based on the
experimental adsorption values, the model plots thedF test, the pseudo-second

order model better represents arsenic adsorptitm®@07 and CAC.

Table 7.1 Experimental adsorption capacity at equilibriumedg pseudo-first order
adsorption rate constank;), pseudo-first order adsorption capacity)(gpseudo-second
order adsorption rate constam)( and pseudo-second order adsorption capachyféq
arsenic(V) and arsenic(lll) adsorption at two adittoncentrations onto SC07 and CAC.

Statistically significant terms are in bold font.

Oxidation Initial ]
Adsorbent ) Oexp Pseudo-first order Pseudo-second order
state concentration

k]_ o[} k2 O

1

g L ugg  min Hgg' gug mint pgg

scov7 As(V) 227.9 43  2.39xf0 4 4.91x10° 43
scov7 As(V) 2,481.2 407 8.15x10 118  2.66x10° 409
CAC As(V) 229.3 19  861x1d 16 1.56x10 20
CAC As(V) 2,499.7 129  1.26x™ 111  2.30x10° 140
sSco7 As(Ill) 224.3 22 1.99x10 16  8.48x10° 22
sSco7 As(Ill) 2,575.3 462  2.13xP0 289  2.14x10° 473
CAC As(ll 242.8 16  9.51x16 14 1.64x10 17
CAC As(Ill) 2,739.0 142  9.63x10 55  8.51x10° 143

7.2 Effect of pH on arsenic(V) and arsenic(lll) adsorpton
7.2.1 Experimental methodology

This experiment investigated the effect of theiahipH of the aqueous phase on
arsenic(V) and arsenic(lll) adsorption onto SCOd &AC. All experiments were

run at room temperature, an adsorbent dose of 5'gdnd initial arsenic
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7. Adsorption experiments

concentrations from 206 to 235 pg.LSolutions of different pH values were
prepared by modifying the pH of a stock solutionhwdropwise addition of double
distilled nitric acid (HNQ) or 0.1M sodium hydroxide (NaOH). After collectioa

sample aliquot was used to measure the pH at bquit (pH,) and the other aliquot

was kept to analyse total arsenic in the ICP-MS.
7.2.2 Results

Percent of arsenic removal (%As.R) and. jgirfe plotted against the initial pH (pH
for arsenic(V) and arsenic(lll) adsorption onto 3Ca&nd CAC in Figure 7.6.
Experimental points for each series were joineth \@dshed lines to ease the reading
of the plot. However, interpolation of %As.R andedi¢tween experimental points
is uncertain and should be undertaken with career@y arsenic removal is less
sensitive to changes in phvith CAC than with SC07, and less sensitive to the
arsenic oxidation state with SC07 than with CACsdlfor most phlvalues tested,
%As.R is higher with SC07 than with CAC.

For arsenic(V) and arsenic(lll) adsorption onto 3@@d arsenic(V) adsorption onto
CAC high arsenic(V) removal occurs at pkalues from 5 to 9. Within this pH
interval the pH varies from 7.1 to 7.5 for SC07 and from 5.1 t8 €r CAC.
Arsenic(lll) removal with SCO7 is higher than 85 pent from pH 5.1 to 9.0 (pH~=
6.8). As(lll) removal with CAC follows a very diffent pattern; average %As.R
varies between 15 and 20 per cent from gHio 7, then from pH9 to 11 adsorption

increases to 27 per cent.
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Figure 7.6 Percentage arsenic removal (%As.R) &hdtpequilibrium (pH) plotted against
initial pH (pHy). a) arsenic(V) adsorption onto SC07, b) arseljcddsorption onto SC07,
¢) arsenic(V) adsorption onto CAC, and d) arseH)céldsorption onto CAC.
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7.3 Arsenic(V) and arsenic(lll) isotherms at 25 and 35C
7.3.1 Experimental methodology

Adsorption isotherms for arsenic(V) and arsenir@ 25 and 35 °C were obtained
for SCO7 and CAC. Experiments were carried out Ioottle shaker in which the air
temperature was controlled. For each series, eigisenic solutions with
concentrations ranging from 66 to 2,337 |ibwere prepared, the initial pH of each
solution was adjusted teo 8 with dropwise addition of ultrapure HN®@r 0.1M
NaOH. An aliquot of the sample was used to meah@dinal pH, and the rest was
keep for analysing total arsenic using the ICP-MS.

7.3.2 Analysis of isotherm data

The Langmuir and Freundlich equations were usedrtalyse the experimental
isotherm data. The Langmuir equation is based &metic principle in which the

rate of adsorption is equal to the rate of desonptiom the surface (Do et al., 2008).
The Langmuir model makes three basic assumptidres;adsorption surface is
homogeneous (i.e. all sites have a constant adsorehergy); adsorption occurs at
definite localised sites; and each site can fit juse molecule or atom (Do et al.,

2008). Equation 7.7 is the linear form of the Lamngnequation (Langmuir, 1918).

Cc. 1 G,

q— = ﬂ + Q_ Equation 7.7
e m m

where;

Ce.is the arsenic concentration in the aqueous pltasguilibrium in pg L,
0e is the adsorption capacity at equilibrium in i g
Qnis the monolayer adsorption capacity in g g

b is the Langmuir parameter related to the energydebrption in L pg.

The Freundlich isotherm, of empirical origin, hasually a theoretical justification.
This isotherm assumes: that the surface is heteeogs, i.e. the surface is
distributed in regions with the same adsorptionrgylethat the regions are
independent and there is no interaction betweeomsgand that on each region one
molecule or atom is adsorbed on only one adsoriten(Do et al., 2008). Equation
7.8 is the linear form of the Freundlich isotherm.
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1 .
Inqe = InKp + Eln Ce Equation 7.8

where;
1/nis the a dimensionless parameter related to teeggrof adsorption and,
Ke is the relative sorption capacity in (WQ)dL pgh)*™.
The Langmuir and Freundlich parameters were denwvigd the linear forms of the
equations using the least-square method. The mutdel best represents the
experimental data was selected using a similagrarit to that used for the kinetic

adsorption modelSection 7.1

7.3.3 Results
Percentage Arsenic removal with respect to int@hcentration at 25 and 35 °C

Figure 7.7 presents the adsorption isotherms fer 3IK0O7 and the CAC series;
percentage of arsenic removal (%As.R) is plottecirey the initial arsenic
concentration (Ag. In general, %As.R is higher with SC07 than WitAC, and it
was higher for arsenic(V) than for arsenic(llhbath temperatures 25 and 35 °C. No
apparent trend was found in the effect of tempeeatun %As.R, also this effect is
relatively small. For both adsorbents, arsenic@moval is similar at 25 and 35 °C.
However, for SC07, %As(lll).R is slightly higher 286 °C than at 35 °C and for
CAC %As(ll).R is higher at 35 °C than at 25 °C.eThitial oxidation state of
arsenic seems to have an effect on adsorptionS@07 and CAC, %As(V).R is
higher than %As(lll).R at both temperatures. Thi#éiahoxidation state effect is
smaller for arsenic adsorption at high initial centrations for CAC.

The overall trend for adsorption is that %As.R dases as the initial arsenic
concentration (A§ increases, with the exception of arsenic(lll) a@§on onto

CAC at 25 °C. For this series, the %As.R slightigreases when the initial arsenic
concentration increases. A decreasing trend in ®Agas expected since higher
initial concentrations lead to saturation of thes@gtion capacity of adsorbents.
However, at the highest arsenic concentration ty&ted, arsenic removal with
SCO07 was higher than 73 per cent; which suggestS6a7 was not fully saturated.
In the arsenic(V) adsorption onto CAC series angeearents at an initial arsenic
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concentration (Ag of 366.2 pg [}, the percentage of arsenic removal appears to be

particularly high.
a) 100 ——As(V), 25 °C
--0--As(V), 35 °C
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Figure 7.7 Adsorption isotherm experiments: a) racg¥) and arsenic(lll) adsorption onto
SCO07 at 25 and 35 °C; and b) arsenic(V) and ar@#hiadsorption onto CAC at 25 and
35°C.

Variation of pH with respect to initial arsenic ammtration at 25 and 35 °C

The variation of pH at various initial arsenic(V) and arsenic(lll) tial
concentrations at 25 and 35 °C is presented inr€ig8. In general, pHalues are
similar for the differential experimental condit®rested for each adsorbent. The
pHe values for the SCO7 series vary from 6.8 to 7n@; @H. for the CAC series from
5.1t06.0.
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Figure 7.8 Variation of pHwith respect to initial arsenic concentration Aat 25 and

35 °C. a) arsenic(V) adsorption onto SC07 at 25)CGrsenic(V) adsorption onto SCO07 at
35 °C, c) arsenic(lll) adsorption onto SCO7 at €5 d) arsenic(lll) adsorption onto SCO7 at
35 °C, e) arsenic(V) adsorption onto CAC at 25fj@rsenic(V) adsorption onto CAC at 35
°C, g) arsenic(lll) adsorption onto CAC at 25 °@dadn) arsenic(lll) adsorption onto CAC at

35 °C.
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Langmuir and Freundlich models

The experimental adsorption capacityefy and the Langmuir and Freundlich
models are plotted in Figure 7.9 for SC07 and guFe 7.10 for CAC. The models
were plotted using values of the parameters fouiid the least-squares method

from Equation 7.7 and Equation 7.8.
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Figure 7.9 Isotherms for arsenic adsorption ont65@) arsenic(V) at 25 °C, b) arsenic(V)

at 35 °C, c) arsenic(lll) at 25 °C, and d) arsdtljcat 35 °C.
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Figure 7.10 Isotherms for arsenic adsorption orA€Ca) arsenic(V) at 25 °C, b) arsenic(V)
at 35 °C, c) arsenic(lll) at 25 °C, and d) arsdtijcét 35 °C.

According to these figures, for most of the expemtal runs both Langmuir and

Freundlich models fit the experimental data reablynaell. The exception is the

Langmuir model for adsorption of arsenic(lll) orf@&C at 25 °C; this series seems

to have a different trend from the rest of the d&ko, the Freundlich model
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overestimates &, for arsenic(V) adsorption onto SCO7 at high arsegjuilibrium
concentrations (g.

Table 7.2 presents the Langmuir monolayer adsormapacity Qm), the Langmuir
parameter related to the energy of adsorptinthe Freundlich relative adsorption
capacity Kg), the Freundlich parameter related to the enefggsorption (), and
the goodness of fit value fRfor the Langmuir and Freundlich models for all
experimental runs. The F test was run for eaclesea identify the model with the
least variance with respect to the experimentad;daese models (p < 0.050) are in
bold font.

Table 7.2 Langmuir monolayer adsorption capadcly)( Langmuir parameter related to the
energy of adsorptiorb), Freundlich relative adsorption capacikg), Freundlich parameter
related to the energy of adsorptionnjl/and goodness of fit value YRfor Langmuir and
Freundlich models. Models with statistically smallgariance with respect to the

experimental data according to the F test (p <)@@5in bold font.

Langmuir model Freundlich model
Temp.
Oxidation Qm b R? Ke 1in R?
Adsorbent
State . , | (ug g—l)
c HO g L ug iy

(Lug)™
SCo7 As(V) 25 481  4.82x1d 0.86 4.20 0.77 0.95
SCco7 As(V) 35 653 3.20x16 0.91 3.61 0.80 0.98
CAC As(V) 25 146  9.78x1H 0.61 0.64 0.69 0.83
CAC As(V) 35 168  1.02xId 0.89 0.97 0.64 1.00
SCco7 As(ll) 25 557  2.15x1D 0.83 1.96 0.83 0.99
SCo7 As(ll) 35 619 1.40x16 0.85 1.49 0.84 1.00
CAC As(ll 25 58  1.93x18 0.38 3.61x10° 1.24 0.95
CAC As(ll 35 360 1.34x106 019 9.07x18 0.89 0.98
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7.4Competing effect of other water constituents (C] PO,>, SO, Mn?*, Si)
on arsenic(V) and arsenic(lll) adsorption

7.4.1 Experimental methodology

The effect of other water constituents on arseamaval onto SC07 and CAC was
investigated in batch experiments. The chemicatispeinvestigated were chloride
(CI at 25 and 250 mg't, phosphate (P§) at 0.1 and 10 mg't, sulphate (S&)

at 10 and 100 mgt, manganese (M#) at 0.1 and 0.4 mgt, and silicon (Si) at 5
and 50 mg L. The upper limits for Cland Mrf* were set in agreement with the
World Health Organisation drinking water guidelinegues; 250 mg t for CI', and
0.4 mg L* for Mn**. The upper limits for P§& and Si were based on the 2009
Bangladesh national drinking water quality surveywhich 93 per cent of samples
had a P@ concentration below 6 mg'iand the highest Si concentration found was
50 mg L%

The experiment was run for arsenic(V) and arselickeparately. The experiment
was conducted at room temperature, at an initiak@; and with an adsorbent dose
of 5g L. Stock solutions of Clat 2,500 mg !, PQ* at 100 mg [}, SO at

1,000 mg [}, Mn** at 100 mg [* and Si at 500 mgt were prepared with reagent
grade water. These stock solutions were added pnopgate quantities to arsenic
solutions with a concentration ef250 pg L*. A sample of the arsenic solution and
a sample of the arsenic with the spiked chemicatiss were kept for analysis of
arsenic concentration and for calculating recovatgs for arsenic for each solution.

The pH at equilibrium was measured for each sample.

The percentage of arsenic recovery for samplesedpitith CI, PQ*>, SQ and
Mn?* was between 85 and 115 per cent. Arsenic recowasy 116 per cent for
arsenic(lll) for SCO7 samples spiked with Si at& Iot, 121 per cent for arsenic(lll)
for SCO7 samples spiked with Si at 50 m{j 112 per cent per cent for arsenic(l1l)
CAC samples spiked with Si at 5 mg bnd 117 per cent per cent for arsenic(lll)
CAC samples spiked with Si at 50 md.L
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7.4.2 Results of the effect of competing water constitués on percentage of

arsenic adsorption

The effect of water constituents on arsenic adsmrpvpnto SCO7 is presented in
Figure 7.11. Arsenic removal diminishes with allestical species investigated.
Arsenic(V) and arsenic(lll) adsorption are affectedc similar fashion by the water
constituents investigated. The size of this negagiffect seems to be related to the
concentration of the chemical species; with theeption of Mrf". Arsenic(V)
adsorption is especially affected by & 250 mg [* and by Si at 50 mgt, causing
negligible adsorption of arsenic(V). The negatifiea of PQ> at 0.1 mg [* and

Mn?* at 0.1 and 0.4 mgton arsenic adsorption is small.
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)
3
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= = =%As(V).R £SD
20 -
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O_
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Figure 7.11 Effect of CI(25 and 250 mg 1), PQ* (0.1 and 10 mg 1), SO (10 and
100 mg L%, Mn** (0.1 and 0.4 mg ) and Si (5 and 50 mg™) on arsenic(lll) and
arsenic(V) adsorption onto SCO7 at an initial aiseoncentration of 250 pg L.

The effect of the Cl PQ¥, SQ%, Mn*" and Si on arsenic removal with CAC is
presented in Figure 7.12. Arsenic(V) removal ingesd grade water is 41 per cent.
For most ions, arsenic removal falls to values betw21 to 33 per cent; with the
exception of PG’ at 10 mg [* and Si at 50 mgt for which arsenic adsorption falls
below 10 per cent. Once again, the size of the thegaffect on arsenic(V)

adsorption is related to the concentration of thiexl chemical species. On the
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other hand, arsenic(lll) adsorption is less affedy SQ* at 100 mg [ than at
10 mg L*; the same behaviour is observed with POZhe effect of S¢F at
100 mg L* on arsenic(lll) removal is negligible, and theeeffof Si at 5 mg Tt is

relatively small.

60
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m— As(11)

%As.R

As(V) control
= = =%As(V).R £SD

......... As(Ill) control

— - =%As(lll).R + SD

Cl-(25 mg LY

CI- (250 mg LY)
PO (0.1 mg LY)
PO (10 mg LY
SOZ (10 mg L)
SO, (100 mg LY
MnZ* (0.1 mg L)
Mn2* (0.4 mg L)
Si (5 mg L)

Si (50 mg LY

Figure 7.12 Effect of Ci25 and 250 mgt), PQ* (0.1 and 10 mg £), SQ* (10 and 100
mg L"), Mn** (0.1 and 0.4 mg 1) and Si (5 and 50 mg) on arsenic(lll) and arsenic(V)
adsorption onto CAC at an initial arsenic conceiureof ~ 250 ug L.

Effect of competing water constituentsthe pH at equilibrium (pél

In arsenic adsorption with SCO7, pthlues for samples spiked with most ions were
between 6.8-7.5; the exception was Si at 50 mgvith a pH of 8.3. For CAC the
range of pH values found was 5.6-6.3; Si at 50 migik again outside this range at
pHe 6.7. In similar experimental conditions (with npikeed chemical species) pH

values for SCO7 vary between 7.3 and 7.6, and A€ €ary between 5.1 and 6.4.

7.5 Simulation of column experiments for arsenic(V) andarsenic(lll)
adsorption with SC07 and CAC

7.5.1 Column simulation methodology

Simulation of adsorption column experiments withO3@Gnd CAC was carried out
with the software Fixed-bed Adsorption Simulatioaoll (FAST) version 2.0. The
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FAST software uses the homogeneous surface diffusiodel (HSDM) to compute
adsorption. The HSDM uses partial differential doures to describe mass transport
through the column and into the adsorbent parti¢&zerlich et al., 2008). The
HSDM assumes that: the velocity of the fluid is stamt across any cross-section of
the column perpendicular to the axis of the columass transfer in the liquid-phase
is linear, mass transfer occurs exclusively throsghface diffusion in the solid-
phase, hydraulic loading rate is constant, diffusamefficients are constant, and
adsorbent particles are of spherical shape (Spegtial., 2008). Also, the Freundlich

isotherm is used to describe adsorption equilibriSmerlich et al., 2008).

The simulation column experiment was run using @soebent weight of a real size
filter, 10 Kg. Simulations were carried out for SCand CAC at initial arsenic(V)

and arsenic(Ill) concentrations of 250, 500 and@,Qg L* and flow rates of 2.5

and 5 L i*. The parameters empty bed contact time and bednelvere adjusted to
achieve the desired flow rate and adsorbent weiljin. liquid-phase mass transfer
coefficient and the solid-phase mass transfer moefit were estimated with the
methods used by Mohaat al. (2002) and Biswast al. (2007), respectively.

7.5.2 Column simulation results

Breakthrough curves simulated with FAST are shoem3CO07 in Figure 7.13 and
for CAC in Figure 7.14. Concentration in the brém&tigh curves is represented as a
ratio of the arsenic concentration in the effluand the arsenic concentration in the
influent (As/As)). Table 7.3 shows the number of days that SCO7 reamove
arsenic at flow rates of 2.5 and 5 [* hefore the concentration in the effluent
exceeds 10 and 50 upg*Lof arsenic(V) and arsenic(lll). According to the
breakthrough curves for CAC, the fraction of arsetwncentration in the effluent
exceeds 10 and 50 pd'lin less than 14 days.

The volume of water treated by mass of adsorbetsofdent weight = 10 Kg, flow
rate=2.5-5.0 L H) before the concentration in the effluent reachéspg L*
(50 pg LY is from 1.1 L @ (1.1 L g") at an influent concentration of arsenic(V) of
250 pug ' to 0.8 L ' (0.6 L g%) at an influent concentration of arsenic(V) ofaQ0
ng L% and from 0.7 L § (0.7 L g%) at an influent concentration of arsenic(lll) of
250 pg [ to 0.5 L ¢* (0.5 L g') at an influent concentration of arsenic(lll) of
1,000 pg -
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Figure 7.13 Simulation of column experiments faemic adsorption onto SCO7, adsorbent

mass of 10 Kg. a) arsenic(V) initial concentratifnasn 250 to 1,000 pg tat a flow rate of
2.5 L k', b) arsenic(lll) initial concentrations from 256 1,000 ug ! at a flow rate of
2.5 L h', ¢) arsenic(V) initial concentrations from 2501t@00 g [* at a flow rate of 5 Lh
!, and d) arsenic(lll) initial concentrations fro®to 1,000 pg L at a flow rate of 5 L h
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Figure 7.14 Simulation of column experiments fasesmic adsorption onto CAC adsorbent
mass of 10 Kg. a) arsenic(V) initial concentratifnasn 250 to 1,000 pg tat a flow rate of
2.5 L k', b) arsenic(lll) initial concentrations from 256 1,000 ug ! at a flow rate of
2.5 L h', ¢) arsenic(V) initial concentrations from 2501t@00 g [* at a flow rate of 5 Lh

!, and d) arsenic(lll) initial concentrations fro®to 1,000 pg L at a flow rate of 5 L h
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Table 7.3 Number of days that SCO7 can remove @rdmfore the effluent concentration
exceeds 10 and 50 ud' bof arsenic(V) and arsenic(lll). The weight of thesorbent was set
at 10 Kg, and the flow rate was set at 2.5 andh3.L

Flow rate influent _ o
concentration  Breakthrough As(M)  Breakthrough As(lI}
L h? ug L 10pgl' 50pgl* 10pgl* 50pglt
2.5 250 183 190 115 123
500 155 159 100 106
1,000 130 133 87 91
5 250 91 95 57 61
500 77 79 50 52
1,000 65 67 43 45

7.6Discussion

Possible mechanisms for metal adsorption with at#té carbon (AC) are ion
exchange and complexation, which can occur in t®wlaor in combination (Di
Natale et al., 2008; Budinova et al., 2009). Thpszcesses are regulated by the
interaction between the adsorbate and the adsorbdnth depend on the AC
surface chemistry and the distribution of ioniceais(V) and arsenic(lll) species in
solution. In the following paragraphs a summaryhef surface chemistry of AC and
arsenic speciation is shortly introduced in orderassist an explanation of the

possible mechanisms of arsenic adsorption.
Surface chemistry of activated carbon

AC presents both surface acidity and basicity. &afacidity is related to the
functional groups carboxyl, lactone, phenol anddaMontes-Moran et al., 2004).

The origin of surface basicity is still under dission in the literature. While surface
functional groups like chromene, quinine and pyrane believed to contribute to
surface basicity, there is some consensus thalegirens on the basal layers of
activated carbon are mainly responsible for theciigson AC (Marsh et al., 2006).

Figure 7.15 presents the oxygen functional surfgroeips found on the surface of
ACs.
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Figure 7.15 Oxygen functional surface groups foandhe surface of AC (Boehm 2002).
Arsenic(V) and arsenic(lll) speciation

The distribution of arsenic(V) and arsenic(lll) s@ss, at the conditions at which the
experiments were run, was determined with the @mogne Visual MINTEQ 3.0.
Visual MINTEQ is a freeware chemical equilibrium deb used for the calculation
of metal speciation and solubility equilibrium. Tegeciation diagrams were derived
for arsenic(V) and arsenic(lll) concentrations 602and 2,500 pg't, ionic strength
() of 0 and 0.1 M, and temperatures of 20, 25 3BdC. Visual MINTEQ 3.0 uses
the following equilibrium constants (at 25 °C) fmsenic aqueous species:

H3AsO;? = HASOs + HY log K =-9.17,
H3AsO = HASO? + 2H' log K =-23.27,
H3AsOL = AsOs> + 3H" log K =-38.27,
H3AsO.” = H,AsOy + H' log K =-2.3,
H3AsO,” = HAsQ? + 2H" log K =-9.29,
H3AsO,’ = AsQ® + 3H' log K =-21.08,
H3AsO. + 2H" +26 = HsAsO; + H,0 log K =19.35

Selected equilibrium concentration diagrams of rEicg¥) and arsenic(lll) species as
a function of arsenic concentration, ionic stren@th and temperature (T) are
presented in Figure 7.16. In these diagrams, thdilegum concentration of arsenic
species is shown as a percentage of the totaliarsencentration. The percentage
distribution of arsenic species within the expeniaéconditions changes very little;

including the concentration of the neutrally chargpecies EAsO,° and HAsO".
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Figure 7.16 Equilibrium concentration of arsenic@nid arsenic(lll) species as a function of
arsenic concentration, ionic strength (I) and tenajpe (T). a) arsenic(V) concentration =
2,500 ug ', T = 20 °C and | = 0.1 M, b) percent distributiohthe arsenic(V) species
H:AsQ,’ at 2,500 pug L, 1 = 0.1 M and T = 20, 25 and 35 °C, c) arsenic@bncentration =
2,500 pg [, T =20 °C and | = 0.1 M, and d) percent distribatof the arsenic(lll) species
H:AsO,’ at 2,500 ug L, I=0.1 Mand T = 20, 25 and 35 °C.
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7.6.1 Kinetics of arsenic(V) and arsenic(lll) adsorption

An insight into arsenic concentration and pH chandgieroughout the arsenic
adsorption process was obtained from kinetic erpemis in Section 7.1
Electrostatically favourable conditions were mamed for arsenic(V) adsorption
onto SCO7 throughout adsorption; pH of the solutias always smaller than the
pHzc = 9.2 of SCO7. For the CAC, the initial pH was haghhan the pkt = 6.8 of
CAC, but after 15 minutes the pH of solution wasben than the pkt of CAC. For
both adsorbents a drop in pH in the aqueous phaseeygistered during the first 15-

30 minutes of adsorption.

The percentage of arsenic(lll) adsorption at loittahconcentration from the kinetic
experiment is substantially smaller that the valwdgained in the factorial
experiment $ection 5.2.), the variation of initial pH experimen$éction 7.2 and
the isotherm experimengéction 7.8 There are two possible explanation for this:
arsenic(lll) adsorption in the kinetic experimenasvaffected by an uncontrolled
experimental variable (such as contamination frdasgyvare), or variability within

the adsorbent’s preparation conditions or in the maaterial.

Regarding kinetic absorption data, the pseudo-se@yder model better fits the
experimental data for adsorption of arsenic(V) arsenic(lll) onto SCO7 and CAC;
the experimental adsorption capacity,fqis underestimated with the pseudo-first
order model in half of the experimental conditiolmBe arsenic adsorption capacity
(q) of the adsorbent increases rapidly at the mginof the reaction, but as the
reaction progresses the rate of reaction decreemgmdly as g approaches the

equilibrium adsorption capacity of the adsorbeat)q

Theoretically, the rate constarit,) should be independent of the initial arsenic
concentration. Howevek; is inversely proportional to the initial concenitva. The
most drastic change occurred in arsenic(lll) adsamponto SCO07; in whiclk,
decreased two orders of magnitude. According tordéite constants estimated with
the pseudo-second order model, adsorption of a@8nis faster with SCO7kg
from 2.7x10° to 4.9x10° g pg* min™) than with CAC k, from 2.3x10° to 1.6x10*
g pg' min?). Arsenic(lll) adsorption with SCO07 is faster apwl arsenic
concentration (8.5x10 g pg' min®) than with CAC (1.6x10 g pg' min™).
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Arsenic(lll) adsorption at high initial concenti@ti has the same order of magnitude
with SC07 (2.1x18 g ug" min?) than with CAC (8.5x18 g pug* min).

7.6.2 Effect of pH on arsenic(V) and arsenic(lIl) adsorpton

According to the equilibrium concentration diagraamsl experimental pid values
presented earlier, adsorption of arsenic(V) ontddB@& favourable for typical
drinking water pH values (6.5-8.5). Although theutmal arsenic(l1l) ion HAsO.C is
predominant for pH < 9.0, the percentage of acgBhiremoval was only slightly
below percentage of arsenic(V) adsorption from pkb 9. Arsenic(lll) adsorption is
driven by the small concentration of the negativeharged ions pAsSO;. Le
Chatelier principle indicates that if a system quiébrium is subjected to a change,
the system will respond with a net reaction thdt reduce the effect of the change.
So, when HAsOs; ions are adsorbed onto the surface of the ACethlibrium in

the reaction
HzAsOy° = HASOs + H*

will move towards the right side to compensatedhange in concentration of ions
H,AsQOs in solution.

Results inSection 7.2show that arsenic(V) and arsenic(lll) adsorptiothwsCO07
and CAC is highly dependent on pH; which is theecks most arsenic removal
methods. Variation of arsenic removal with respecinitial pH values is smaller
with CAC than with SCO7, however the percent okars removal is significantly
lower. Arsenic(V) and arsenic(lll) adsorption w07 drops below 15 per cent at
pH < 2 and pH> 11. Low adsorption levels of arsenic(V) at pH2 could be
explained in terms of the high concentration ofspecies BAsQ,, and at pH> 11

in terms of the repulsion of negatively chargedeaiyV) species from the
negatively charged surface of the AC.

The trend observed in adsorption of arsenic(lllYoo®CO07 is very similar to
arsenic(V) adsorption; which may suggest that sareenic(lll) undergoes oxidation
to arsenic(V) prior to adsorption and/or that agdon of arsenic(lll) is not fully
controlled by electrostatic attraction. On the othand, the highest adsorption of
arsenic(lll) with CAC occurred from pH 8 to 11; #ihese pH values the
concentration of the arsenic(lll) ionAsO;" steadily increases (Figure 7.16) and the
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surface of the activated carbon is negatively abdrgThus, this observation
confirms that arsenic(lll) adsorption is not togadlue to electrostatic attraction.

7.6.3 Arsenic(V) and arsenic(lll) isotherms at 25 and 35C

Adsorption is very often an exothermic processraasing temperature is expected
to decrease adsorption (Housecroft et al., 2006jvd¥er, this trend is not always
observed in experimental data. ResultsSiection 6.3.3show that the effect of
increasing temperature from 25 to 35 °C on the recéé) and arsenic(lll)
adsorption capacity {g) of SCO7 and CAC was very small or negligible. Hoer,
an increment in temperature from 25 to 35 °C enbdnslightly arsenic(lll)
adsorption with CAC.

Arsenic(V) and arsenic(lll) adsorption is adequatitscribed by the Langmuir and
the Freundlich equations for SCO7. The Langmuiraéigu is believed to better fit
the data since the variance in the Langmuir mod#i respect to the experimental
data was statistically smaller (p < 0.050) than waeiance from the Freundlich
model for 3 out of 4 different experimental conalits, and the Freundlich model

overestimated g, at high G values.

The Langmiur parametdy is a measure of the affinity of the adsorbate odée
with the surface of the adsorbent, the larger thkier of b then the adsorbents
surface is covered more with adsorbate. BHeangmuir parameter was estimated
from 1.40 to 4.82 L m§ for the SCO7 adsorbent. THe parameter is below
0.4 L mg* for most adsorbents presented in Table 2.2; wittejgtion of an oat hull
AC in whichb was estimated in 43 L rifgThe monolayer adsorption capaci®,
obtained for SCO7 was considerably lower than thosgorted in Table 2.2.
However, concentration of arsenic solutions usedthis research was up to
2.7 mg ' whereas most of the studies reported in Tableud&d considerably
higher concentrations (22 to 150 mg)L On the other hand, activated carbon is
classed as a high adsorption capacity adsorbenh whean remove more than
500 mg § of substance/element/compound (ICA 2008).

Arsenic(V) and arsenic(lll) adsorption onto CAC adequately described by the
Freundlich isotherm. The bigger thenlparameter the more favourable the

adsorption. Values for the parameten fior arsenic(V) are significantly lower (0.69
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at 25 °C and 0.64 at 35 °C) than for arsenic(lllR4 at 25 °C and 0.89 at 35 °C).
These values are slightly higher than those regdontdable 2.3.

Performance of adsorbents is usually compared imsteof the experimental
adsorption capacity {g), the Langmuir monolayer adsorption capacidy), or the
Freundlich relative sorption capaciti{d). However, these parameters are system
dependent; they are valid for the experimental gmm$ from which they were
derived. Rigorously speaking, comparisons of them@meters are not appropriate
when experiments have been conducted at differemperanental conditions.
Langmuir and Freundlich models are simple represiems of adsorption; they do
not reflect the processes occurring at moleculaomic level. However, they are the
first steps to explore adsorption of new adsorbeshish are not fully characterised.

To illustrate the dependence of the adsorption @gpeon the experimental
conditions, consider the case of arsenic adsorptith an iron-AC. For this
adsorbent,Q,, was calculated at 6.6 mg‘gat pH of 4.7 with arsenic initial
concentrations up to 30 mg'l(Gu et al., 2005)Qn, of this adsorbent is much higher
that that obtained for SC0O7. However, at arsenic(itlal concentrations from 105
to 1,031 pg [}, a temperature of 25 °C, pH of 4.7 and adsorbesedf 3 g [*
percentage arsenic removal for the iron impregn@€dwas from 15.8 to 99.5.
These values are comparable with SC07 values gbe94cent (for arsenic(V) at
227.9 pg [Y) and 82 per cent (for arsenic(V) at 2,481.2 [f§y &t 20 °C, initial pH of
8, and adsorbent dose of 59.L

7.6.4 Effect of competing water constituents (C| PO, SO, Mn**, Si) on

arsenic(V) and arsenic(lll) adsorption

Occurrence of competing anions with arsenic spasiegpected to have a negative
effect on the arsenic(V) adsorption capacity of A&ccording to the results
presented irSection 7.4 arsenic(V) adsorption onto SCO07 follows the orier*
(0.1 mg 'Y = Mn** (0.4 mg ') = PQ*> (0.1 mg ') > SQ* (10 mg LY = CI
(25mg LY > PQ* (10mg LY > Si (5 mg [} > SQ* (100 mg ') > Cr
(250 mg ) = Si (50 mg ). Arsenic(lll) adsorption onto SC07 follows theder
Mn?* (0.1 mg ) = Mn** (0.4 mg 1Y) * PQ¥ (0.1 mg [} > CI (25 mg LY >
SO (10 mg Y > PQ* (10 mg Y > SQ* (100 mg [Y) = Si (5 mg ') = CI
(250 mg ) = Si (50 mg [Y).

170



7. Adsorption experiments

Arsenic adsorption onto CAC is affected by mosttloé ions tested; the only
exception is S at 100 mg [*. Interestingly, the higher the concentration of,PO
and SQ” ions the smaller the negative effect on arsenjcétisorption. Silicate

solutions were prepared from a reagent with a €1@v NaOH concentration; it is
believed that the high concentration of Gtad a significant detrimental effect on

arsenic removal.

The equilibrium concentration diagrams of £OSQ%, Mn** and Si, the ions used

in the interfering ions experiment Bection 7.4are presented below in Figure 7.17.
Also, the effect of C] PQ*, SQ*, Mn?* and Si on arsenic speciation can be seen on
the equilibrium diagrams from Figure 7.18 to 7. 2quilibrium diagrams were built

in MINTEQ 3.0. The initial and final pH at whichéhadsorption experiments were
carried on are marked in the diagrams with douldétpd arrows. The P®
diagram (Figure 7.17a) is extremely similar to #reenic(V) diagram presented in
Figure 7.16. According to Figures 7.18 and 7.1%ricgV) and arsenic(lll)
speciation does not change with” €bncentrations up to 250 mg*land PQ*
concentrations up to 10 mg‘L

For SC07 and the ions Gind PQ* the predominant species at;pie HASQ? and
H,AsO, for arsenic(V) and BRAsO;° (= 100 per cent) for arsenic(lll). Competition
between arsenic(V) negatively charged ions andrGPQ,, HPQ? and PQ* could
explain the drop observed in arsenic adsorptionst#svn from Figure 7.20 to 7.22,
the predominant arsenic species af fitl SC07 and the ions $8 Mn?* and Si are
HAsO,> and HAsO, for both arsenic(V) and arsenic(lll) reactors. Tietatively
small effect of MA™ on arsenic(V) and arsenic(lIl) adsorption onto @6uld be
explained by the absence of negatively charged etingpions. For CAC and the
ions CI and PGQ*, H,AsOy is the predominant species for arsenic(V) reachoc
H3AsOs is the predominant species for arsenic(lll) reectd pH. For the chemical
species SE, Mn** and Si, HAsO, is the predominant ion for arsenic(V) and

arsenic(lll) in CAC reactors at pH
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Figure 7.17 Equilibrium concentrations of the ias®d in the interfering ions experiment
(Section 7% at a ionic strength of 0 M and temperature of°@0 a) PQ* concentration
from 0.1 to 10 mg L, b) Mrf* concentration from 0.1 to 0.4 mg'Lc) SQ* concentration

from 10 to 100 mg t: and d) Si concentration from 5 to 50 nig L
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Figure 7.18 Equilibrium concentration of arsenic(®hd arsenic(lll) species at a Cl
concentration of 25 and 250 mg land at a ionic strength of 0 M and a temperatiir20o
°C. The double pointed arrows indicate the iniiat final pH adsorption experiments. a)
arsenic(V) = 250 ugLand Cl= 25 mg L, b) arsenic(lll) = 250 pgtand Cl1=25 mg L

! ¢) arsenic(V) = 250 pgtand Cl= 250 mg [* and d) arsenic(lIl) = 250 pg'iand Ci =
250 mg L%,
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Figure 7.20 Equilibrium concentration of arsenic(®)d arsenic(lll) species at a $O
concentration of 10 and 100 mg land at a ionic strength of 0 M and a temperatiir20o
°C. The double pointed arrows indicate the iniiatl final pH of adsorption experiments. a)
arsenic(V) = 250 ug tand S@* = 10 mg L, b) arsenic(lll) = 250 pgtand S@ = 10
mg L%, ¢) arsenic(V) = 250 pgtand SG = 100 mg [* and d) arsenic(lll) = 250 pg'L
and SG* = 100 mg L.
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Figure 7.21 Equilibrium concentration of arsenic(®d arsenic(lll) species at a KMn
concentration of 0.1 and 0.4 mg land at a ionic strength of 0 M and a temperatiir20o
°C. The double pointed arrows indicate the iniiatl final pH of adsorption experiments. a)
arsenic(V) = 250 pgtand Mi* = 0.1 mg LY, b) arsenic(lll) = 250 pgtand Mf* = 0.1
mg L%, c) arsenic(V) = 250 pgtand Mrf* = 0.4 mg [* and d) arsenic(lll) = 250 pg'L
and Mrf" = 0.4 mg L%
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Figure 7.22 Equilibrium concentration of arsenic(®hd arsenic(lll) species at a Si

concentration of 5 and 50 mg'land at a ionic strength of 0 M and a temperatti205C.

The double pointed arrows indicate the initial dimdl pH of adsorption experiments. a)
arsenic(V) = 250 ugLand Si =5 mg L, b) arsenic(lll) = 250 pg'tand Si=5mg L, c)
arsenic(V) = 250 pg L and Si = 50 mgt and d) arsenic(lll) = 250 pg’Land Si = 50

mg L™
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7.6.5 Simulation of column experiments for arsenic(V) andarsenic(lll)
adsorption with SC07 and CAC

The results of the simulation of column experimesutggest that in the best scenario
CAC could remove arsenic below 10 or 50 piyfar a maximum of 14 days. Also,
these results indicate that the frequency of regeioa or change of adsorbent for
SCO07 would depend on the initial influent conceidraand on the initial oxidation
state of arsenic. The flow rate has no effect evtblume of water per gram of SC07
that can be treated before the arsenic conceniratithe effluent is above 10 or 50
ng UL However, the higher the flow rate the lower thenber of days the column

could remove arsenic below 10 or 50 iy L

Another factor that may have an effect on adsompi® the atomic radius of
arsenic(V) and arsenic(lll) ions. The atomic rades estimated in 0.397 nm for
HAsO,%, 0.416 nm for HAsO, and HAsQ,’, and 0.480 nm for #sO; and
Hs:AsO (Kim et al., 2004). The greater size of arsenig(lons and smaller
percentage of arsenic(lll) adsorption may indicthiat there may also be a steric
impediment for arsenic(lll) adsorption. SCO7 is mnyporous adsorbent; the mode
for pore width for SC07 is 1.5 nm (Table 6.6).

Overall, arseni@adsorption is faster with SC07 than with CAC. Aiiseadsorption is
less sensitive to changes in the initial pH with Cghan with SCO7. However,
higher percentages of arsenic removal are achiewgdSCO07 than for CAC from
pH > 4 to pH < 9. Adsorption with SCO7 is less #s@resto the initial oxidation state
of arsenic than CAC. The percentage of arsenic(Md) arsenic(lll) removal, within
the range of the initial arsenic concentration stigated during the isotherm
experiment, was always higher with SC07 than withCCat both 25 and 35 °C.
Arsenic adsorption in the presence of the interferiater elements Tat 25 mg L,
PO at 0.1 and 10 mgt, SQ* at 10 mg [}, and Mf* at 0.1 and 0.4 mg'tis
higher with SC07 than for CAC. For the ions 8250 mg [}, SQ* at 100 mg L},
and Si at 5 and 50 mg’Larsenic adsorption with SCO7 is comparable to misn
with CAC. In summary, adsorption is faster and aoison capacity is higher and
less affected by interfering ions with SCO7 thathv@AC.
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7.7Summary

Experiments were carried out to investigate theeracgV) and arsenic(lll)
adsorption capacity of SCO7 and CAC. Separate @rpats were run for arsenic(V)
adsorption onto SCO7, arsenic(lll) adsorption dd@0D7, arsenic(V) adsorption onto
CAC and arsenic(lll) adsorption onto CAC. An AC daxf 5 g > was maintained
in all tests. Experiments were run in triplicatel amth a blank; with the average of
the triplicates presented as the results. Adsarppierformance is reported as the

percentage of arsenic removal or the adsorptionaigpin pg ¢

Firstly, the kinetics of arsenic(V) and arsenig(Hdsorption was investigated at two
initial concentrationsz 240 and 2,500 pgt Then, the effect of the initial pH of
solutions was tested at arsenic(V) and arsenic{fifjal concentrations of 206-
235 pg ! and pH values from 2 to 11. Next, sorption isathemt 25 and 35 °C
were investigated at initial arsenic(V) and ars@h)cconcentrations from 66 to
2,337 pg [ and initial pH of 8. Finally, the competing effeof the water
constituents CI(25 and 250 mg 1), PQ* (0.1 and 10 mg £), SQ* (10 and 100
mg L), Mn*? (0.1 and 0.4 mgt) and Si (5 and 50 mg1) was investigated at an
initial arsenic(V) and arsenic(lll) concentratioh~0250 ug L.

Arsenic(V) and arsenic(lll) adsorption onto SCOM a&DAC followed a pseudo-
second order kinetic equation. Rate constakisfiom 2.14x1C to 4.19x1C and
from 2.30x1C to 1.64x10" g ug* min' were found for SC07 and CAC,
respectively. Arsenic adsorption was found to vawth initial pH values.
Arsenic(V) and arsenic(lll) adsorption onto SCO7llodwed a similar trend.
Negligible arsenic adsorption onto SC07 occursHag® and pH> 11. Adsorption
with CAC is lower than for SCO7 at most pH valubst CAC is more robust to

changes in initial pH.

Arsenic(V) and arsenic(lll) experimental adsorptitsotherms are adequately
described by the Langmuir isotherm, whereas arsadsorption onto CAC is
adequately described by the Freundlich isothermt B5@07, the adsorption
monolayer capacity in pg'gQn) and affinity parameter in L [fg(b) were 481 and
4.82x10° for arsenic(V) at 25 °C, 653 and 3.20%1for arsenic(V) at 35 °C, 557
and 2.15x18 for arsenic(lll) at 25 °C, and 619 and 1.40%1@r arsenic(lll) at
35 °C. For CAC, the Freundlich relative adsorptapacity Kg) and the Freundlich
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parameter related to the energy of adsorptiom) (dére 0.64 and 0.69 for arsenic(V)
at 25 °C, 0.97 and 0.64 for arsenic(V) at 35 °61810° and 1.24 for arsenic(lll) at
25 °C, and 9.07xIBand 0.89 for arsenic(lll) at 35 °C.

Arsenic(V) and arsenic(lll) are affected in a samilvay by the water constituents
investigated. Arsenic(V) adsorption onto SCO07 wegligible with solutions spiked
with CI" at 250 mg [ and with Si at 50 mg £ The negative effect of R® at
0.1 mg L% and Mf* at 0.1 and 0.4 mgton arsenic(V) adsorption was small.
Arsenic(V) and arsenic(lll) adsorption onto CAC wafected by all chemical
species but especially by Fbat 10 mg [* and Si at 50 mg L for which it falls to
below 10 per cent. The size of the negative efiectirectly related to the
concentration of the chemical species; with theepkion of arsenic(lll) adsorption
onto CAC for which arsenic adsorption is less aéfdcby SG* and PG> at high

rather than at low concentrations.

Column simulation experiments show that arsenicévid arsenic(lll) could be
removed below 10 or 50 pg'with CAC (adsorbent mass=10 Kg, arsenic influent
concentration 250-1,000 pg'Lflow rate = 2.5-5.0 L ) for a maximum of 14 days.
Column simulation experiments for SC0O7 indicate tha volume of water treated
by mass of adsorbent before the concentrationdretfiuent is above 10 or 50 pug L
! depends on the concentration on the influent Ardokidation state of arsenic. A
higher volume of water by mass of adsorbent cartréated for lower arsenic
concentrations and arsenic(V). The flow rate dasshave an effect on the volume
of water treated per gram of adsorbent, but doee laa effect on the number of

days that the column could remove arsenic belowr®D pg L (Table 7.3).

Possible adsorption mechanisms for arsenic arexohange and formation of inner
and outer complexes. Although the specific meclmanis unknown, since the
surface chemistry of AC is still an area of actigeearch, some observations can be
made. The driver for arsenic(lll) adsorption is thenall concentration of the
H.AsOs ion present in solution, for the equilibrium to bwintained the reaction
(H3AsOs” = H,AsOs + H") moves towards the right side. Also, results atetdiin
the variation of initial pH experiment, in whichghi arsenic(lll) adsorption was
observed at unfavourable electrostatic conditiosisggests that arsenic(lll) is
oxidised to arsenic(V) prior to adsorption and thdsorption of arsenic(lll) is not

fully regulated by electrostatic attraction. In tb&se of arsenic(V) adsorption onto
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SCO07 and CAC electrostaticaly favourable conditiarese maintained throughout
the adsorption, with the pH of the solution <zpHFinally, the size of arsenic ions
and pores of SC07 may have an effect on adsorghiemore size mode for SCO7 is
1.5 nm and the atomic radius for arsenic(V) ions0i897-0.416 nm and for

arsenic(lll) ions is 0.480 nm.
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Access to clean water is of critical importance iaman development; halving the
proportion of people without sustainable accessafe drinking water is part of the
2015 United Nations Millennium Development Goalsetadicate extreme poverty
(UN 2011). However, drinking water and sanitatiomggammes have failed to
engage international attention and economic funm®parable to AIDS/HIV or

malaria programmes (Bartram et al., 2010; McCartv20

Microbiological contamination and the occurrencdledride, arsenic and nitrate are
the main hazards to human health in drinking waany middle and low income

countries (MLICs) were already struggling to ingea coverage of

microbiologically-safe water when the natural ocence of arsenic in aquifers
worldwide was discovered. This was the case forgiatesh; during the early 1990s
this country almost achieved universal coveragedmriking water, but in 1984

widespread occurrence of arsenic was suspectednab@98-1999 was confirmed
with a hydro-chemical survey (Atkins et al., 208GS 2001).

From the early stages in this research, it wasasvihat the development of an
adsorbent for arsenic removal in middle and lowome countries (MLICs) required
a multidisciplinary approach. This was reflected thre aims of the thesis: to
investigate some of the issues affecting implentemaof arsenic mitigation

programmes in MLICs and to evaluate the feasibiityusing sugarcane activated

carbon (SCAC) as a low-cost arsenic adsorbent &emtreatment.

The importance of social sciences in implementifigcéve solutions to complex
environmental problems was acknowledged in theslitee review $ection 2.1 On
one hand, natural sciences significantly influertice identification of potential
environmental problems. Yet on the other hand, atosciences are key in
understanding the cultural, social and politicadgasses that shape environmental

problems (Hannigan 2006).

In the case of arsenic mitigation, social sciencas be applied during the
implementation phase of programmes. Cultural factwred to be incorporated in
health education campaigns and arsenic awarenesgaprmes. Also, social
sciences have been applied to the study of thelgmsb caused by arsenic
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contamination in Bangladeshi society (Sultana 200Z@07b, 2006a, 2006b;
Hanchett 2004, 2002).

Through the years the approach to increase drinkigr coverage has evolved; it
has gone from a position in which technological a&rdjineering aspects were
central to a position in which social, politicaldaoultural aspects are also important
(Coates et al., 2005; Regmi et al., 1999; Belllgt1®95). It is widely recognised
that access to drinking water is affected not dnylylistance to water sources and the
mere existence of water infrastructure but also dmstomary water rights,
affordability of water options, and household prefees (Sultana 2007b; White
1972).

The extensive experience in sanitation and wategrammes has demonstrated to
some extent that subsidies for hardware do not fitettee poor and, more
importantly, may retard the long-term adoption afdware. For instance, sanitation
in Bangladesh took off when ti@mmunity led total sanitation programradopted
the policy to not subsidise latrines (WAB 2011).bSidised hardware creates
problems with long-term sustainability of prograngmaaking them vulnerable to
withdrawal of funding, and failing to create owrtgpsand demand for hardware. On
the other hand, the current approach to favourrgragies in which users are able to
contribute towards the capital cost of water infasure and to the full cost of
operation and maintenance strongly limits the ciypac the poorest to access water
programmes (Hanchett 2004). Hence, a careful balaas to be achieved between

cost-recovery, long-term sustainability and actesdean water.

The pace and effectiveness of delivery of arsenigation programmes in some
MLICs has been extensively criticised. In the syne®nducted as part of this
research, the median efficiency for arsenic mitoyaprogrammes in Bangladesh
was 4.5/10.0 Section 3.4.2 According to the survey results and in the &tare,
advances in arsenic mitigation in Bangladesh haenbnodest. In part, this is due
to the scale of contamination found in Bangladesth the huge number of water
wells (> 11 millions). However, political, socia@nd cultural issues have also played

an important role.

In Bangladesh, tube well water and piped watertleeoptions with highest user
acceptability. However, these are unavailable totewausers under some
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circumstances. Then, the use of removal techndogi@mecessary to make surface
water microbiologically-safe or groundwater arsesafe. Water treatment in some

regions, especially in rural areas, depends onrwats's.

Non-governmental organisations (NGOs) have impldeterprogrammes, with
various degrees of success, for removal of mictogioal contamination with low-
cost technologies in many MLICs for more than 2@rggMcCann 2007). Most of
these programmes share the same weakness; thedlifoikow up of the programme
and technologies, the lack of an independent etialuaof the performance of
technologies and of the programme, the tendencynéasure effectiveness of
programmes with the hardware that was delivered,tha constant requirement of
health education and technology training programtoascrease the likelihood that
technologies are consistently and correctly usdte Jurvey results in this study

suggest that some arsenic mitigation programmes tigv/same limitations.

Measuring effectiveness of programmes in termsetif’ery of technologies can be
misleading since it does not account for the actisal and access to hardware (in
community-based options). In the case of arsenigation in Bangladesh, a survey
respondent mentioned that the lack of follow uppobgrammes was causing a
mismatch between the number of people accessiraniarsafe water options on
paper and for real. According to the literatureseaic removal technologies are

generally abandoned after a few days of usage (életal., 2004; Johnston 2001).

Eighty six per cent of respondents surveyed in stigly considered that there are
problems affecting arsenic mitigation programmes MhICs (Section 3.4.6
Political issues and technological issues accouiaiefiO per cent of responses in the
survey: the role of government and NGOs in impletingn administering and
monitoring programmes; sustainability of programmesordination of mitigation
actions between the government, NGOs and wates;uzed availability of arsenic-
safe water options were all cited as issues. The @6 NGOs in implementing
development programmes in MLIC has been extensiaply critically reviewed in
the literature (Easterly et al., 2006).

The response of the public to arsenic mitigatioagpgmmes has been low. The
general opinion is that arsenic mitigation is ngireority for much of the affected
population (Caldwell et al., 2005; Paul, 2004).sI'may in part be due to the low
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awareness of the public to their personal riskrsemic and lack of knowledge about
the available options to them for reduction of esqpe to arsenic. However, some
individuals are aware of the health risk associatghl arsenic and continue to drink
arsenic contaminated water (see the knowledge-miragap inSection 3.5.6 This
could be compared to cigarette smoking; people keepmoking regardless of the
well known health impacts of tobacco.

Some characteristics of arsenic may contribute tste low uptake of mitigation
programmes. First, arsenic is tasteless, odoudesscolourless. Second, the latency
period for chronic arsenic poisoning is from 5 @y2ars. Thirdly, water treatment is
an additional work load for women or girls, who ameinly responsible for
collecting household water in some MLIC.

Regarding arsenic removal technologies, good padace is just one of the many
requirements for their successful implementation.tie opinion of some of the
respondents of the survey there is no technologglda of producing chemically-
and microbiologically-safe water. Results from suevey suggest that the following
operation and maintenance issues need addre€aegdqns 3.4.4nd3.4.5: amount
and quality of water treated, availability of spgvarts, ease of operation and
maintenance, frequency of maintenance routinesjusde training to users, support
for monitoring microbiological and chemical qualdfwater and for regeneration or

replacement of the arsenic removal media.

From the few field trials of arsenic removal teclogges that have been
independently carried out, it is apparent that ggenbince of different units of the
same technology is not uniform, and that perforrearfca technology unit may vary
with time (Chiew et al., 2009; Noubactep 2009; BR003; Sutherland et al.,
2001). The importance of monitoring arsenic coneitns in water produced by
arsenic removal technologies was raised in theesurin this regard, logistics for
testing of arsenic concentrations not only for reaidechnologies but also other

arsenic-safe options should be accounted for duhaglanning stage.

For all the limitations of low-cost technologiebete have been some successful
experiences. For instance, the Kanchan and Sdecsfihave been successfully field
tested in some regions in Asia. Also, an independssessment of 11 different types
(18 units) of arsenic removal technologies in Inhand that 3 units were in use
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after two years, but only two technologies achiegedsistent removal below 50 pg
L™ (Section 2.3.)L(Hossain et al., 2005). According to the literatavailable, the
most efficient arsenic removal technologies aresthasn iron-containing removal
media; however performance of these technologiesgly depends on the iron-
arsenic ratio found in raw water (EPA 2005). Herthe,need to develop treatments

for arsenic contaminated waters with non-optimuon icontent.

The use of chemicals in low-cost technologies idegirable since there are some
inherent risks. Firstly, inadequate disposal ofedént technologies (or the arsenic
removal media contained in them) is a cause of @wnbecause arsenic and other
chemicals may leach into the environment. If usearsenic removal technologies

becomes widespread, then this issue is more rdle@érthe survey respondents, 67
per cent considered that arsenic removal technedogere a potential contamination
source. Secondly, chemicals present in arsenic vaimoedia could leach into the

treated water. Finally, use of chemicals in the ufacturing of adsorbents could be

problematic in a rural environment.

Activated carbon (AC) made from agricultural wasteas considered to be an
attractive option for use in low-cost technologike to its widespread use in water
treatment for removal of organic compounds, tastigur and dissolved organic
matter. Also, research suggested that AC may axidisenic(lll) to arsenic(V)
(Budinova et al., 2009). In addition, AC does nontain chemicals that may change
the chemical composition of water.

The main issues to overcome with AC for arseniogat®n were identified in this
research as its relatively high cost and its logeaic adsorption capacity. Sugarcane
bagasse is a by-product of the sugar refinery imgu€urrently, sugarcane bagasse
is burnt to produce energy for the sugar refinergcpess and excess bagasse is
disposed of. Burning of sugarcane bagasse is argetielly inefficient process.
Gasification processes, still under developmentjccsimultaneously produce fuels
and AC (Manahan et al., 2007). Sugar refinery glaould use the fuel produced in
gasification for the refinery process and also gal AC. Alternatively, sugarcane
activated carbon (SCAC) could be produced withnalar process to commercially
available carbon. Hence, use of agricultural bydpats for production of AC has

the potential to add income to deprived agricultuweal areas.
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In this research, the use of SCAC for arsenic aud®or in MLIC settings was
investigated. The development of the adsorbentist@usof three stages. First, the
optimisation of the preparation conditions of SCAE maximising arsenic(V) and
arsenic(lll) adsorption. Then, SCAC samples weraratterised to determine the
strength of the relationship of the properties @A® and arsenic adsorption.
Finally, adsorption batch experiments were condlce different conditions to
estimate the adsorption capacity of SCAC. Adsompggperiments with the lignite

granular activated carbon type Darco® 12x20 (CAE€jerconducted in parallel.

The preparation of SCAC was optimised using®da2torial experimental design.
This approach was chosen due to the limited aJailatformation of arsenic
adsorption with SCAC and the relative large numbérvariables involved in
preparation of SCAC. This design permitted the wioidthree preparation variables
(factors) at two different levels. The effect oktpreparation conditions on arsenic
adsorption can be clearly observed in the resulesegmted in Table 5.2. Thus,
making a case for optimisation of the synthesisnaferials not only for adsorption
of arsenic, but also for removal of other targettaminants.

The factorial design successfully identified thetéeas and combination of factors
with an effect on arsenic adsorption and on yiaft the experimental conditions at
which arsenic adsorption was maximised with SCA@rbGnisation temperature,
activation temperature, and the interaction betweetivation temperature and
activation time have a statistically significanfeet (p < 0.050) on arsenic(V) and
arsenic(lll) removal percentage and yield. Actigatitime has a statistically
significant effect (p < 0.050) on yield and arséhit percentage removal. The
interaction between carbonisation temperature attvadion temperature has a
statistically significant effect (p < 0.050) on emgc(V) percentage removal.

The combination of factors that maximise arsenic@ild arsenic(lll) adsorption
were a carbonisation temperature from 700 to 85@ri€ an activation temperature
of 900 °C. However, these combinations produce A@mes with low yield (10-
13.5 per cent). High temperatures and low yield @ameesirable since they can
increase the production cost of adsorbents. A &tigih of this experimental design
Is the assumption of a linear relationship betw#®n two levels of each factor
studied. In the case of activation temperatureardnic adsorption, this assumption

was proved wrong with an additional experiment.
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Modelling of the effect of the preparation condigsoof SCAC on arsenic adsorption
was an additional advantage of the factorial expental design. This allowed
prediction of the effect of small variations in theeparation conditions on arsenic
adsorption. In this case, arsenic adsorption ishlhigsensitive to activation
temperature. Hence, the temperature of the prdwesso be carefully monitored to
ensure the adsorption capacity of the AC would mmtaffected. Some suspicion
exists regarding the feasibility of this in a MLEetting. Since adsorbents prepared
at different temperatures are indistinguishabl¢hto naked eye, substantial savings

may be achieved by reducing the values of premara¢imperatures.

Five different types of SCAC were characterisedhvilie aim of identifying the
properties that may have an effect on arsenic atlear(Chapter §. The properties
analysed were the pH of zero charge AgHwith the immersion technique,
topographic analysis with scanning electron mioopg¢ surface area and pore size
distribution with gas adsorption, and particle silzgtribution with laser diffraction.

The characterised SCAC samples had arsenic remewantages from 2.8 to 93.

The role of the pkk on arsenic adsorption is unclear; in electrosté¢ions

arsenic(V) is favourable with all SCAC samples bot with CAC at the pH at
which the factorial experiment was conducted. HoeveCAC has higher arsenic(V)
and arsenic(lll) adsorption capacity than SCAC damBC05 and SCO06. Also,
SCAC samples SC07 and SCO05 have similapcpHut very different arsenic
adsorption capacity. This suggests that electios#traction is not the only process

controlling arsenic adsorption onto SCAC.

The percentage of arsenic(V) and arsenic(lll) reahaand the properties of AC
samples are summarised in Figures 6.15 and 6.1 PEharson test, run exclusively
for SCAC samples, found a strong and positive ¢aticen (R = 0.939, p = 0.018) for
surface area, and a strong and negative correl&diomicropore/pore volume ratio
(R =-0.975, p = 0.005) and percentage of sandfsaotion (R = -0.960, p = 0.010)
for arsenic(V) percentage removal (Table 6.10). percentage of arsenic(lll)
removal a strong and positive correlation (R = 6,95= 0.011) for surface area, and
a strong and negative correlation for microporegpaslume ratio (R = -0.968, p =
0.007) and percentage of sand-size-fraction (R .86@ p = 0.007) were found
(Table 6.10).
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Since the Pearson test can be used only to analgte of data with linear
relationships, surface area was the only variableres the strength of the
relationship with arsenic per cent removal couldtdsted for the CAC sample and
the SCAC samples. Surface area was correlated aisenic(V) (R = 0.938,
p = 0.006) and arsenic(lll) (R =0.942, p = 0.0p8&jcentage removal (Table 6.11).

The Pearson test proves that there is a relatipristtiveen the variables, but it does
not prove that this relationship is causal. Thatrehships between surface area,
micropore/pore volume ratio and adsorption havenbebserved with organic
compounds (Mohan el at., 2007; Mondal el at., 20B6iQwever, adsorbents with
higher surface areas do not always have higherrpgiitsio capacities for metals
(Mohan el at., 2007). In a study by Juaial. (2002), calcium content and surface
area of calcium chloride activated rice husk carba@re directly proportional to
arsenic(lll) adsorption capacity. However, it id okear if high adsorption capacities
where causally related to calcium content, surfasa or both. The relationship
between percentage of sand-size-fraction and arselsiorption can be explained in
terms of the well known inverse relationship betwearface area and particle size.

According to the results of the optimisation of fireparation parameters of SCAC,
the sample SCO7 was used to estimate the arsesarpdidn capacity of SCAC
under different experimental conditiorSh@apter jJ. The sample SC07 was prepared
at a carbonisation temperature of 700 °C, an aaiivdemperature of 900 °C and an
activation time 180 min. Adsorption experiments eveun for the CAC sample in

parallel.

Kinetics of arsenic(V) and arsenic(lll) adsorptiomto SCO7 and CAC fit the
pseudo-second order model at initial concentratigfris 250 and 2,500 pgt, and
initial pH of 8 Section 7.1 Most arsenic(V) adsorption onto SC07 occurredngdu
the first 15-30 minutes; arsenic(lll) adsorptiont@nSCO07 was slower than
arsenic(V) adsorption. Arsenic(V) and arsenic(Hfsorption onto CAC increased

gradually with time.

Arsenic removal is more sensitive to initial pHwes with SC0O7 than with CAC and
more sensitive to changes in the initial arseniclation state with CAC than with
SCO07 Gection 7.2 The similar trend in arsenic(V) and arsenic(dfjsorption with

SCO7 observed in this experiment and the relatibhéjr arsenic(lll) adsorption at
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pH > 8 with CAC (when the concentration of the l#gAsOs steadily increases and
the surface of the adsorbent is negatively chargadyest that some arsenic(lll) is
oxidised to arsenic(V) prior to adsorption and thegenic adsorption is not fully

controlled by electrostatic forces.

Adsorption is nearly always an exothermic phenomenence increments in
temperature should lead to a decrease in adsorphianvever, the effect of
temperature from 25 to 35 °C observed in this mesean arsenic adsorption is from
very small to negligibleSection 7.8 Experimental adsorption data for SCO7 fit the
Langmuir isotherm and for CAC fits the Freundlickotherm. The monolayer
adsorption capacityQ,) of SCO7 for arsenic(V) at 25 °C was 481 p¢ dor
arsenic(V) at 35 °C was 653 pg,dor arsenic(lll) at 25 °C was 557 pd,cand for
arsenic(lll) at 35 °C was 619 pg .grhe Freundlich relative adsorption capaci€y)(
of CAC for arsenic(V) at 25 °C was 0.64 (ug)gL pgH**® for arsenic(V) at
35 °C was 0.97 (ug Y (L ugH¥e5 for arsenic(lll) at 25 °C was 3.61x1qug g%

(L ngh)¥*?* and for arsenic(lll) at 35 °C was 9.07<1Qug g') (L pg)*°#°

Arsenic adsorption is negatively affected by thterifering water elements CPQ*

, SQ%, Mn** and Si with both SC07 and CAC. Overall, arsenic@dsorption is
affected less by the presence of other water daestis than arsenic(V) adsorption
with SCO7 Bection 7.% CI at 250 mg [} and Si at 50 mg t reduced to negligible
levels arsenic(V) adsorption onto SCO7. Arsenicogaison in the presence of Si is
believed to have been affected by the high conagatr of NaOH of the Si solution.
The negative effect of P® at 0.1 mg [* and Mrf* at 0.1 and 0.4 mgtis very
small with SCO7. In the presence of @ 25 mg [}, PQ* at 0.1 and 10 mgt,
SO at 10 mg [}, and MiA* at 0.1 and 0.4 mgt, arsenic adsorption is higher with
SCO07 than with CAC. For the ions @t 250 mg [, SQ? at 100 mg [* and Si at 5
and 50 mg L}, arsenic adsorption with SCO7 is comparable tomdi®n with CAC.

The column simulation experiments suggest thatter ftontaining 10 Kg of SC07
adsorbent continuously working at a flow rate & 2.h* (5 L h%) could remove
arsenic(V) below 10 pg 't from 183 days (91 days) at arsenic(V) influent
concentration of 250 pg L to 130 days (65 days) at arsenic(V) influent
concentration of 1,000 pg't. and from 115 days (57 days) at arsenic(lIl)uafit
concentration of 250 pglto 57 days (45 days) at arsenic(l1l) influent cemication

of 1,000 pg [} of otherwise clean water. Also, a filter contagih0 Kg of SCO7
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adsorbent would occupy a volume of 26 L and corddtta maximum of 60 L per
day at a flow rate of 2.5 L*h Then, the filter could be used for a family andud
require a significant space for placing the techggland storing the treated water.
Although in terms of the weight and volume of watterated could be possible to
have a smaller filter (adsorbent weight = 500 g)u®e in the inside of the house the
volume that occupies the adsorbent (1.3 L) may meéke impractical. The
feasibility of using SCO7 filters would be attachtedhe frequency of replacement of

the adsorbent and the willingness of the usersptace the adsorbent.

Overall, the performance of the SCAC sample SCQ7afsenic adsorption was
better than performance of the CAC sample. SCO7higiger adsorption capacity,
and adsorption is faster and less affected byferiag ions. In addition, the pH of
water treated with SC07 was within the pH of maaiural waters, 6.5-8.5. The pH

of water treated with CAC was below 6 in some expents.

The concentration of the ion,NsOs (< 1%) is considered one of the main drivers
for arsenic(lll) adsorption. At the pH at which tlaelsorption experiments were
carried out £8), arsenic(lll) is mostly neutrally charged:&$0;°) and the SC07
surface has a positive net charge. Then, wh&s&; ions are adsorbed the reaction
(H3AsOs” = H,AsO5 + H") moves towards the right side to maintain the léayitim.
Adsorption data suggest also that arsenic(lll) magtergo oxidation to arsenic(V),
and the size of arsenic(lll) ions and arsenic(\isionay also influence adsorption in
the pores of SCO7, which is a microporous adsorbent

Comparison of the performance of SCAC with otheseaic adsorbents is more
complex. In general, adsorption capacity and peagenof adsorption are used as
indicators of the adsorbent ability to remove palhis from solution. However,
these values are very much dependent on the exgaiahconditions for which they
were obtained. In this regard, the adsorption aapat the SCAC is considerably
lower to that of other adsorbents. However, thgahconcentration of arsenic used
in this research is lower (up to 2.7 mg)lthan those used by other researchers (150

mg L* and higher).

The concentration range in this research was chimsagreement with the arsenic
concentrations found in most groundwater. A reljiviow arsenic adsorption

capacity does not always mean that the adsorbalhgsenform poorly. For instance,
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Mufiiz et al. (2009) successfully removed arsenic from naturall water from
Mexico with an iron impregnated carbon with a maxmadsorption capacity of

36.0 ug -

Finally, Table 8.1 presents the cost of removing gram of arsenic for the Sono
filter (a system field tested in Bangladesh), tlmenmercially available activated
alumina AAFS50 from Alcan Activated Speciality Alumas (used in the USA for
arsenic removal in central water treatment systeand)the SCAC produced in this
research. The comparison is limited due to the dadélable for each adsorbent; the
cost for the Sono filter was obtained in 2007 UtB®, cost of the activated alumina
was obtained in 2011 US$, and the cost of the S@AARIs research is an estimation
by Nget al.in 2003 US$. The cost estimation of SCAC assurnasthe adsorbent
was prepared using technology and processes sitoitfwose used in production of
conventional AC. This cost includes the equipmest @and capital cost of installing

the production plant.

Table 8.1 Comparison of the cost (in US$) of adsgrione gram of arsenic with Sono

filter, Alcan activated alumina and SCAC.

. ) Cost of adsorbing 1 g
Adsorption capacity

Adsorbent of arsenic References
mg g* Uss$

Sono 0.2-17.6 2.5x192.4x10* Hussam et al., 2007
Alcan activated 1.1 (pH 6.5) 6.2 Binkowski 2011
alumina 0.2 (pH 8.5) 34.2 ASA 2005

0.653 (pH 8, As(V), 35°C) 4.8

0.619 (pH 8, As(lll), 35 °C) 5.0 This research
SCAC

0.481 (pH 8, As(V), 25°C) 6.5 Ng et al., 2003

0.557 (pH 8, As(lll), 25 °C) 5.6

A direct comparison between the Alcan activateanaha, the SONO filter and the
SCAC is not strictly possible since the arsenicogatson capacity for the Sono filter
was calculated from the total arsenic adsorbed femtual filters that have been
continuously running for 2.3-4.5 years; and for #usorption capacity of activated
alumina and the SCAC the values were derived framehbadsorption experiments

only. Nevertheless, the cost of adsorbing a grararsénic with the Sono filter is
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extremely low. The estimated cost of removing orargof arsenic with the SCAC
is comparable if not lower that with the Alcan aated alumina. Also, the

production of SCAC has the additional advantagestoig an agricultural by-product
of the sugar refinery industry; reducing disposakindfills. In addition, gasification

processes could generate fuels to power the safjaenry process and AC for water
treatment (Manahan et al., 2007).
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This chapter presents the conclusions in relatiothé original aims and objectives
of the thesis, and recommendations for further aie$e The main aims of the
research were to investigate some of the issuexteff the implementation of
arsenic mitigation programmes in middle and lowome countries (MLICs) and to
evaluate the feasibility of using sugarcane aatidatarbon (SCAC) as a low-cost

arsenic adsorbent for water treatment.

9.1 Conclusions

The Expert survey: arsenic mitigation in MLIGavestigated some of the issues
affecting arsenic mitigation and the implementatddrarsenic removal technologies
in MLICs. The response rate for the survey was &ow responses relating to arsenic
mitigation in Bangladesh predominated. Neverthelsssne general conclusions
applicable to arsenic mitigation and implementavbmarsenic removal technologies

in MLICs were reached:

* Nationwide development policies should incorporatesenic mitigation
programmes. Arsenic contamination clearly fits e wider context of the

supply of clean water.

 Both technological and non-technological aspecte anportant for
implementing successful mitigation programmes. Thdemonstrated by the
number of water technologies that have fallen amid remained in disrepair
in MLICs. The preferences of water users, affortigbof water options, and
customary norms need to be considered when plararisgnic mitigation

programmes.

* The increase in knowledge on arsenic contamingbi@ilems and health
effects among the affected population achievedutjinoarsenic awareness
programmes is rarely reflected in the proportiomafiseholds using arsenic-
safe options. This is an example of the knowledgfealsiour gap in health

social sciences.
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Given the complexities of widespread arsenic comation in some MLICs,
programmes in which a unique arsenic-safe waterowpis offered are
inadequate. Since all water options have advantagdsdisadvantages in
different cultural and hydro-chemical settings @ich of options should be

offered to water users.

Acceptability of arsenic removal technologies amanater users is low.
However, the use of technologies is unavoidablerwpiped water is not
available or surface water and groundwater are madyn or

microbiologically contaminated. Technologies areadternative to the high

capital investment necessary to provide piped wateural populations.

Independent evaluation of programmes and perforenah@rsenic removal
technologies is essential. This eliminates the iptessconflict of interest
created when implementers of programmes or techpollevelopers carry
out the evaluation process. In addition, the outednom evaluations will
support identification of the type of programmeshwhigher impact on
arsenic mitigation and improve the implementatioacpss. Feedback from
evaluation and monitoring of technologies shousbdle used to improve the

design of the next generation of technologies.

Monitoring of the chemical and microbiological giylof arsenic removal
technologies is necessary. Since dissolved argsnodourless, colourless
and with no particular taste, it is necessary tdgpe a chemical analysis to
know if the arsenic removal media has been exhdudikcrobiological

contamination of water is still the main hazarddimking water, not only in

MLICs but also in high income countries.

Implementation plans for arsenic removal technasgshould include the
logistics for monitoring water quality, disposal afsenic-laden media and
technologies, and account for the cost of operadmh maintenance of water

options.

Availability of spare parts and ease and frequenfymaintenance of
technologies are among the main issues affectingin® use of arsenic

removal technologies.
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The evaluation of the feasibility of using SCACafw-cost arsenic adsorbent for

water treatment consisted of the optimisation efggheparation parameters of SCAC

for maximum arsenic(V) and arsenic(lll) adsorptidhe characterisation of the

physical and chemical properties of SCAC relevantaitsenic adsorption and the

conduction of batch arsenic(V) and arsenic(lll)@gson experiments to determine

the adsorption capacity of SCAC under different esnpental settings. The

following conclusions were reached:

The 2 factorial experiment was very valuable in ideritify the factors and
combination of factors with an effect on arsenicsagtion and the
preparation conditions that maximised arsenic(\Mj arsenic(lll) adsorption
with SCAC. Arsenic(V) and arsenic(lll) adsorptiorasvthe highest at a

carbonisation temperature of 700 °C and an actimagmperature of 900 °C.

Carbonisation and activation temperature affect grecentage of arsenic
removal, especially activation temperature. Herspecial care should be
placed in ensuring the established temperatureseaoted in the preparation
process of SCAC.

According to the Pearson correlation test, theasafarea of SCAC has a
strong positive correlation with arsenic(V) (R 989, p = 0.018) and arsenic
(1) (R = 0.956, p = 0.011) percentage of adsamptiThe micropore/pore

volume ratio of SCAC has a strong and negativeetation with percentage
of arsenic(V) (R =-0.975, p = 0.005) and arsefiic(R = -0.968, p = 0.007)

adsorption. The percentage of sand-size fractioB@AC has a strong and
negative correlation with percentage of arsenic(¥)=-0.960, p = 0.010)

and arsenic(lll) (R =-0.966, p = 0.007) adsorption

The main driver for arsenic(lll) adsorption is thmall concentration (< 1%)
of the ion HAsO; that is present below pH = 9. whenAdO; ions are
adsorbed onto the surface of the AC, the equilibritn the reaction
(H3AsO:® = H,AsOs + HY) will move towards the right side to compensate

the change in concentration of iongA4O;3” in solution.

Batch experiments suggest that arsenic(lll) undesgixidation to arsenic(V)

prior to adsorption onto SCAC.
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Arsenic adsorption onto SCAC is not entirely dueskectrostatic attraction.
The Pearson test found no correlation between khe pf SCAC samples
and arsenic(V) and arsenic(lll) percentage remo8&AC samples with
equal pHc had contrasting arsenic adsorption capacity.

The estimated monolayer adsorption capacity of SCALLw compared to
the values reported in the literature of 500 rigldowever, the experiments
in this research were carried out at consideraiyel arsenic concentrations
to those found in the literature. Hence, a potéfitiatation of SCAC is the
amount of adsorbent required to remove arsenicwbealonking water

standards.

A number of conclusions are drawn as to the utdéitd cost-effectiveness of

using SCAC as an arsenic removal treatment techgofor drinking water

supplies, as follows:

The performance of SCAC is approximately constaminfpH > 4 to pH <
10, and is therefore within the range of valuesnfimst natural waters. Also,

arsenic removal with SCAC is robust to the inigaldation state of arsenic.

In comparing the cost of removing one gram of dcseising SCAC with
removing one gram using Alcan activated aluminas ishown that SCAC
has the potential to be economically cheaper tlmarventional treatments.
However, the production cost of SCAC may vary frome geographical
region to another depending on factors such asavadability of the raw

material, transportation costs, and marketing costs

The production cost of arsenic removal technologiasnot be abated by
mass production since technologies should be Weatbduced in the

proximity of the arsenic affected area.

Recommending the use of SCAC in a water treatmgatesn has the
advantage of using an agricultural by-product ef shigar refinery industry,
and so reducing the amount of waste requiring digbdIso, a gasification
process can create a more efficient use of sugareaste by producing
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9. Conclusions and recommendations

energy to power sugar refineries while at the same producing SCAC for

application in water treatment.

9.2Recommendations for further research

The conclusions reached through Exgert surveyand the laboratory work indicate
that arsenic removal with SCAC could be commergitdhsible. However, in order
to increase the understanding of the chemical ps®se involved in arsenic
adsorption with SCAC and to evaluate in more detaél adsorption capacity of

SCAC the following suggestions are made:

» Exploration of the effect of carbonisation temperatat lower values than
those investigated in this research (< 700 °C). émwvearbonisation

temperatures could further reduce the cost of dserdents produced.

* Column experiments to estimate the arsenic adsorptapacity of SCAC
under continuous flow conditions. Such experimestsould include

simultaneous removal of arsenic(V) and arsenic(lll)

» Desorption and regeneration studies to investigia¢e feasibility of these
options and the potential of contamination fromdeguately disposed of
arsenic-loaded SCAC.

* Investigation of the concentrations of microbiotm]i entities of interest in
water treated with SCAC.

» Construction and testing of a prototype of wateatment system with SCAC
as the removal media. The performance of the sysienproducing
chemically and microbiologically safe water, thecemability of the
technology to potential users, and arsenic awasele®ls of water users
should also be investigated. In addition, this stigation should elaborate on
the sources of raw material available, and on tlggstics for testing water

samples and for disposal of arsenic-laden adsaorptiedia.

* Investigation of the adsorption capacity of SCAE dther contaminants of
interest and the feasibility of incorporating SCAR centralised water
treatment systems in high and middle income coestri
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Appendix A. Expert survey: arsenic mitigation in middle and low

income countries

Al. Survey instrument

Expert survey: Arsenic mitigation in middle and lowincome countries

If you need any technical support (such as promigibthe file in another
format) please do not hesitate to contact me. @ooehave completed the
survey please e-mail me the file to both e-mailrasises provided below:

e-mail addresses: maryvela29@gmail.com

m.velasco-perez@uea.ac.uk

United Kingdom mobile: +44 79 48 27 33 26

Office telephone (United Kingdom): +44 01 6033089

Thank you very much for your time and for your worthy collaboration!

Maribel Velasco-Perez
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Information about you

Q1. What is your gender?

[ ] Female
[ ] Male

Q2. What is your nationality?

Q3. From the drop-down list below please choose rybighest academic
qualification.

None

Primary (5-11 years old)

Secondary (11-18 years old)
Vocational (manual skills)

Diploma (pre-university qualification)
Teacher

First degree (undergraduate courses)
Medical practitioner

Masters

PhD

Other

Q4. Do you belong to any professional association?

[ ] No
[] Yes. Please specify:
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Q5. Who is your main employer?

Q6. Which category best describes your job sector?

[ ] Academic

] Development practitioner
[] Policy maker

[] Other. Please specify:

Q7. Do you have any experience in arsenic-relasaeis?

[]Yes GotoQ§

[] No (This is the end of the questionnaire. The followonty apply to people with
experience in arsenic. | would like to thank youywauch for your time. Now please
e-mail your completed questionnajre.

Q8. How would you describe your professional exg@se in arsenic related issues?

Little
Some
Intermediate

Expert

Fieldwork definition
Box 1 Fieldwork is considered as any kind of practicdivéty that is carried out
(at least in part) away from laboratories and effic
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Q9. Have you conducted any fieldwork on arseniatesl issues? (See definition of
fieldwork in Box 1 above)

[]Yes Goto Q10
[ ] No (Go to Q1)

Q10. Please write the name in English of the caesmitwhere you have conducted
fieldwork(s) on arsenic-related issues? (See difinbf fieldwork in Box 1 above)

Arsenic mitigation definition

Set of actions that are performed with the objectiviessen a population’s
exposure to arsenic and to improve the qualityfefdf persons that have
been affected by arsenic in any way.

Box 2

Q11. Please tick the boxes that best describertrees éan which you have experience
in arsenic-related issues. You can tick as manipogias necessary.

[ ] Elaboration of national policies for arsenic mitign (see definition of arsenic
mitigation in Box 2 above)

[] Testing drinking water for arsenic

[] Hydrochemical surveys

[] Identification of alternative arsenic-free wateusces
[] Design or implementation of arsenic removal tetbgies for drinking water
[] Arsenic awareness programmes

[] Identification of arsenic patients

[] Health care for arsenic patients

[] Mental health care for arsenic patients and tlagnilies
[] Social care for arsenic patients and their familie

[] Epidemiological surveys

[] Arsenic toxicity studies

[ ] Arsenic studies in food, soil or air

[] Other arsenic-related issues. Please specify:
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Information about arsenic mitigation

Q12. Are you aware of any policies or programmes tiave been (or are being)
undertaken in middle or low income countries toigaite arsenic? (See definition of
arsenic mitigation in Box 2 above). In the documeadted Notesyou will find a list
of middle and low income countries.

[]Yes Goto Q13
[ ] No (Go to Q13

Q13. In the right column, list a maximum of six ip@s or programmes undertaken in
middle or low income countries to mitigate arsemicthe middle column, write the
name of the country where these programmes werertak@n. In the right column,
rate each of these programmes or policies frob® (very efficient) toQ (very
inefficient).

Policies or programmes Country Rate
2) 0
3) 0
4) 0
5) 0
6) 0
7) 0
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Q14. Presented below is a list of types of techgielthat have been used to remove arsenic framkidg water. In the first column please tick
the technologies that you are familiar with. Foe tiechnologies that you know please indicate whegba consider them chemically safe,
bacteriologically safe, cost-effective and if yaunsider they have any problems with operation aatht@nance. In the last column, please ad

any comments, if you wish. At the bottom of thelealtiere are some blank spaces if you wish to adadnblogies to the list. (In the document
calledNotesyou will find a short description and referencesthese technologies).

==

1 2. Technology name 3. Do you consider 4. Do you consider 5. Do you consider 6. Do you consider 7.
it chemically safe? it bacteriologically it cost- effective? it to have operation Comments
safe? and maintenance
problems?
Yes| No | Don't | Yes | No Don't | Yes| No | Don't | Yes | No Don’t
know know know know
[ ] | Household technologies
using imported activated| [ | [ ] | O ] 1 O L] 1| O ]
alumina (e.g. Alcan)
[ ] | Household technologies
using locally produced
activated alumina (e.g. L] L] L] L] L] L] L] L] L] L] L] L]
BUET in Bangladesh)
[] | Coagulation-flocculation
processes with
aluminium salts (e.g. L] L] L] L] L] L] L] L] L] L] L] L]
Danida bucket)

Aanns 1adx3 v xipuaddy
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Coagulation-flocculation

processes with iron salty [] ] ] ] ] ] ] [] [] [] [] L]
(e.g. Steven’s Institute qf
Technology)
[ ] | Co-polymer adsorbent
technologies (e.g. Read] [] | [ H | O ] 1| O [] 1| O L]
F)
[] | Granular ferric hydroxide
technologies (e.g. Sidko| [] | [ ] 0| O ] 1| O [] 1] O []
ADSORPAS)
[ ] | Composite iron  matrix
technologies (e.g. SONQ [] | [ ] O | O ] O | O [] L1 | O []
filter)
HEL h technologie$
Mleg.Tewaheaon) -] O |0 | 0|00 0000|000
[ | Other 1: 1| O [ I I O I T I O I e
[ | Other 2: 1| O [ I N e O I I T A
[ | Other 3: 1| O [ I I O I T I O I e
[ | Other 4: 1| O [ I N e O I I T A
[] | Other 5: 1| O [ I I O I T I O I e
[ | Other 6: 1| O OO |0 OO d I T I A I e O

Aanins Ladx3 'y xipuaddy
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Q15. Considering the technologies that produce aaiy and bacteriologically safe
water. How can be operation and maintenance prabiesolved (if they have any)?

Q16. In your opinion are wastes produced by arsemmval technologies a potential
contamination source?

[ ] Yes
[ ] No
[ ] Don’t know

Q17. In your opinion, which factors may affect tloatine use of arsenic removal
technologies in a household in a rural community?

Q18. In your opinion are there any issues that behindering arsenic mitigation in
middle and low income countries?

[]Yes Go to Q19
[ ] No (Go to Q20
[] Don’t know (Go to Q20)
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Q19. Please list fronmost important toless important the problems that in your
opinion may be hindering arsenic mitigation in niddnd low income countries.

Q20. Please use the following space to add anydurtcomments about arsenic
mitigation in middle and low income countries.

I would like to thank you very much for your time in answering this survey. Your
responses will be extremely useful in my work!

Maribel Velasco-Perez
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Appendix A. Expert survey

Q12. List of low middle and low income countrfes

Albania
Algeria
American Samoa
Angola
Argentina
Armenia
Azerbaijan
Belarus
Belize
Bhutan
Bolivia
Bosnia and
Herzegovina
Botswana
Brazil
Bulgaria
Cameroon
Cape Verde
Chile

China
Colombia
Congo, Rep.
Costa Rica
Croatia
Cuba

Afghanistan
Bangladesh
Benin
Burkina Faso
Burundi
Cambodia
Central African
Republic
Chad
Comoros
Congo, Dem. Rep
Cote d'lvoire
Eritrea

Middle income countries

Djibouti
Dominica
Dominican
Republic
Ecuador
Egypt, Arab Rep.
El Salvador
Fiji

Gabon
Georgia
Grenada
Guatemala
Guyana
Honduras
India
Indonesia

Iran, Islamic Rep.

Iraq
Jamaica
Jordan
Kazakhstan
Kiribati
Latvia
Lebanon
Lesotho

Libya

Lithuania
Macedonia, FYR
Malaysia
Maldives
Marshall Islands
Mauritius
Mayotte

Mexico

Micronesia, Fed.
Sts.

Moldova
Mongolia
Montenegro
Morocco
Namibia
Nicaragua
Palau
Panama
Paraguay
Peru
Philippines
Poland
Romania
Russian Federation

Low income countries

Ethiopia
Gambia, The
Ghana

Guinea
Guinea-Bissau
Haiti

Kenya

Korea, Dem Rep.
Kyrgyz Republic
Lao PDR
Liberia
Madagascar
Malawi

Samoa

Serbia

Seychelles

South Africa

Sri Lanka

St. Kitts and Nevis
St. Lucia

St. Vincent and the
Grenadines

Sudan

Suriname

Swaziland

Syrian Arab Republic
Thailand
Timor-Leste

Tonga

Tunisia

Turkey
Turkmenistan
Ukraine

Uruguay

Vanuatu

Venezuela, RB
West Bank and Gaza

Mali Sierra Leone
Mauritania Solomon Islands
Mozambique Somalia
Myanmar Tajikistan
Nepal Tanzania
Niger Togo
Nigeria Uganda
Pakistan Uzbekistan
Papua New Guinea Vietnam
Rwanda Yemen, Rep.
Sao Tomé and Zambia
Principe Zimbabwe
Senegal

tws (World Bank), 2008. The World Bank list of econies.
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Q214.Short description of technologies
Alcan media based technology

Alcan household technology uses the patented aglsorBctiGuard AAFS50. This

adsorbent is an activated alumina. According toBhagladesh Council of Scientific and
Industrial Research (BCSIR), Alcan household tetdmocan treat 45 litres of water per
day. This technology consists of two plastic buskited with the ActiGuard alumina.

Buckets are placed in a metal frame. Treated wateollected in other bucket (BCSIR,
2003).

References

Alcan international web sitéuttp://www.alcan.com/

BCSIR Bangladesh Council of Scientific and Ind@tiResearch (2003). Performance
evaluation and verification of five arsenic remotethnologies. ETV-AM field testing and
technology verification program. Dhaka, Bangladdsmgladesh Council of Scientific and

Industrial Research: 79.
BUET activated alumina filter

The BUET filter consists of three units; the oxidatsedimentation unit, the sand filtration
unit, and the activated alumina unit. Units consibtplastic buckets. In the oxidation-
sedimentation unit arsenic(lll) is oxidised to ais€V) and insoluble iron is precipitated. In
the sand filtration unit precipitates are removedai sand layer of 20 cm thick. Finally,

arsenic is removed in the activated alumina uaiil(t al., 2001).
References

Jalil, M. A. and F. Ahmed (2001). Development of astivated alumina based household
arsenic removal unit. Technologies for arsenic rehdrom drinking water. International

workshop on technologies for arsenic removal freinking water, Dhaka, Bangladesh.
Danida bucket treatment unit

Danida bucket technology uses coagulation/flocmnaprocesses to remove arsenic from
drinking water (Sutherland et al., 2001). Danidashnology consists of two buckets placed
in series. In the upper bucket chemicals are adodtie drinking water and mixed. The
formed precipitate is allowed to settle. Finallyater is filtered in a sand bed in the lower
bucket (Ahmed, 2001).
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References

Ahmed, M. F. (2001). An overview of arsenic remot@thnologies in Bangladesh and
India. Technologies for Arsenic Removal from DrimitiWater, Bangladesh. University of
Engineering and Technology and United Nations Umsityz BUET-UNU International

Workshop on Technologies for arsenic: 251 -269.

Sutherland, D., S. Wood, Monhemius, J., Woolgar, (001). "Rapid assessment of

household level arsenic removal. Phase 1, findt deport." Water Aid.
Read-F household unit

Read-F is a technology that uses an adsorbent geddwy Shin Nihon Salt Co., Ltd. Japan.
Read-F adsorbent is an ethylene vinyl alcohol gopef-borne hydrous cerium oxide in
which hydrous cerium oxide ( Ce@ H20).

References

Web site of distributors of Read-Rttp://www.generalpharma.com/arsenic_0.php

Ahmed, M. F. (2001). An overview of arsenic remot@thnologies in Bangladesh and
India. Technologies for Arsenic Removal from DrimltiWater, Bangladesh. University of
Engineering and Technology and United Nations Uitz BUET-UNU International

Workshop on Technologies for arsenic: 251 -269.
Sidko ADSORPAS-granular ferric hydroxide technology

Sidko technology uses an adsorption proprietaryianedlled AdsorpAs. The adsorbent is
granular ferric hydroxide. This adsorbent was dgwetl at the Technical University of
Berlin in Germany. Sidko technology involves twtiréition processes. Firs the water is
filtered through a gravel filter and then throudte tAdsorpAs media (Pal, 2001). This
technology can be used to provide drinking watéiGdamilies (BCSIR, 2003).

References

BCSIR Bangladesh Council of Scientific and IndwtiResearch (2003). Performance
evaluation and verification of five arsenic remotedthnologies. ETV-AM field testing and
technology verification program. Dhaka, Banglad€mgladesh Council of Scientific and

Industrial Research: 79.

Pal, B. N. (2001). Granular ferric hydroxide foinghation of arsenic from drinking water.
BUET-UNU International workshop on Technologies Bmsenic removal from drinking

water, Dhaka, Bangladesh.
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SONO filter

The SONO filter consists of two plastic bucketshwiiips. The buckets are placed one above
the other, and clean water is collected in a thiudket. The filter in the top bucket has
layers of coarse sand, composite iron matrix, amek lehips. The bottom bucket contains
coarse sand, wood charcoal, fine sand and briggsdidussam, 2007). This technology was
awarded with the 2007 Grainger Challenge PrizeSostainability Gold Award from the

National Academy of Engineering.
References

Delowar H. K. M., Uddin I., Abou El Hassan W. Herveen F., Irshad M., Saiful Islam A.

F. M., Yoshida I. (2006). “A comparative study adusehold groundwater arsenic removal
technologies and their water quality parametergstirdal of Applied Sciences 6(10):2193-
2200.

Hussam, A. and A. K. M. Munir (2007). "A simple aedfective arsenic filter based on
composite iron matrix: Development and deploymemtdies for groundwater of
Bangladesh." Journal of Environmental Science amgltH - Part A Toxic/Hazardous

Substances and Environmental Engineering 42 (B59-1.878.

Laskowski, T. (2007). Mason chemist receives $lionilprize for water filtration system.

Mason Gazette. Available on-linkttp://cos.gmu.edu/cos/news/mason _chemist receives

Munir A. K. M., Rasul S.B., Habibuddowla M., AlauddM., Hussam A., Khan A. H.
(2001). Evaluation of performance of Sono 3-Kolditter for arsenic removal from
groundwater using zero valent iron through labagatand field studies. Workshop on
technologies for arsenic removal from drinking watBhaka, Bangladesh, Bangladesh

University of Engineering and Technology, The Udiléations University.
Steven'’s Institute of Technology

The Stevens Institute technology removes arsenicdagulation and filtration. First, a
packet of chemicals is added to the water and mfkawoh 5 to 10 minutes in a plastic
bucket. Finally, water has to be filtered to remoea oxyhydroxide flocs formed. The filter
Is a plastic bucket with a sand layer and a speat the bottom. A piece of fabric is placed
over the outlet inside the bucket to prevent |dstamd particles (Cheng et al., 2004; Meng
et al., 2001).
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References

Cheng, Z., A. vanGeen, Jing, C., Meng, X., Seddigde Ahmed, K. M. (2004).
"Performance of a household-level arsenic remoystiesn during 4-month deployments in
Bangladesh." Environmental Science and Technol@§y23: 3442-3448.

Meng, X., G. P. Korfiatis, Christodoulatos, C., Bars. (2001). "Treatment of arsenic in
Bangladesh well water using a household co-pretipit and filtration system." Water
Research 35(12): 2805-2810.

Tetrahedron

Tetrahedron, an ion exchange resin, is used in o@tbn with chlorine to remove arsenic
from water. Chlorine is used as an oxidising adgentarsenic(lll) and as disinfectant
(WAB, 2003). Regeneration of the resin is carriet with sodium chloride (NaCl) (WAB,
2003).
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Appendix A. Expert survey

A3. Informed consent

| agree to participate in the “Expert survey: Aisemitigation in middle and low income
countries” conducted by Maribel Velasco-Perez asqfeher PhD thesis at the University of
East Anglia. | am aware that confidentiality of whata gathered during this survey will be
maintained and information will be used only byd@adnvolved in the research. Any link
between answers and names of interviewees willes&rayed. The report derived from this
survey will be part of Maribel's PhD thesis and lwiiclude statistical information and
unattributable quotations. Results derived fromgberey may be published as part of the

research conducted during Maribel’'s PhD.

Name of the interviewee:

229



Appendix B. Instrument and method detection limits for total

arsenic in ICP-MS

The instrument detection limits (IDL) and methoded#ion limits (MDL) were determined
for the working calibration curve method with imat standard (rhodium at 10 pg)L The
IDL is the analyte signal equivalent to three tinties standard deviation of ten replicate
analysis of the calibration blank sighalThe MDL is the minimum concentration at which
the analyte can be identified with a 99 per ceatistical confidence that the concentration is
greater than zefoThe MDL was determined with the following proceeluFirst, a solution
with 2 to 5 times the IDL analyte concentration vpaspared with an arsenic standard and
reagent grade water. Then, seven aliquots of thlatiesn were analysed using the sample
preparation method. Finally, the MDL was calculabgdmultiplying the standard deviation
of the concentration of the seven aliquots by thedent’'s t value for a 99 per cent
confidence level at 6 degrees of freedom. The IRIs wmeasured at 0.083 pg (Table B1),
the MDL for a concentration range of 0-350 (it 0.150 pg L (Table B2), and the MDL
for a concentration range of 0-3,000 pigat 0.795 pg Lt (Table B3).

Table B1 Determination of the instrument detectionit for arsenic in the inductively
coupled plasma mass spectrometer.

As SD RSD

gLt pglt %
replicate 1 0.087 0.010 11.2
replicate 2 0.069 0.002 3.3
replicate 3 0.049 0.025 51.0
replicate 4 0.050 0.018 36.3
replicate 5 0.049 0.011 22.2
replicate 6 0.058 0.016 27.2
replicate 7 0.012 0.017 144.3
replicate 8 0.006 0.007 108.2
replicate 9 0.025 0.010 40.3
replicate 10 0.008 0.004 46.8
Average 0.041
SD 0.028
IDL 0.083

2 US EPA Environmental Protection Agency (1994). '®etination of trace elements in waters by
inductively coupled plasma-mass spectrometry.” BR&hods and Guidance for Analysis of Water,
version 2.0.
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Appendix B. IDL and MDL for ICP-MS

Table B2 Determination of the method detection tlifor arsenic and the working
calibration curve method (0 — 350 pd)Lwith internal standard (rhodium at 10 pg)lin
the inductively coupled plasma mass spectrometer.

As SD RSD
ugLl* uglt %

samplel 0.172 0.027 15.9
sample 2 0.057 0.016 28.5
sample 3 0.030 0.029 97.4
sample 4 0.068 0.009 13.2
sample 5 0.064 0.056 88.1
sample 6 0.073 0.038 51.2
sample 7 0.031 0.029 69.5
Average 0.071
SD 0.048
MDL 0.150

Table B3 Determination of the method detection tlifor arsenic and the working
calibration curve method (0 — 3,000 ug)lwith internal standard (rhodium at 10 pg)lin
the inductively coupled plasma mass spectrometer.

As SD Sb
gLt pgl' %
samplel 1.504 0.074 4.9
sample 2 1.120 0.024 2.1
sample 3 0.938 0.044 4.7
sample 4 0.907 0.020 2.3
sample 5 0.809 0.009 1.1
sample 6 0.827 0.023 2.8
sample 7 0.804 0.005 0.7
average  0.987
SD 0.253
MDL 0.795
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Appendix C. Total arsenic concentrations per expement as
analysed with ICP-MS

This appendix contains the raw data, obtained fadsorption experiments, presented in the
result Chapters 4, 5and 7. The data is organised in tables, each table septe one
experiment. Data from preliminary experimen@hépter 4 it is presented in Table C1 to
Table C3. Data from absorption experiments with B@dd CAC ¢hapters 5and7) is
presented from Table C4 to Table C31; these tdides similar structure. The first column
contains the sample name; i.e. control, replicatentl so on. The second, third and fourth
column are the average (As), standard deviatior) €id relative standard deviation (RSD)
of the arsenic concentration of the triplicate gsial of individual samples as analysed in the
ICP-MS, respectively. The fifth, sixth and severtblumns are the average arsenic
concentration (average), SD and RSD of the repggatf each experimental condition,

respectively.
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Appendix C. Total arsenic concentration

Table C1 Arsenic recovery in samples with iron eanfrom 0 to 1800 ugt(Section 4.1

conﬁ\g;ligtions Concentration measured in the ICP-MS
Fe As As SD RSD
ngl*  pgl? ug L™ ug L™ %

sample 1 1800 10.0 4.0 0.3 8.3
sample 2 1000 9.9 1.7 0.1 8.5
sample 3 100 10.0 0.5 0.1 23.1
sample 4 50 10.0 2.8 0.1 2.7
sample 5 0 10.0 9.7 0.2 2.4
sample 6 1500 50.0 36.9 0.6 1.6
sample 7 1000 50.0 14.5 0.1 0.6
sample 8 500 50.0 7.8 0.1 1.6
sample 9 100 50.0 215 0.2 0.8
sample 10 50 50.0 37.9 0.2 0.5
sample 11 10 50.0 51.8 0.4 0.8
sample 12 1800 249.6 60.9 2.9 4.8
sample 13 1000 249.8 54.1 3.0 5.6
sample 14 100 249.5 194.1 5.8 3.0
sample 15 50 248.4 226.0 6.9 3.1
sample 16 0 250.0 250.0 6.2 2.5

Table C2 Arsenic recovery for samples without peatment and with Dowex 26G pre-
treatment; samples with iron content up to 180Q.ji¢Section 4.1

Actual concentratior Concentration measured in the ICP-MS

No treatment Treatment with Dowex 26G
As Fe As SD RSD As SD RSD

po L pg ™t | pglt opglt % | pglt opglt %
Sample 1 10.0 1800 4.0 0.3 8.3 13.2 1.8 13.5
Sample 2 9.9 1000 1.7 0.1 8.6 7.3 0.8 11.6
Sample 3 10.0 100 0.5 0.1 231 1.9 0.9 47.1
Sample 4 10.0 50 2.8 0.1 2.7 3.5 0.6 16.5

Sample 5 10.0 0 9.7 0.2 2.4

Sample 6 249.6 1800 60.9 2.9 4/8 214.6 14.3 6.6
Sample 7 249.8 1000 54.1 3.0 5/6 132.1 114 8.6
Sample 8 249.5 100 194.1 5.8 3[0 226.6 11.3 5.0
Sample 9 248.4 50 226.0 6.9 31 249.5 11.1 4.4
Sample 10 248.9 0 250.0 6.2 215 221.3 5.8 2.6
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Appendix C. Total arsenic concentration

Table C3 Preliminary adsorption experiments thateskto identify interferences on sample
analysis $ection 4.2

Arsenic Adsorbent Time As SD RSD
oxidation state type min pug'L  pglL?t %
As(lll) CAC 0 183.9 11 06
120 221.7 4.3 2.0
360 182.5 1.9 1.0
720 161.1 14.8 9.2
Fe 0 183.9 1.1 0.6
120 171.1 4.4 2.6
360 0.2 0.1 57.3
720 0.2 0.1 65.9
FeOOH 0 183.9 1.1 0.6
120 2.6 0.9 35.3
360 0.2 0.2 99.6
720 3.2 0.5 16.7
As(V) CAC 0 247.1 2.4 1.0
24 285.6 7.1 2.5
415 205.9 4.9 2.4
1497 140.0 2.4 1.7
Fe 0 247.1 2.4 1.0
24 247.6 7.7 3.1
415 25.9 0.9 3.3
1497 7.2 0.1 1.7
FeOOH 0 247.1 2.4 1.0
24 4.6 0.3 5.6
415 4.9 0.3 6.2
1497 34.2 0.2 0.5
As(V) A-0.1M Fe 0 99.9 7.7 7.7
60 14.1 0.8 54
360 9.1 0.4 4.6
1440 8.1 0.6 7.6
A-0.1M Fe 0 472.3 55 1.2
60 39.7 1.7 4.3
360 22.3 1.1 4.8
1440 19.3 0.0 0.2
A-0.01M Fe 0 350.4 1.9 0.5
60 12.4 4.6 36.9
360 6.0 1.4 22.9
1440 4.2 0.1 2.6
As(V) B-0.1M Fe 0 99.9 7.7 7.7
60 27.8 2.5 9.1
360 11.7 1.0 8.4
1440 10.4 0.7 6.5
B-0.1M Fe 0 472.3 55 1.2
60 33.5 0.6 1.8
360 15.3 0.8 50
1440 17.0 0.8 4.4
B-0.01M Fe 0 350.4 1.9 0.5
60 301.5 0.8 0.3
360 222.2 4.7 2.1
1440 190.3 23.4 12.3
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Appendix C. Total arsenic concentration

Table C4 Arsenic(V) factorial experimer8dction 5.1

As SD %RSD| Average SD RSD
ugL* upgl? ugLl*  pglt %
Control SC01-SC08 246.3 0.0 0.0
Control CAC 246.2 0.1 0.0
SCo01
Replicate 1 231.8 0.1 0.0 228.5 214 93
Replicate 2 248.0 0.7 0.3
Replicate 3 205.6 0.6 0.3
SC02
Replicate 1 206.7 0.4 0.2 203.3 4.8 2.3
Replicate 2 197.8 0.4 0.2
Replicate 3 205.3 0.1 0.0
SCO03
Replicate 1 48.6 0.1 0.2 52.1 3.1 5.9
Replicate 2 54.5 0.2 0.3
Replicate 3 53.3 0.2 0.4
SCo04
Replicate 1 49.1 0.1 0.2 48.2 5.2 10.7
Replicate 2 42.6 0.1 0.3
Replicate 3 52.8 0.2 0.3
SC05
Replicate 1 2427 0.2 0.1 239.4 3.3 1.4
Replicate 2 236.1 0.5 0.2
Replicate 3 239.3 0.3 0.1
SC06
Replicate 1 222.3 0.5 0.2 217.5 4.4 2.0
Replicate 2 216.6 0.4 0.2
Replicate 3 213.7 0.4 0.2
SC07
Replicate 1 31.6 0.1 0.4 30.4 2.0 6.4
Replicate 2 28.2 0.1 0.3
Replicate 3 31.5 0.0 0.1
SCo08
Replicate 1 14.1 0.1 0.4 16.2 1.9 11.8
Replicate 2 16.6 0.1 0.6
Replicate 3 17.9 0.1 0.3
CAC
Replicate 1 155.7 0.2 0.1 155.0 3.2 2.0
Replicate 2 157.7 0.5 0.3
Replicate 3 151.6 0.3 0.2
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Appendix C. Total arsenic concentration

Table C5 As(lll) factorial experimengéction 5.1

As SD RSD| Average SD RSD
gl pglt % | pglt pglt %

Control 246.3 0.0 0.0
SCo1
Replicate 1 229.8 0.7 0.3 227.6 1.9 0.9

Replicate 2 226.4 0.3 0.1
Replicate 3 226.6 0.7 0.3
SC02

Replicate 1 217.2 0.2 0.1 219.8 2.2 1.0
Replicate 2 221.0 0.6 0.3
Replicate 3 221.2 0.6 0.3
SCo03

Replicate 1  57.2 0.1 0.3 52.8 39 74
Replicate 2 49.9 0.0 0.1
Replicate 3  51.1 0.2 0.3
SCo04

Replicate 1  46.1 0.1 0.1 45.3 1.0 2.1
Replicate 2 44.3 0.1 0.3
Replicate 3  45.6 0.2 0.3
SC05

Replicate 1 2328 0.4 0.2 234.5 1.6 0.7
Replicate 2 235.9 0.1 0.¢
Replicate 3 234.7 0.2 0.1
SC06

Replicate 1 230.4 0.3 0.1 230.4 0.7 0.3
Replicate 2 229.7 0.2 0.1
Replicate 3 231.1 0.3 0.1
SCo7

Replicate 1  25.0 0.1 0.4 24.8 03 11
Replicate 2 24.8 0.1 0.3
Replicate 3  24.5 0.1 0.4

SCo08

Replicate 1  19.7 0.1 0.3 19.8 0.1 0.3
Replicate 2  19.8 0.1 0.3

CAC

Replicate 1 186.6 0.3 0.2 184.4 5.0 2.7

Replicate 2 187.8 0.5 0.3
Replicate 3 178.7 0.1 0.1
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Appendix C. Total arsenic concentration

Table C6Arsenic(V) variation of activation temperature espent Section 5.2

As SD RSD| Average SD RSD
gl pglt % | pglt pglt %

Control 246.2 0.1 0.0
SCO09
Replicate 1 208.2 0.4 0.2 208.1 0.4 0.2
Replicate 2 207.7 0.8 0.4
Replicate 3 208.4 0.2 0.1
SC10
Replicate 1 167.4 0.1 0.¢ 160.9 6.0 3.8
Replicate 2 159.8 0.2 0.1
Replicate 3 155.5 0.1 0.1
SC11
Replicate 1 91.4 0.1 0.1
Replicate 2  88.5 0.2 0.2
Replicate 3  75.8 0.2 .3
SC12
Replicate 1  15.9 0.0 0.3 16.3 1.3 8.3
Replicate 2 15.2 0.1 0.4
Replicate 3 17.8 0.0 0.3

85.2 8.3 9.7

Table C7 Arsenic(lll) variation of activation tenrpture experimentJection 5.2

As SD RSD Average SD RSD
gl pglt % pglt pglt %

Control 246.3 0.0 0.0
SCO09
Replicate 1 222.4 0.6 0.2 223.2 0.8 0.4

Replicate 2 223.1 0.4 0.2

Replicate 3 224.1 0.3 0.2

SC10

Replicate 1 182.7 0.1 0.1 182.6 3.7 2.0
Replicate 2 178.8 0.2 0.1

Replicate 3 186.1 0.1 0.1

SC11

Replicate 1 70.3 0.1 0.1 72.9 26 3.6
Replicate 2 72.9 0.1 0.1

Replicate 3  75.5 0.1 0.1

SC12

Replicate 1  17.2 0.1 0.5 17.3 0.2 1.3
Replicate 2 17.6 0.1 0.5

Replicate 3 17.2 0.0 0.2
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Appendix C. Total arsenic concentration

Table C8 Kinetics of arsenic(V) adsorption onto 3C& an initial concentration of
227.9 pug [* (Section 7.1

As SD RSD| Average SD RSD
wgLl* ugl' % | pgl* pglt %

Control 227.9 0.1 0.0
15 min
Replicate 1  34.0 0.2 0.5 31.8 2.4 7.6
Replicate 2  29.3 0.0 0.1
Replicate 3  32.2 0.1 0.2
30 min
Replicate 1  22.8 0.1 0.4 25.4 2.3 9.1
Replicate 2  26.9 0.0 0.0
Replicate 3  26.6 0.1 0.5
45 min
Replicate 1  26.1 0.0 0.1 26.2 2.0 7.8
Replicate 2  28.3 0.1 0.3
Replicate 3  24.2 0.0 0.2
60 min
Replicate 1  27.5 0.1 0.3 26.3 1.3 5.0
Replicate 2  24.9 0.1 0.2
Replicate 3  26.4 0.0 0.1
180 min
Replicate 1  23.1 0.1 0.3 22.9 0.4 1.6
Replicate 2 22.5 0.1 0.3
Replicate 3  23.2 0.1 0.3
360 min
Replicate 1  19.9 0.0 0.2 194 0.5 25
Replicate 2 19.4 0.1 0.3
Replicate 3  18.9 0.0 0.2
720 min
Replicate 1  19.0 0.1 0.6 16.8 2.2 13.3
Replicate 2  17.0 0.0 0.3
Replicate 3  14.5 0.0 0.3
1440 min
Replicate 1  15.1 0.1 0.4 15.5 0.4 2.8
Replicate 2  15.9 0.0 0.2
Replicate 3  15.6 0.0 0.2
2880 min
Replicate 1  15.0 0.0 0.0 14.6 0.5 3.7
Replicate 2 14.0 0.0 0.3
Replicate 3  14.8 0.1 0.4
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Appendix C. Total arsenic concentration

Table C9 Kinetics of arsenic(V) adsorption onto CAC an initial concentration of
229.3 pg [* (Section 7.1

As SD RSD| Average SD RSD
wgLl* ugl' % | pgl* pglt %

Control 229.3 064 0.2
15 min
Replicate 1 222.2 1.33 0.
Replicate 2 2289 0.93 0.
Replicate 3 227.2 0.88 0.
30 min
Replicate 1 217.8 1.04 0.
Replicate 2 216.6 0.96 0.
Replicate 3 205.7 0.70 0.
45 min
Replicate 1 203.7 1.38 0.
Replicate 2 209.1 1.02 0.
Replicate 3 213.1 1.05 0.
60 min
Replicate 1 202.6 0.70 0.
Replicate 2 207.0 0.46 0.22
Replicate 3 2055 0.56 0.27
180 min
Replicate 1 187.1 0.88 0.
Replicate 2 1975 0.71 0.
Replicate 3 201.1 056 0.2
360 min
Replicate 1 166.3 0.93 0.56 179.1 122 6.8
Replicate 2 180.3 0.26 0.1
Replicate 3 1906 0.28 0.1
720 min
Replicate 1 167.5 0.67 0.
Replicate 2 176.7 0.43 0.2
Replicate 3 1724 0.49 0.2
1440 min
Replicate 1 158.4 0.32 0.2
Replicate 2 163.0 0.48 0.
Replicate 3 160.8 0.45 0.2
2880 min
Replicate 1 131.8 0.26 0.2
Replicate 2 136.2 0.52 0.
Replicate 3 137.0 0.68 0.

226.1 3.5 1.6

213.4 6.6 3.1

208.6 4.7 2.3

205.0 2.2 11

195.2 7.3 3.7

172.2 4.6 2.7

160.7 2.3 1.4

135.0 2.8 2.1
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Appendix C. Total arsenic concentration

Table C10 Kinetics of arsenic(V) adsorption onto0O3Cat an initial concentration of
2481.2 ug L* (Section 7.1

As SD RSD| Average SD RSD
uglt pglt % | pgl' pglt %

Control 24812 6.8 0.3
15 min

Replicate 1  899.2 1.9 0.2 881.0 279 3.2
Replicate 2  848.9 1.2 0.1
Replicate 3  894.9 1.3 0.1
30 min
Replicate 1  749.2 2.2 0.3 729.6 38.9 5.3
Replicate 2  754.8 0.7 0.1
Replicate 3 684.8 2.2 0.3
45 min
Replicate 1  728.7 1.9 0.3 683.4 54.3 7.9
Replicate 2  698.2 0.6 0.1
Replicate 3  623.3 1.6 0.3
60 min
Replicate 1  681.9 4.6 0.7 659.7 19.4 2.9
Replicate 2  651.0 0.8 0.1
Replicate 3  646.3 1.6 0.2
180 min
Replicate 1  501.6 0.6 0.1 490.3 10.3 2.1
Replicate 2  487.8 0.8 0.2
Replicate 3  481.6 2.1 0.4
360 min
Replicate 1  404.2 1.1 0.3 449.1 40.1 8.9
Replicate 2 481.4 0.2 0.q
Replicate 3  461.7 15 0.3
720 min
Replicate 1  347.2 0.5 0.2 395.9 431 10.9
Replicate 2 411.4 0.8 0.2
Replicate 3  429.0 0.7 0.2
1440 min
Replicate 1  413.5 1.1 0.3 403.9 18.1 4.5
Replicate 2  415.1 0.9 0.2
Replicate 3  383.0 0.4 0.1
2880 min

Replicate 1 434.6 0.6 0.1 448.5 12.8 2.9
Replicate 2  459.9 0.3 0.1
Replicate 3 451.1 0.1 0.G
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Appendix C. Total arsenic concentration

Table C11 Kinetics of arsenic(V) adsorption onto CAt an initial concentration of
2499.7 ug L* (Section 7.1

As SD RSD| Average SD RSD
ngLl* ugl' % | pgl' pglt %

Control 2499.7 3.88 0.16
15 min
Replicate 1 25104 5.0 0.2 25098 221 0.9
Replicate 2 2487.4 8.7 0.4
Replicate 3 25315 4.8 0.2
30 min
Replicate 1 2451.1 123 0.5 2448.2 4.4 0.2
Replicate 2 2450.3 8.1 0.3
Replicate 3 24431 84 0.3
45 min
Replicate 1 2415.8 8.6 0.4 24005 132 0.6
Replicate 2 2392.3 8.2 0.3
Replicate 3 23935 8.6 0.4
60 min
Replicate 1 2355.2 7.3 0.3 23470 199 0.8
Replicate 2 23615 6.1 0.3
Replicate 3 2324.3 8.7 0.4
180 min
Replicate 1 2199.1 5.8 0.3 2201.0 2.2 0.1
Replicate 2 2200.6 6.7 0.3
Replicate 3 22034 55 0.2
360 min
Replicate 1 2110.7 6.3 0.3 21268 163 0.8
Replicate 2 21434 7.6 0.4
Replicate 3 2126.3 5.3 0.2
720 min
Replicate 1 2069.1 9.0 04 2058.2 134 0.7
Replicate 2 2062.2 6.7 0.3
Replicate 3 2043.2 55 0.3
1440 min
Replicate 1 1940.0 6.3 0.3 1958.3 275 1.4
Replicate 2 1990.0 7.0 0.4
Replicate 3 19451 5.3 0.3
2880 min
Replicate 1 1894.2 9.5 0.5 18545 413 2.2
Replicate 2 1857.6 3.9 0.2
Replicate 3 1811.8 8.6 0.5
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Appendix C. Total arsenic concentration

Table C12 Kinetics of arsenic(lll) adsorption or8€07 at an initial concentration ef
242.4 pg [* (Section 7.1

As SD RSD| Average SD RSD
wgLl* pgl* % | pgl* pglt %

Control C1 246.8 1.2 0.5
Control C2 237.9 1.8 0.8
15 min (C1)
Replicate 1 129.7 0.4 0.3 129.3 1.0 0.8
Replicate 2 128.2 0.4 0.3
Replicate 3 130.0 0.7 0.5
30 min (C1)
Replicate 1 129.3 0.3 0.2 126.4 2.8 2.2
Replicate 2 123.8 0.4 0.3
Replicate 3 126.0 0.5 0.4
45 min (C1)
Replicate 1 123.7 0.1 0.1 122.8 0.9 0.7
Replicate 2 122.6 0.1 0.1
Replicate 3 122.0 0.5 0.4
60 min (C1)
Replicate 1 123.6 0.3 0.3 121.7 2.0 1.6
Replicate 2 121.7 0.4 0.3
Replicate 3 119.7 0.6 0.5
180 min (C2)
Replicate 1 119.6 0.2 0.2 116.8 4.9 4.2
Replicate 2 119.6 0.1 0.1
Replicate 3 111.1 0.1 0.1
360 min (C2)
Replicate 1 129.6 0.2 0.2 130.4 2.3 1.8
Replicate 2 128.5 0.3 0.2
Replicate 3 132.9 0.5 0.4
720 min (C2)
Replicate 1 139.3 0.1 0.1 142.3 2.6 1.8
Replicate 2 144.2 0.4 0.3
Replicate 3 143.3 0.8 0.5
1440 min (C1)
Replicate 1 134.4 0.2 0.2 138.4 4.4 3.2
Replicate 2 143.2 0.6 0.4
Replicate 3 137.6 0.4 0.3
2880 (C1)
Replicate 1 134.8 0.2 0.1 132.1 2.6 2.0
Replicate 2 132.0 0.3 0.2
Replicate 3 129.6 0.1 0.1
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Appendix C. Total arsenic concentration

Table C13 Kinetics of arsenic(lll) adsorption or@@C at an initial concentration of
242.8 pug [* (Section 7.1

As SD RSD| Average SD RSD

gLt pglt % | pgl' pglt %
Control C1 240.7 1.7 0.7
Control C2 244.9 1.3 0.5

15 min (C1)
Replicate 1 235.1 0.6 0.2 227.6 132 5.8
Replicate 2 235.3 0.4 0.2
Replicate 3 212.3 0.6 0.3
26 min (C1)

Replicate 1 2292 0.1 0.( 231.9 2.4 1.0
Replicate 2 232.7 0.7 0.3
Replicate 3 233.9 0.8 0.3
45 min (C1)

Replicate 1 2276 0.2 0.1 227.7 1.0 0.4
Replicate 2 228.8 0.4 0.2
Replicate 3 226.8 0.8 0.4
60 min (C1)

Replicate 1 2265 0.7 0.3 226.4 1.1 0.5
Replicate 2 225.3 0.7 0.3
Replicate 3 227.5 0.9 0.4
180 min (C2)

Replicate 1 220.7 0.5 0.2 220.5 1.1 0.5
Replicate 2 2215 0.5 0.2
Replicate 3 219.3 0.9 0.4
360 min (C2)

Replicate 1 2111 0.9 0.4 211.2 0.4 0.2
Replicate 2 211.7 0.8 0.4
Replicate 3 210.8 0.1 0.¢
720 min (C1)

Replicate 1 195.0 0.8 0.4 196.2 1.8 0.9
Replicate 2 195.3 0.9 0.5
Replicate 3 198.3 0.2 0.1
1440 min (C1)

Replicate 1 181.2 0.6 0.3 179.9 1.1 0.6
Replicate 2 179.8 0.5 0.3
Replicate 3 178.9 0.4 0.2
2880 (C1)

Replicate 1 161.8 0.4 0.2 161.4 2.8 1.7
Replicate 2 158.5 0.3 0.2
Replicate 3 164.0 1.0 0.6
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Appendix C. Total arsenic concentration

Table C14 Kinetics of arsenic(lll) adsorption ors€07 at an initial concentration of
2575.3 ug L* (Section 7.1

As SD RSD| Average SD RSD
gLt pglt % | pgl' pglt %
Control C1 27287 56.2 2.1 25/53 485 19
Control C2 2422.0 40.7 1.7
15 min (C1)
Replicate 1 15458 26.6 1.7 15726 96,5 6.1
Replicate 2 1679.7 212 1.3
Replicate 3 1492.4 20.2 1.4
30 min (C1)
Replicate 1 14359 153 1.1 13974 516 3.7
Replicate 2 1338.7 15.3 1.1
Replicate 3 14176 124 0.9
45 min (C1)
Replicate 1(*) 2523.0 16.9 0.7] 14008 246 1.8
Replicate 2 1418.2 194 1.4
Replicate 3 1383.4 194 1.4
60 min (C1)
Replicate 1 13326 123 0.9 1456.7 2102 144
Replicate 2 1699.4 13.0 0.8
Replicate 3 1338.0 12.7 1.0
180 min (C2)
Replicate 1 12169 215 1.8 11782 547 4.6
Replicate 2(*) 2244.0 16.6 0.7
Replicate 3 11395 14.2 1.2
360 min (C2)
Replicate 1 960.5 9.3 1.0 1060.7 239.0 225
Replicate 2 888.0 5.7 0.4
Replicate 3 13335 9.1 0.7
720 min (C2)
Replicate 1 600.4 5.8 1.0 571.7 26.7 4.7
Replicate 2 547.6 5.7 1.4
Replicate 3 567.1 2.6 0.5
1440 min (C1)
Replicate 1 471.5 0.7 0.1 469.9 2.3 0.5
Replicate 2(*) 753.0 1.1 0.1
Replicate 3 468.3 2.3 0.5
2880 min (C1)
Replicate 1 359.2 2.4 0.7 418.0 83.1 19.9
Replicate 2 476.8 1.8 0.4
Replicate 3(*) 624.5 2.7 0.4

(*) samples inbold font were not included in the data analysis becausgutarities in the sample analysis; the conceoimati
of these samples is extremely high because theviwes for the internal standard (< 60 per cenghpd the arsenic

concentration up.
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Appendix C. Total arsenic concentration

Table C15 Kinetics of arsenic(lll) adsorption orfBAC at an initial concentration of
2739.0 pg [* (Section 7.1

As SD RSD| Average SD RSD
ugl* ugl' % | pgl' pglt %

Control 2739.0 155 0.6
15 min
Replicate 1 19342 170 0.9 21234 1641 7.7
Replicate 2 2209.6 24.7 1.1
Replicate 3 2226.5 24.5 1.1
26 min
Replicate 1 22457 200 0.9 22739 35.1 15
Replicate 2 2262.8 18.2 0.8
Replicate 3 2313.3 15.1 0.7
45 min
Replicate 1 2316.3 15.0 0.
Replicate 2 2299.7 20.2 0.4
Replicate 3 2312.0 23.8 1.
60 min
Replicate 1 2307.8 14.6 0.4
Replicate 2 2298.1 12.9 0.¢
Replicate 3 2324.4 18.8 0.
180 min
Replicate 1 2289.6 4.8 0.2 22904 6.7 0.3
Replicate 2 22975 2.9 0.1
Replicate 3 2284.1 7.1 0.3
360 min
Replicate 1 2196.8 4.4 0.2 21995 4.3 0.2
Replicate 2 22044 2.0 0.1
Replicate 3 2197.2 05 0.(
720 min
Replicate 1 21354 4.7 0.2 2152.2 14.9 0.7
Replicate 2 2163.8 34 0.2
Replicate 3 2157.3 4.1 0.2
1440 min
Replicate 1 21014 6.3 0.3  2099.7 6.4 0.3
Replicate 2 2092.6 2.0 0.1
Replicate 3 2105.2 6.6 0.3
2880 min
Replicate 1 2018.1 6.3 0.3 20265 130 0.6
Replicate 2 2020.0 4.6 0.2
Replicate 3 20415 6.3 0.3

2309.3 8.6 0.4

OoO—O——00

23101 133 0.6

O—6—=C6
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Appendix C. Total arsenic concentration

Table C16Effect of pH on arsenic(V) adsorption onto SCO7ezkpent Section 7.2

As SD RSD Average SD RSD
ugl*  pgl? % ugl*  pgl? %
Control 221.9 1.4 0.6
pH =214
Replicate 1 208.5 0.4 0.2 208.2 1.2 0.6
Replicate 2 207.0 0.4 0.2
Replicate 3 209.2 0.2 0.1
pH = 5.02
Replicate 1 17.4 0.1 0.5 14.8 2.4 16.2
Replicate 2 14.3 0.1 0.8
Replicate 3 12.7 0.1 0.8
pH =6.90
Replicate 1 25.7 0.1 0.5 25.2 1.3 5.3
Replicate 2 26.3 0.0 0.1
Replicate 3 23.7 0.2 0.8
pH = 8.95
Replicate 1 18.3 0.1 0.3 215 4.6 21.5
Replicate 2 19.3 0.0 0.2
Replicate 3 26.8 0.2 0.7
pH = 10.93
Replicate 1 195.5 1.3 0.6 195.0 1.6 0.8
Replicate 2 196.3 0.6 0.3
Replicate 3 193.2 0.8 0.4
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Appendix C. Total arsenic concentration

Table C17Effect of pH on arsenic(V) adsorption onto CAC expent Section 72

As SD RSD Average SD RSD
ugl*  pgl? % ugl*  pgl? %
Control 224.8 1.1 0.5
pH = 2.09
Replicate 1 155.4 0.8 0.5 159.3 3.4 2.1
Replicate 2 161.0 0.4 0.3
Replicate 3 161.4 0.5 0.3
pH=4.93
Replicate 1 132.6 0.3 0.3 1335 0.8 0.6
Replicate 2 133.6 0.3 0.2
Replicate 3 134.3 0.2 0.2
pH=7.00
Replicate 1 149.1 0.5 0.3 143.2 5.1 3.6
Replicate 2 140.7 0.3 0.2
Replicate 3 139.9 0.3 0.2
pH = 8.92
Replicate 1 138.4 0.5 0.3 141.6 3.5 2.5
Replicate 2 145.4 1.0 0.7
Replicate 3 141.0 0.4 0.3
pH = 10.91
Replicate 1 190.6 0.3 0.1 185.3 5.5 3.0
Replicate 2 185.9 0.7 0.4
Replicate 3 179.6 0.2 0.1
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Appendix C. Total arsenic concentration

Table C18 Effect of pH on arsenic(lll) adsorptiaot@SCO7 experimensgction 72).

As SD RSD| Average SD RSD
gLt pgl* % | pgl' pglt %
51706005 | 2951 04 02
Control pH 6.02 224.5 2.4 1.1
pH = 2.07
Replicate 1 210.3 0.1 0.1 222.1 151 6.8
Replicate 2 239.2 0.2 0.1
Replicate 3 216.9 0.2 0.1
pH = 4.02
Replicate 1 86.7 0.6 0.7 83.3 12.8 154
Replicate 2 94.1 0.2 0.2
Replicate 3 69.1 0.1 0.1
pH=5.1
Replicate 1 34.5 0.1 0.2 34.9 4.0 115
Replicate 2 31.0 0.1 0.3
Replicate 3 39.0 0.0 0.1
pH = 6.02
Replicate 1 14.8 0.1 0.8 15.7 1.0 6.1
Replicate 2 15.6 0.1 0.6
Replicate 3 16.7 0.2 1.5
pH=7.06
Replicate 1 35.2 0.2 0.7 32.0 34 10.6
Replicate 2 28.4 0.1 0.3
Replicate 3 325 0.1 0.2
pH =9.03
Replicate 1 38.0 0.1 0.2 36.0 1.8 5.0
Replicate 2 35.5 0.1 0.4
Replicate 3 34.6 0.0 0.1
pH =10
Replicate 1 98.8 0.1 0.1 92.1 141 153
Replicate 2 101.5 0.1 0.1
Replicate 3 75.9 0.1 0.2
pH = 10.95
Replicate 1 2311 05 0.2 228.6 2.7 1.2
Replicate 2 228.8 0.7 0.3
Replicate 3 225.8 0.7 0.3
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Appendix C. Total arsenic concentration

Table C19 Effect of pH on arsenic(lll) adsorptiat@CAC experiment3ection 7.2

As SD RSD| Average SD RSD
ngLl* pgl* % | ugl' upgl' %

Control 206.1 0.3 0.1
pH =2.03
Replicate 1 163.2 1.3 0.8 174.4 9.8 5.6
Replicate 2 178.9 1.2 0.6
Replicate 3 181.1 1.0 0.6
pH = 3.99
Replicate 1 176.2 0.3 0.2 163.9 106 6.5
Replicate 2 157.7 0.4 0.3
Replicate 3 157.9 0.5 0.3
pH =5.04
Replicate 1 1545 0.2 0.2 167.8 115 6.9
Replicate 2 175.3 0.8 0.4
Replicate 3 173.5 0.8 0.4
pH = 6.09
Replicate 1 167.3 0.7 0.4 170.5 3.1 1.8
Replicate 2 170.8 0.5 0.3
Replicate 3 173.5 0.4 0.2
pH=7.01
Replicate 1 1741 0.3 0.2 175.5 1.3 0.7
Replicate 2 176.7 0.5 0.3
Replicate 3 175.7 0.6 0.3
pH =9.00
Replicate 1 150.7 0.2 0.1 150.9 0.2 0.1
Replicate 2 150.9 0.4 0.2
Replicate 3 151.1 0.5 0.4
pH =9.97
Replicate 1 1486 0.4 0.2 148.5 0.5 0.4
Replicate 2 147.9 0.1 0.]
Replicate 3 149.0 0.3 0.2
pH = 10.98
Replicate 1 1534 0.7 0.4 149.2 3.7 2.4
Replicate 2 147.4 0.3 0.2
Replicate 3 146.8 0.1 0.1

249



Appendix C. Total arsenic concentration

Table C20 Arsenic(V) adsorption isotherm experinarz5 °C for SCO73ection 7.8

As SD RSD| Average SD RSD
ngLl* pgl* % | pgl' pgl' %

As(V)o 95.4 0.5 0.5
Replicate 1  12.2 0.0 0.4 9.6 24 245
Replicate 2 9.0 0.1 1.1
Replicate 3 7.6 0.1 1.0
As(V)o 254.0 0.7 0.3
Replicate 1  16.8 0.1 0.4 16.7 0.7 4.3
Replicate 2 17.4 0.1 0.5
Replicate 3  16.0 0.1 0.5
As(V)o 488.3 0.9 0.2
Replicate 1  56.1 0.3 0.5 59.3 2.8 4.8
Replicate 2 60.2 0.3 0.4
Replicate 3  61.5 0.5 0.8
As(V)o 735.6 2.2 0.3
Replicate 1  70.8 0.2 0.3 64.4 5.6 8.6
Replicate 2 61.3 0.3 0.4
Replicate 3  61.1 0.1 0.2
As(V)o 988.6 1.1 0.1
Replicate 1  106.9 0.6 0.5 107.3 3.8 3.6
Replicate 2 111.3 0.1 0.1
Replicate 3  103.6 0.0 0.q
As(V)o 12412 1.2 0.1
Replicate 1  183.9 0.5 0.3
Replicate 2 162.8 0.4 0.2
Replicate 3  166.2 0.8 3
As(V)o 14654 1.3 0.1
Replicate 1 185.2 0.5 0.2 204.9 208 10.1
Replicate 2  226.6 0.1 0.q
Replicate 3 202.8 0.5 0.2
As(V)o 17441 1.6 0.1
Replicate 1 336.4 1.3 0.4 322.1 12.8 4.0
Replicate 2  311.6 0.7 0.2
Replicate 3 318.4 0.9 0.3

171.0 11.3 6.6
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Appendix C. Total arsenic concentration

Table C21 Arsenic(V) adsorption isotherm experinarz5 °C for CAC $ection 7.8

As SD RSD| Average SD RSD
ngLl* pgl* % | pgl' pgl' %

As(V)o 99.4 0.5 0.5
Replicate 1  72.0 0.7 1.4 62.1 88 141
Replicate 2  59.1 0.2 0.4
Replicate 3  55.3 0.0 0.1
As(V)o 366.2 1.1 0.3
Replicate 1  164.7 0.6 04 157.8 6.3 4.0
Replicate 2 152.2 1.3 0.4
Replicate 3  156.5 0.6 0.4
As(V)o 565.5 0.5 0.1
Replicate 1  465.3 2.6 0.4 422.4 39.5 9.3
Replicate 2 414.4 2.0 0.5
Replicate 3  387.6 15 0.4
As(V)o 800.9 0.9 0.1
Replicate 1  557.4 4.5 0.8 546.1 9.9 1.8
Replicate 2 541.9 2.9 0.5
Replicate 3  538.9 1.8 0.3
As(V)o 10409 31 0.3
Replicate 1  719.2 2.1 0.3 717.6 5.9 0.8
Replicate 2 722.5 3.7 0.5
Replicate 3 711.1 1.0 0.1
As(V)o 1266.7 2.8 0.2
Replicate 1  908.6 2.6 0.3 925.5 240 2.6
Replicate 2 914.9 2.7 0.3
Replicate 3  953.0 4.5 0.5
As(V)o 1533.0 1.7 0.1
Replicate 1 1136.5 3.2 0.3 1146.6 9.0 0.8
Replicate 2 11534 1.7 0.1
Replicate 3 1150.0 4.6 0.4
As(V)o 1787.3 4.6 0.3
Replicate 1 1305.6 2.7 0.2 13545 441 3.3
Replicate 2 1366.4 5.1 0.4
Replicate 3 13914 2.3 0.2
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Appendix C. Total arsenic concentration

Table C22 Arsenic(V) adsorption isotherm experinar5 °C for SCO73ection 7.8

As SD RSD| Average SD RSD
ngLl* pgl* % | pgl' pgl' %

As(V)o 99.4 0.2 0.2
Replicate 1  10.1 0.1 0.6 9.7 0.4 3.8
Replicate 2 9.5 0.1 0.4
Replicate 3 9.5 0.1 1.2
As(V)o 302.6 0.4 0.1
Replicate 1  22.7 0.2 0.8 24.1 2.2 9.2
Replicate 2  23.1 0.1 0.6
Replicate 3  26.7 0.0 0.2
As(V)o 607.9 0.6 0.1
Replicate 1  77.0 0.2 0.3 75.8 2.4 3.1
Replicate 2 77.3 0.3 0.4
Replicate 3  73.1 0.2 0.3
As(V)o 914.2 3.2 0.3
Replicate 1  84.8 0.4 0.5 90.1 4.8 5.4
Replicate 2 94.3 0.4 0.5
Replicate 3  91.1 0.3 0.3
As(V)o 12257 4.4 0.4
Replicate 1  155.7 0.6 04 148.9 8.8 5.9
Replicate 2 151.9 0.6 0.4
Replicate 3  139.0 0.3 0.2
As(V)o 15116 4.4 0.3
Replicate 1  210.0 1.0 0.5 211.6 1.6 0.7
Replicate 2 213.0 0.3 0.1
Replicate 3 211.8 0.4 0.2
As(V)o 1859.6 6.6 0.4
Replicate 1  288.8 1.4 0.5 278.3 9.7 3.5
Replicate 2 269.7 1.1 0.4
Replicate 3  276.5 1.1 0.4
As(V)o 21717 8.7 0.4
Replicate 1 377.1 1.6 0.4 387.5 10.0 2.6
Replicate 2  397.0 0.5 0.1
Replicate 3  388.3 1.0 0.3
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Appendix C. Total arsenic concentration

Table C23 Arsenic(V) adsorption isotherm experinar85 °C for CAC $ection 7.8

As SD RSD| Average SD RSD
ngLl* pgl* % | pgl' pgl' %

As(V)o 101.8 0.6 0.6
Replicate 1  44.1 0.2 0.5 46.5 2.4 5.2
Replicate 2  49.0 0.2 0.5
Replicate 3  46.3 0.1 0.2
As(V)o 312.0 0.5 0.2
Replicate 1  174.9 1.1 0.6 172.3 2.3 1.4
Replicate 2 171.5 0.5 0.3
Replicate 3 170.4 0.7 0.4
As(V)o 585.3 4.4 0.7
Replicate 1  381.5 3.2 0.4 383.0 2.4 0.6
Replicate 2  385.8 2.6 0.7
Replicate 3  381.7 3.4 0.9
As(V)o 937.7 3.5 0.4
Replicate 1  623.8 25 0.4 637.5 19.1 3.0
Replicate 2  659.3 1.6 0.2
Replicate 3  629.2 3.4 0.5
As(V)o 1269.6 2.8 0.2
Replicate 1  895.6 4.3 0.5 907.4 351 39
Replicate 2 879.6 2.1 0.2
Replicate 3  946.8 8.1 0.9
As(V)o 1629.1 3.1 0.2
Replicate 1 1199.0 2.8 0.2 11932 8.2 0.7
Replicate 2 1183.8 6.4 0.5
Replicate 3 11969 54 0.4
As(V)o 19799 4.3 0.2
Replicate 1 1450.2 7.5 05 14696 215 15
Replicate 2 1466.0 5.3 0.4
Replicate 3 1492.7 6.4 0.4
As(V)o 23378 5.3 0.2
Replicate 1 1720.1 7.8 05 17430 213 1.2
Replicate 2 1746.4 5.9 0.3
Replicate 3 1762.3 8.0 0.5
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Appendix C. Total arsenic concentration

Table C24 Arsenic(lll) adsorption isotherm expenmnat 25 °C for SCO7Section 7.3

As SD RSD| Average SD RSD
ngLl* pgl* % | pgl' pgl' %

As(l1) o 68.5 0.2 0.2
Replicate 1  10.6 0.1 0.6 9.6 1.0 10.2
Replicate 2 9.6 0.1 0.5
Replicate 3 8.6 0.1 1.1
As(l11) o 198.2 0.7 0.3
Replicate 1  29.2 0.1 0.3 29.2 2.2 7.5
Replicate 2 31.4 0.1 0.4
Replicate 3  27.0 0.2 0.6
As(l1) o 430.8 0.3 0.1
Replicate 1  75.5 0.1 0.1 71.7 10.2 143
Replicate 2 60.1 0.3 0.4
Replicate 3  79.5 0.2 0.2
As(l1) o 679.5 0.9 0.1
Replicate 1 131.5 0.2 0.1 135.4 10.9 8.0
Replicate 2 127.1 0.7 0.4
Replicate 3  147.7 0.2 0.1
As(l11) o 972.4 0.6 0.1
Replicate 1  156.9 0.4 0.2 149.9 6.6 4.4
Replicate 2  143.7 0.4 0.2
Replicate 3  149.0 0.2 0.2
As(l1) o 1186.0 3.0 0.2
Replicate 1  266.1 15 0.4
Replicate 2 264.8 0.6 0.2
Replicate 3 264.4 1.3 3
As(l1) o 1466.5 3.5 0.2
Replicate 1  311.8 0.5 0.2 325.7 12.4 3.8
Replicate 2  335.7 0.4 0.1
Replicate 3  329.6 1.7 0.5
As(l1) o 1741.0 106 0.6
Replicate 1  421.5 0.1 0.G 395.1 33.6 8.5
Replicate 2  406.5 1.7 0.4
Replicate 3  357.3 1.4 0.4

265.1 0.9 0.3
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Appendix C. Total arsenic concentration

Table C25 Arsenic(lll) adsorption isotherm expennat 25 °C for CAC$ection 7.3

As SD RSD| Average SD RSD
ngLl* pgl* % | pgl' pgl' %

As(l1) o 76.7 0.7 0.8
Replicate 1  72.0 0.6 0.8 73.8 2.2 3.0
Replicate 2  76.3 0.2 0.2
Replicate 3  73.1 0.6 0.8
As(l11) o 255.3 2.8 1.1
Replicate 1  213.5 0.8 04 228.5 13.3 5.8
Replicate 2  233.3 0.7 0.3
Replicate 3 238.8 0.9 0.4
As(l1) o 535.7 0.7 0.1
Replicate 1  489.5 0.9 0.2 492.0 4.0 0.8
Replicate 2  496.6 0.3 0.1
Replicate 3  489.9 0.8 0.2
As(l1) o 803.8 132 1.6
Replicate 1  745.8 6.8 0.9 755.7 8.8 1.2
Replicate 2 758.7 1.6 0.2
Replicate 3  762.5 0.4 0.1
As(l11) o 11089 114 1.0
Replicate 1 1024.2 0.7 0.1 10296 119 1.2
Replicate 2 1043.2 3.2 0.3
Replicate 3 1021.3 0.2 0.(
As(l1) o 1409.7 134 1.0
Replicate 1 1286.6 1.0 0.1 12921 4.8 0.4
Replicate 2 12944 2.3 0.2
Replicate 3 12953 2.3 0.2
As(l1) o 1681.8 26,5 1.6
Replicate 1 1522.8 3.9 0.3 15156 9.0 0.6
Replicate 2 1505.6 5.4 0.4
Replicate 3 1518.4 2.1 0.1
As(l1) o 2056.1 10.1 0.5
Replicate 1 1806.5 6.7 0.4  1800.0 6.5 0.4
Replicate 2 1799.9 4.0 0.2
Replicate 3 1793.6 3.0 0.2

255



Appendix C. Total arsenic concentration

Table C26 Arsenic(lll) adsorption isotherm expenmnat 35 °C for SCO7Section 7.3

As SD RSD| Average SD RSD
ngLl* pgl* % | pgl' pgl' %

As(l1) o 72.1 0.5 0.7
Replicate 1  11.4 0.1 0.7 11.5 0.3 2.3
Replicate 2  11.8 0 0.4
Replicate 3  11.3 0 0.3
As(l11) o 205.5 0.8 0.4
Replicate 1  36.9 0.2 0.5 43.6 59 136
Replicate 2  45.6 0.2 0.4
Replicate 3  48.2 0.2 0.3
As(l1) o 394.1 0.7 0.2
Replicate 1  85.8 0.2 0.2 86.6 1.7 2.0
Replicate 2  88.6 0
Replicate 3  85.4 0.2 0.3
As(l1) o 640.3 1.4 0.2
Replicate 1  126.3 0.1 0.1 140.5 155 11.0
Replicate 2 157 0.4 0.3
Replicate 3 138.1 0.5 0.4
As(l11) o 907.6 1.3 0.1
Replicate 1  213.2 0.1 0 207.9 10.8 5.2
Replicate 2 215.1 0.1 0
Replicate 3 195.5 0.6 0.3
As(l1) o 11475 11 0.1
Replicate 1 264.4 0.2 0.1 278.4 183 6.6
Replicate 2  271.7 0.8 0.3
Replicate 3  299.1 0.4 0.1
As(l1) o 14022 25 0.2
Replicate 1 370.4 0.7 0.2 355.2 13.6 3.8
Replicate 2 344.4 0.6 0.2
Replicate 3  350.7 0.3 0.1
As(l1) o 1667.8 3.6 0.2
Replicate 1  461.3 0.9 0.2 454.9 7.5 1.6
Replicate 2  456.8 0.6 0.1
Replicate 3  446.7 1.2 0.3
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Appendix C. Total arsenic concentration

Table C27 Arsenic(lll) adsorption isotherm expennat 35 °C for CAC$ection 7.3

As SD RSD| Average SD RSD
ngLl* pgl* % | pgl' pgl' %

As(l1) o 93.0 0.1 0.2

Replicate 1  68.8 0.3 0.4 71.8 2.7 3.7
Replicate 2  72.6 0.3 0.4

Replicate 3  73.9 0.3 0.3

As(l11) o 287.3 0.6 0.2

Replicate 1 226.4 0.9 04 226.8 15 0.6
Replicate 2 228.5 0.8 0.4

Replicate 3  225.6 0.3 0.2

As(l1) o 559.1 6.8 1.2

Replicate 1 472.4 0.7 0.1 475.5 3.3 0.7
Replicate 2  479.0 2.6 0.5

Replicate 3  475.1 1.0 0.2

As(l1) o 883.2 3.5 0.4

Replicate 1  729.8 1.6 0.2 735.9 5.9 0.8
Replicate 2 741.7 1.3 0.2

Replicate 3  736.2 2.3 0.3

As(l11) o 1176.8 25 0.2

Replicate 1  979.5 2.7 0.3 987.8 7.2 0.7
Replicate 2  992.3 1.6 0.2

Replicate 3 991.4 1.4 0.1

As(l1) o 1528.1 5.6 0.4

Replicate 1 1246.4 2.0 0.2 1237.7 7.6 0.6
Replicate 2 12339 1.8 0.1

Replicate 3 1232.6 0.4 0.(

As(l1) o 1809.4 4.9 0.3

Replicate 1 1506.7 4.3 0.3 14954 134 0.9
Replicate 2 1480.7 2.2 0.1

Replicate 3 1498.7 6.5 0.4

As(l1) o 21311 271 1.3

Replicate 1 17785 5.1 03 17750 107 0.6
Replicate 2 17836 1.4 0.1

Replicate 3 1763.0 2.8 0.2
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Appendix C. Total arsenic concentration

Table C28 Effect of competing ions on arsenic(\jagtion onto SCO7Section 7.%

As SD RSD| Average SD RSD
gLt pgl* % | pgl' pglt %
Control 246.9 0.7 0.3
Control (CI= 25 mg %) 250.3 0.5 0.2
Replicate 1 158.1 1.1 0.7 146.7 10.0 6.8
Replicate 2 139.4 0.9 0.6
Replicate 3 142.5 0.9 0.6
Control (CI=250mg L") 2664 19 0.7
Replicate 1 256.2 0.6 0.2 272.4 336 123
Replicate 2 250.0 0.7 0.3
Replicate 3 311.0 0.7 0.2
Control (PQ?=0.1mg LY 2752 08 0.3
Replicate 1 58.1 0.5 0.8 52.8 5.0 9.5
Replicate 2 48.1 0.1 0.2
Replicate 3 52.3 0.2 0.4
Control (PQ?=10mg L) 2580 08 0.3
Replicate 1 166.2 0.8 0.5 162.8 3.9 2.4
Replicate 2 158.5 0.2 0.]
Replicate 3 163.8 0.8 0.5
Control (SQ°=10mg L) 2587 19 0.7
Replicate 1 128.9 0.7 0.5 132.4 5.5 4.2
Replicate 2 129.6 0.1 0.1
Replicate 3 138.7 0.3 0.2
Control (SQ?=100mg L") 2499 1.2 05
Replicate 1 214.0 3.1 1.5 213.0 0.9 0.4
Replicate 2 212.9 1.1 0.5
Replicate 3 212.1 1.4 0.7
Control(Mn=0.1mgl}) 2448 08 0.3
Replicate 1 40.6 0.4 1.G 36.6 3.5 9.4
Replicate 2 34.5 0.2 0.5
Replicate 3 34.7 0.1 0.2
Control (Mn=0.4mgL}) 2530 04 0.1
Replicate 1 36.4 0.4 1.2 39.8 4.2 10.6
Replicate 2 38.4 0.3 0.8
Replicate 3 44.5 0.1 0.3
Control (Si= 5 mg L) 253.0 09 04
Replicate 1 185.6 0.5 0.3 181.6 7.9 4.4
Replicate 2 186.7 0.6 0.3
Replicate 3 172.5 1.8 1.0
Control (Si= 50 mg LY 2645 22 08
Replicate 1 273.6 0.8 0.3 276.6 6.5 2.3
Replicate 2 272.1 2.0 0.7
Replicate 3 284.1 1.0 0.4
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Appendix C. Total arsenic concentration

Table C29 Effect of competing ions on arsenic(\jagtion onto CAC%ection 7.%

As SD RSD| Average SD RSD
gLt pgl* % | pgl' pglt %
Control 255.9 0.3 0.1
Control (CI= 25 mg %) 265.4 0.7 0.2
Replicate 1 180.7 1.7 0.9 181.1 0.5 0.3
Replicate 2 180.9 0.6 0.3
Replicate 3 181.7 0.7 0.4
Control (CI=250mg L") 2714 06 0.2
Replicate 1 199.0 0.2 0.1 199.5 0.4 0.2
Replicate 2 199.5 0.9 0.5
Replicate 3 199.9 1.0 0.5
Control (PQ?=0.1mg LY 2684 1.2 05
Replicate 1 182.9 1.1 0.6 186.1 3.4 1.8
Replicate 2 189.7 1.6 0.8
Replicate 3 185.8 1.0 0.5
Control (PQ?=10mg LY 2501 23 0.9
Replicate 1 225.3 1.9 0.4 227.6 3.6 1.6
Replicate 2 225.7 2.4 1.1
Replicate 3 231.7 1.9 0.8
Control (SQ°=10mg L) 2781 09 0.3
Replicate 1 187.0 0.9 0.5 190.0 2.8 15
Replicate 2 190.6 0.7 0.4
Replicate 3 192.4 15 0.8
Control (SQ?°=100mg L") 2535 03 0.1
Replicate 1 202.0 1.3 0.6 199.0 34 1.7
Replicate 2 199.7 1.2 0.6
Replicate 3 195.2 2.1 1.1
Control(Mn=0.1mgl}) 269.0 10 0.4
Replicate 1 179.5 1.1 0.6 185.3 5.5 3.0
Replicate 2 186.1 0.3 0.2
Replicate 3 190.4 0.6 0.3
Control (Mn=0.4mglY 2851 14 05
Replicate 1 187.5 0.1 0.1 190.3 2.9 1.5
Replicate 2 190.1 1.3 0.7
Replicate 3 193.2 0.3 0.]
Control (Si= 5 mg L} 2466 08 03
Replicate 1 194.3 2.0 1.0 195.3 2.3 1.2
Replicate 2 193.7 0.6 0.3
Replicate 3 197.9 0.8 0.4
Control (Si= 50 mg %) 260.2 1.3 0.5
Replicate 1 243.3 0.4 0.2 243.4 1.4 0.6
Replicate 2 242.0 1.3 0.5
Replicate 3 244.9 0.6 0.3
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Appendix C. Total arsenic concentration

Table C30 Effect of competing ions on arsenic@dsorption onto SCOBéction 7.4

As SD RSD| Average SD RSD
gLt pgl* % | pgl' pglt %
Control 216.8 25 1.1
Control (CI= 25 mg %) 234.3 2.4 1.0
Replicate 1 98.4 0.5 0.5 100.4 3.0 3.0
Replicate 2 99.0 0.2 0.2
Replicate 3 103.9 0.2 0.2
Control (CI=250mg L") 2427 09 04
Replicate 1 194.3 0.6 0.3 192.7 2.6 1.3
Replicate 2 194.1 0.3 0.2
Replicate 3 189.7 0.2 0.1
Control (PQ?=0.1mg LY 2070 20 1.0
Replicate 1 28.5 0.2 0.6 26.6 1.9 7.2
Replicate 2 26.7 0.2 0.8
Replicate 3 24.7 0.0 0.1
Control (PQ?=10mg L) 1926 24 1.3
Replicate 1 102.6 0.2 0.2 103.3 2.2 2.2
Replicate 2 105.8 0.4 04
Replicate 3 101.5 1.2 1.1
Control (SQ°=10mg L) 2071 46 22
Replicate 1 94.1 0.3 0.3 97.0 2.5 2.6
Replicate 2 98.1 0.2 0.2
Replicate 3 98.7 0.1 0.1
Control (SQ?=100mg L") 2333 09 04
Replicate 1 169.9 2.0 1.1 170.4 1.6 0.9
Replicate 2 169.2 0.8 0.5
Replicate 3 172.2 1.0 0.6
Control(Mn=0.1mgl}) 2196 08 0.4
Replicate 1 26.0 0.2 0.4 26.0 0.8 3.1
Replicate 2 25.3 0.1 0.4
Replicate 3 26.9 0.1 0.4
Control (Mn=0.4mg LY 2199 18 0.8
Replicate 1 27.1 0.1 0.3 28.8 1.6 54
Replicate 2 29.2 0.1 0.3
Replicate 3 30.2 0.2 0.7
Control (Si= 5 mg L) 2506 26 1.1
Replicate 1 188.8 2.7 1.4 189.2 15 0.8
Replicate 2 188.0 0.8 0.5
Replicate 3 190.9 2.0 1.1
Control (Si= 50 mg LY 2615 15 06
Replicate 1 217.6 2.2 1.Q 214.4 55 2.6
Replicate 2 217.6 1.0 0.5
Replicate 3 208.1 15 0.7
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Appendix C. Total arsenic concentration

Table C31 Effect of competing ions on arsenic @dsorption onto CACSection 7.1

As SD RSD| Average SD RSD
gLt pgl* % | pgl' pglt %
Control 224.5 2.4 1.1
Control (CI= 25 mg %) 243.9 1.4 0.6
Replicate 1 1969 0.6 0.3 196.8 0.4 0.2
Replicate 2 197.2 0.9 0.4
Replicate 3 196.4 1.1 0.6
Control (CI=250mg L") 2488 03 0.1
Replicate 1 203.9 0.8 0.4 206.3 2.1 1.0
Replicate 2 208.0 0.2 0.]
Replicate 3 206.9 0.6 0.3
Control (PQ?=0.1mg LY 211.0 25 1.2
Replicate 1 194.6 0.3 0.2 196.0 1.2 0.6
Replicate 2 196.7 0.5 0.2
Replicate 3 196.6 0.6 0.3
Control (PQ?=10mg L) 1948 1.7 09
Replicate 1 211.7 0.3 0.1 211.9 1.0 0.5
Replicate 2 211.1 3.1 1.5
Replicate 3 213.0 2.1 1.0
Control (SQ?°=10mg L) 2503 35 1.4
Replicate 1 198.1 0.6 0.3 200.5 2.1 1.0
Replicate 2 202.0 0.7 0.4
Replicate 3 201.5 0.6 0.3
Control (SQ?=100mg L") 2348 09 04
Replicate 1 196.6 15 0.9 1954 1.1 0.5
Replicate 2 195.0 2.0 1.0
Replicate 3 194.5 1.8 0.9
Control(Mn=0.1mgl}) 2274 29 13
Replicate 1 199.1 0.9 0.5 202.2 3.7 1.8
Replicate 2 201.3 0.6 0.3
Replicate 3 206.3 0.1 0.]
Control (Mn=0.4mg LY 2412 18 0.8
Replicate 1 208.6 0.6 0.3 200.3 12.0 6.0
Replicate 2 186.5 0.3 0.]
Replicate 3 205.7 0.1 0.(
Control (Si= 5 mg L) 2505 19 08
Replicate 1 201.0 1.3 0.7 201.9 0.8 0.4
Replicate 2 202.3 0.7 0.4
Replicate 3 202.4 2.5 1.2
Control (Si= 50 mg LY 2624 22 08
Replicate 1 237.0 11 0.5 235.5 1.6 0.7
Replicate 2 235.7 2.7 1.2
Replicate 3 233.9 1.9 0.8
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Appendix D. Propagation of error for calculations wth arsenic

average concentrations

This appendix is included to clarify the handlinfytbe experimental data from
adsorption experiments. During adsorption experisietwo parameters were
measured, the pH and the arsenic concentrationeiiquid phase of samples{C
These values are reported in the result sectidheaaverage of the triplicates + the
standard deviation of the triplicates. Howeveraoms occasions it was necessary to
perform mathematical calculations with the raw gé&iainstance, the calculation of
the fraction of arsenic in solution, the percentagarsenic removed or the uptake

capacity of adsorbents.

The theory of propagation of random errors was ueethlculate the error of these
calculations. If Y =1(X, Z,...), then the stawd deviation (SD) of Y can be
estimated with Equation D1 This formula is limited to small random errorsdan
uncorrelated independent variables. Table D1 shibwsfunctions used to handle
data from adsorption experiments and the formulsedufor calculation of the

standard deviation.

avy\? aY\? :
by = j(ﬁ) o+ (2 5oz + Equation D1

Table D1 Functions used on arsenic adsorption expats and the formula for calculation
of the standard deviation.

Function Standard deviation (SD)

Fraction of arsenic in

f(Co,Ce) =g_z Ce J(SDCe)2 +(5DCO)2

solution C,y C,2 Co2
: Co—C 1%
Uptake capacity, q f(C, Co) = 0m “xV ENISDth + SD¢o?
- Co — C, Co |(SDce)?  (SDco)?
% Arsenic removal f(Co,Ce) = OC % 100 1006_6\]( Cc;) ( ch)
0 0 e 0

4 Emery, W. J. and R. E. Thomson (2004). Data Analydethods in Physical Oceanography,
Elsevier Science & Technology.
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Appendix E. Supporting information for Chapter 5

Table E1 ANOVA test for yield. Tests of within-sebjs effects (sphericity assumed).

Type Ill sum )

df Mean square F Sig.
Source of squares
CT 13.547 1 13.547 7.477 .041
Error(CT) 9.059 5 1.812
AT 715.335 1 715.335 157.625 .000
Error(AT) 22.691 5 4,538
At 70.325 1 70.325 43.647 .001
Error(At) 8.056 5 1.611
CT -AT 2.125 1 2.125 2.837 .153
Error(CT-AT) 3.746 5 .749
CT-At 4.142 1 4.142 1.562 .267
Error(CT-At) 13.254 5 2.651
AT-At 37.277 1 37.277 40.436 .001
Error(AT-At) 4.609 5 .922
CT-AT-At 11.505 1 11.505 4.678 .083
Error(CT-AT-At) 12.296 5 2.459

25 —
20 - —*
D 15 - o TT T ¢ At = 60 min
210 - —e— AT =600 °C
5 - - ®-AT =900 °C
0 T .
600 700 800 900
CT (°C)

Figure E1 Effect of CT at an AT of 600 and 900 %@l an At of 60 min on %yield of
SCAC.
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25
20 - y —*
i At = 180 min
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210 - ~=-e —e— AT = 600 °C
5 - ®-AT =900 °C
0 . ;
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CT (°C)
Figure E2 Effect of CT at an AT of 600 and 900 a@d an At of 180 min on %yield of
SCAC.
25
20 - TS
% 15 - At = 60 min
210 - —e—CT =700°C
5 - -®-CT=850°C
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Figure E3 Effect of AT at an CT of 700 and 850 2@d an At of 60 min on %yield of
25
20 -
% 15 - At =180 min
210 - ——CT=700°C
5 - -®-CT=850°C
0 . ;
500 700 900
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SCAC.

Figure E4 Effect of AT at an CT of 700 and 850 afd an At of 180 min on %yield of
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Figure E5 Effect of At at an AT of 600 and 900 d®d an CT of 700 °C on %yield of

SCAC.
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Figure E6 Effect of At at an AT of 600 and 900 dd an CT of 850 °C on %yield of

SCAC.

Table E2 Results from the ANOVA test of thé factorial experiment for per cent

arsenic(V) removal.

Type lll sum Degrees of

Source Mean square F Significance
of squares  freedom
CT 262.48 1 262.48 23.04 <0.001
AT 33995.70 1 33995.70 2983.65 <0.001
At 50.32 1 50.32 4.42 0.052
CT -AT 51.30 1 51.31 4.50 0.050
CT-At 3.02 1 3.02 0.27 0.614
AT-At 384.08 1 384.08 33.71 <0.001
CT-AT-At 11.72 1 11.72 1.03 0.326
Error 182.30 16 11.39
Total 88985.52 24

R?=0.995 (adjusted & 0.992)
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Figure E7 Effect of CT at an AT of 600 and 900 °@lan At of 60 min on per cent
arsenic(V) removal.
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Figure E8 Effect of CT at an AT of 600 and 900 &bd an At of 180 min on per cent
arsenic(V) removal.
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Figure E9 Effect of AT at an CT of 700 and 850 &d an At of 60 min on per cent
arsenic(V) removal.
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Figure E10 Effect of AT at an CT of 700 and 850 &@d an At of 180 min on per cent
arsenic(V) removal.
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Figure E11 Effect of At at an AT of 600 and 900 dhd an CT of 700 °C on per cent
arsenic(V) removal.
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Figure E12 Effect of At at an AT of 600 and 900 &hd an CT of 850 °C on per cent
arsenic(V) removal.
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Table E3 Results from the ANOVA test of thé fctorial experiment for per cent
arsenic(lll) removal.

Type Il sum Degrees of

Source Mean square F Significance
of squares  freedom
CT 36.43 1 36.43 62.89 <0.001
AT 36615.63 1 36615.63 63208.04 <0.001
At 80.63 1 80.63 139.19 <0.001
CT-AT 0.03 1 0.03 0.04 0.839
CT-At 2.30 1 2.30 3.97 0.064
AT-At 312.12 1 312.12 538.80 <0.001
CT-AT-At 0.10 1 0.10 0.18 0.679
Error 9.27 16 0.58
Total 88886.36 24

(a) R?= 1.000 (adjusted &= 1.000)
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Figure E13 Effect of CT at an AT of 600 and 900 a@l an At of 60 min on per cent
arsenic(lll) removal.
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Figure E14 Effect of CT at an AT of 600 and 900 &@d an At of 180 min on per cent
arsenic(lll) removal.
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Figure E15 Effect of AT at an CT of 700 and 850 &@d an At of 60 min on per cent
arsenic(lll) removal.
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Figure E16 Effect of AT at an CT of 700 and 850 &@d an At of 180 min on per cent
arsenic(lll) removal.
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Figure E17 Effect of At at an AT of 600 and 900 dhd an CT of 700 °C on per cent
arsenic(lll) removal.
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Figure E18 Effect of At at an AT of 600 and 900 dhd an CT of 850 °C on per cent
arsenic(lll) removal.
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Optimization of activated carbon synthesis from sugarcane for As(V)

removal

M. Velasco-Perez & K. M. Hiscock

School of Environmental Sciences, University of East Anglia, Norwich, United Kingdom

ABSTRACT

This research investigates As(V) removal from wa-
ter with sugarcane activated-carbon, a potentially
low cost adsorbent. The effect of synthesis variables
on arsenic removal was studied with a 2 factorial
experimental design. Activation temperature was
found to be the variable with more influence on ar-
senic removal (a=0.01). Arsenic removal increases
with activation temperature. The highest adsorption
capacity achieved was 36.40 pg g”'. Although results
are encouraging further work is necessary to eva-
luate effectiveness of sugarcane-activated carbon on
arsenic removal.

I INTRODUCTION

Presently there is great interest in developing low
cost and efficient arsenic removal technologies. On
one hand, in high income countries the cost of water
treatment has significantly increased due in part to
strict regulation. On the other hand, in low and mid-
dle income countries there is a need for affordable
and simple options for arsenic removal.

Current technology can be expensive and difficult
to implement and operate in low and middle income
countries (Gu et al., 2005). Recently, arsenic adsorp-
tion with activated carbon (AC) has received much
interest. An important limitation of AC is its rela-
tively high cost. However, cost may be reduced us-
ing a cheap and readily available precursor. Hence,
there is a need to investigate arsenic removal with
AC produced with potentially low cost precursors
(Budinova et al., 2009).

This research investigates the arsenic removal ca-
pacity of AC produced from sugarcane (SC). SC can
be a potentially cheap and readily available source
for production of AC in some regions. The top ten
SC producers are Brazil, India, China, Thailand, Pa-
kistan, Mexico, Colombia, Australia, Philippines and
USA (FAO, 2009). Also, according to the Bangla-

desh Sugarcane Research Institute the SC industry is
developing in Bangladesh.

2 EXPERIMENTAL

The objective of this research was to optimize the
synthesis parameters for production of AC from SC
for As(V) removal from water.

All chemicals were analytical reagent grade. Plas-
tic and glassware were cleaned using standard pro-
cedures. Total arsenic was analyzed by ICP-MS by
the standard addition technique. Stock solutions for
sorption tests were prepared with Na;HAsOy-7TH,0.

2.1 Preparation of activated carbon

Raw SC was squeezed, washed with ultrapure water,
cut and dried overnight at 373 K. Then, SC was
passed through 1 and 4 mm mesh sizes sieves,
washed with ultrapure water and dried overnight at
373 K. Then, SC was carbonized under a N, flow
(100 em’ min") at a heating rate of 5 K min’'. Then,
it was allowed to cool under a N flow. Next, it was
ground to <180 pm particle size. Then, it was acti-
vated under a CO; flow (100 em® min") at a heating
rate of 5 K min™. The activated SC was allowed to
cool under a N flow. Finally, AC was washed with
ultrapure water, dried and kept in a desiccator.

2.2 Optimization of activated carbon synthesis for
As(V) removal

To investigate the influence of different synthesis
variables of AC on arsenic removal, a screening ex-
periment was conducted using a 2* factorial experi-
mental design. This design explores the joint effects
of three variables at two levels with a minimum of
experimental runs. The screened variables were car-
bonization temperature, activation temperature and
activation time. AC samples were evaluated in sorp-
tion tests. Percentage of arsenic removal (Eq. 1) and
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percentage of activation burn off (Eq. 2) were calcu-
lated to compare AC’s performance.
As, — As,
% As removal=——x 100 (1)
As,
where Asg and As; are the initial and final concentra-
tions of arsenic, respectively.

90 burnoff = lOO—{E"‘—"x 1()0} (2)
sC
where W is the dry weight of SC after activation
and W is the dry weight of the precursor. Also, the
adsorption capacity (q) was calculated for some AC
samples. ¢ is usually reported as the amount of ar-
senic adsorbed per gram of adsorbent at equilibrium.
The effect of the synthesis variables in terms of
their influence on arsenic removal and burn off were
further investigated with an optimization experi-
ment. Carbonization temperature was set at 973 K,
carbonization time at 90 min and activation time at
120 min. Activation temperatures studied were
1023, 1073, 1123 and 1173 K.

3 RESULTS

An ANOVA test was run on the screening experi-
ment results to evaluate the individual and joint ef-
fects of synthesis variables on arsenic removal. It
was found that activation temperature had the great-
est influence on arsenic removal (0=0.01). The in-
fluence of activation temperature is clearly seen in
Table 1-A. Samples with the highest arsenic removal
were prepared at the highest activation temperature
(1173 K). Burn off increases considerably with acti-
vation temperature, AC activated at 873 K had a
burn off lower than 78.01 %. Whereas AC activated
at 1173 K had a burn off as high as 88.34 %.

Table 1. Synthesis parameters, % As removal and % burn off
for A-Screening experiment and B-Optimization experiment.
As=250 pg I'', pH, =8 and sorbent dose =5 g 1.

Activa-  Carboni- Activa-  Activa- As Burn
ted zation tion tion removal  off
carbon  temp. temp. time

sample K K min %o %
A-Screening experiment

ACO1 973 873 60 7.51 76.62
ACO2 1123 873 60 3.62 78.01
AC03 973 1173 60 46.94 84.02
ACO4 1123 1173 60 45.98 83.39
ACOS 973 873 180 2.19 77.30
ACO6 1123 873 180 2.72 77.78
ACO7 973 1173 180 57.00 88.34
ACO8 1123 1173 180 53.89 88.15
B-Optimization experiment

ACO9 973 1023 120 11.29 78.15
AC10 973 1073 120 15.11 79.76
AC11 973 1123 120 45.28 83.13
ACI12 973 1173 120 64.74 88.96

Appendix F. Conference papers

The effect of activation temperature on arsenic
removal was also observed in the optimization expe-
riment (Table 1-B). Arsenic removal increases with
activation temperature. Considering adsorption ca-
pacity and losses by burn off, AC samples with bet-
ter performance are ACO7 (g = 28.83 pg g, burn off
= 88.34 %), ACI1 (25.41 pg g, 83.13 %) and
ACI12 (36.40 pg g', 88.96 %).

pH values of samples treated with AC was little
affected. Initial pH was set at =8 and final pH ranged
from 7.02 to 7.71.

4 CONCLUSIONS

Sorption experiments revealed that high activation
temperature yields more efficient AC for arsenic re-
moval. However, % burn off increases significantly
with activation temperature. Consequently more SC
is needed to prepare equal amounts of AC with high
bumn off than for AC with low burn oftf, ACI2
achieved the highest arsenic removal of 64.74 %.
This AC was prepared at a carbonization tempera-
ture of 973 K, activation temperature of 1173 K and
activation time of 120 min.

Arsenic adsorption capacity was found to be rela-
tively low at 36.40 ug g'. However, the AC dose
used on sorption experiments was very conservative
(5 g I'"). Further work is necessary to assess the dose
effect of AC on arsenic removal. Also, arsenic re-
moval can be improved by loading AC with metals
such as Zn and Fe. This possibility needs to be ex-
plored too.
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School of Environmental Sciences, University of East Anglia, Norwich, NR4 7TJ, UK
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Abstract

Recently, activated carbon (AC) has been successfully used for arsenic removal. However, the
high cost of AC is a disadvantage in water treatment. This research investigates arsenic(V)
removal from water with different types of sugarcane activated-carbon (SC-AC). The use of
sugarcane was explored as a precursor for its low cost and availability in some regions. The effect
of synthesis variables on arsenic removal was studied with a 2* factorial experimental design.
Activation temperature was found to be the synthesis variable with more influence on arsenic
removal (p < 0.001). The capacity of SC-AC to uptake arsenic(V) increases with activation
temperature. The highest adsorption capacity obtained was 36.40 pg g”. Although results are
encouraging further work is necessary to evaluate effectiveness of sugarcane-activated carbon on
arsenic removal.

Keywords
Arsenic(V); activated carbon; sugarcane; activation temperature; water treatment

1. INTRODUCTION

Arsenic occurs in natural waters in a wide range of concentrations, from less than (1.5 pg 1" to more
than 5000 pg I (Smedley, 2002). Chronic exposure of humans to inorganic arsenic compounds
may lead to health cffects on the gastrointestinal tract, respiratory tract, skin, liver, cardiovascular
system, hematopoietic system, and nervous system among others (Mandal, 2002). Bangladesh is
one of the most severely affected countries by widespread arsenic contamination. The number of
people drinking water with an arsenic concentration higher than the national Bangladesh drinking
water standard of 50 pg I has been estimated to be 25 millions (Chakraborti et al., 2002).

Activated carbon (AC) has been used on water treatment for centuries. But to the best of our
knowledge it was not until the second half of the 20" century that Lee at al. (1972) published the
first study on arsenic removal with AC. Recently, adsorption of arsenic with AC has received much
interest (Di Natale et al., 2008, 2009). However, an important limitation of AC is its relatively high
cost (Manju et al., 1998). Cost of AC may be reduced using low cost and readily available
precursors. Hence, there is a need to investigate the arsenic removal capacity of AC produced from
potentially low cost precursors (Budinova et al., 2009).

Sugarcane (SC) can be a potentially cheap and readily available AC precursor in some regions. The
top ten producers of SC according to the Food and Agricultural Organization of the United Nations
are Brazil, India, China, Thailand, Pakistan, Mexico, Colombia, Australia, Philippines and USA
(FAQ, 2005). Also, according to the Bangladesh Sugarcane Research Institute the SC industry is
developing in Bangladesh (BSRI, 2009). For comparison, whereas Brazil produces 430 million
tonnes of SC per annum; Bangladesh produces 7.0-7.5 million tonnes (BSRI, 2009; FAO, 2005).
The research presented here investigates the As(V) removal capacity of an AC prepared from
sugarcane under different synthesis conditions.
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2. MATERIALS AND METHODS

2.1  Preparation of activated carbon

Sugarcane-activated carbon (SC-AC) was prepared with the following procedure. Raw SC was
squeezed, washed with ultrapure water, cut and dried overnight at 100 °C. Next, SC was passed
through 1 and 4 mm mesh size sieves, washed with ultrapure water and dried overnight at 100 °C.
Then, SC was carbonized under a N; flow of 100 em’ min” at a heating rate of 5 °C min™. Then, it
was allowed to cool under a N> flow. The carbonized SC was ground to <180 pm particle size and
activated under a CQ, flow of 100 ¢m® min™ at a heating rate of 5 °C min. The SC-AC was
allowed to cool under a N, flow. Finally, each gramme of SC-AC was washed 5 times with 200 mL
of ultrapure water, dried overnight at 100 °C and kept in a desiccator. Carbonisation and activation
were carried out in a horizontal tube furnace Carbolite CTF12-65-301.

2.2 Sorption experiments

All chemicals were of at least analytical reagent grade. Reusable plastic and glassware were cleaned
using standard procedures. Total arsenic was analyzed with ICP-MS (Thermo Electron Corporation,
model: X Series I) by the standard addition technique. Standards for analysis were prepared with
ultrapure water and commercially available arsenic standards.

Sorption experiments were conducted with ultrapure water spiked with As(V). Stock As(V)
solutions were prepared with dibasic sodium arsenate heptahydrate (Na;HAsO4.7H0).
Experiments were conducted in duplicate; the average of duplicates is reported here. For all
sorption experiments the SC-AC dose was set at 5 g I'', As(V) concentration at 250 pg 1" and pH at
8. The pH of solutions was adjusted with (.1 M sodium hydroxide (NaOH) or 2.25 M nitric acid
(HNQ:3). Reactors were shook for 24 hours. At collection samples were filtered through a 0.2 pm
membrane acetate filter and acidified with double distilled nitric acid (HNO;). Samples were stored
at 4°C until analysis. Analysis was conducted within a month of collection.

2.2.1 Screening experiment

The objective of the screening experiment was to investigate the influence of different synthesis
variables of SC-AC on As(V) removal. This experiment was planned using a 2° factorial
experimental design. Factorial designs can be used to study the effects of several factors on a
response (Montgomery, 2005). Also, factorial designs allow studying a process under a wide range
of conditions with a minimum of experimental runs. The 2° factorial design studies the individual
and joint effects of 3 factors at 2 levels on a response. In this research, the factors studied were
carbonisation temperature (700 & 850 °C), activation temperature (600 & 900 °C) and activation
time (60 & 180 min). The response studied was percentage of As(V) removal (Eq. 1)

% As(V) removal = W % 100 (0

where As(V)p is the initial concentration of As(V), As(V); is the final concentration of As(V).
Other parameters used to evaluate the performance of SC-AC samples were percentage of burn off
and adsorption capacity. Percentage burn off (Eq. 2) is defined as the loss of mass of the adsorbent
due to carbonisation and activation (Ioannidou et al., 2007),

% burn off = 100 - [$$ x 100] 2)

were W 18 the dry weight of SC after activation and Wy is the dry weight of the precursor. The
adsorption capacity, ¢, is usually reported as the amount of arsenic adsorbed per gramme of
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adsorbent at equilibrium. The adsorption capacity is expressed in units of pg g or mg g™ as
convenient.

2.2.2 Optimization experiment

The effect of the synthesis variables in terms of their influence on arsenic removal and burn off
were closely investigated through an optimization experiment. The values of variables used in this
experiment were selected on the basis of the results of the factorial experimental design (Section
2.2.1). Carbonisation temperature was set at 700 °C, carbonisation time at 90 min and activation
time at 120 min. The activation temperatures studied were 750, 800, 850 and 900 °C. All other
parameters remained unchanged.

2.3 pH of zero charge and scanning electron microscopy of selected sugarcane-activated
carbons

The pH of zero charge (pHzc) is an important sorbent property. The pHzc is the pH at which the
surface of the adsorbent has a net neutral charge (Hiscock, 2005). At higher pH values the surface
has a net negative charge and at lower pH values the surface has a net positive charge. Depending
on the pHze of the adsorbent and the pH of solutions, the adsorbent will either attract cations or
anions.

The pHze of selected samples of SC-AC was investigated. Four SC-AC samples were selected for
this study; samples AC05 and ACO6 (Table 1) with low % As(V) removal; and samples AC11 and
ACI12 with high % As(V) removal. The pHzc was measured with the immersion technique
(Bourikas et al., 2003). First, a 0.01 M sodium nitrate (NaNQO3) solution was prepared with free
carbon dioxide (CQ,) water. Then, solutions of different pH values were prepared with this nitrate
solution. Next, 0.15 g of SC-AC were placed in glass vials. Then, 20 ml of the pH-adjusted sodium
nitrate solution was added and the reactors were sealed and placed on a bottle shaker. After 48
hours the pH was measured and recorded. The pHzc was identified by plotting the initial pH value
versus the difference between initial and final pH values.

The scanning electron microscope (SEM/EDX) was used to analyse the topography and surface
composition of selected SC-AC samples. Samples were qualitatively analysed. A JEOL JSM-5900
LV microscope was used for the analysis. The samples analysed under the SEM include SA-AC
with low % As(V) removal (AC0S5 & AC06; Table 1-A) and SA-AC with high % As(V) removal
(ACO7, AC11& AC12).

3. RESULTS

3.1 Sorption experiments

Table 1 presents the synthesis parameters, % As(V) removal, % burn off and As(V) adsorption
capacity for SC-AC samples from the screening experiment (Section 2.2.1) and optimization
experiment (Section 2.2.2). A rapid examination of the data reveals that samples activated at 900°C
remove a greater percentage of As(V) than those activated at 600°C. Also, As(V) removal is almost
unaffected by variations on carbonisation temperatures and slightly affected by variations in
activation time. A rigorous examination of the data was conducted through an analysis of variance
(ANOVA) test. The ANOVA test was performed with the software SPSS version 14.0. The
ANOVA test (Table 2) confirms the previous observations. The factor with the greatest influence
on arsenic removal was activation temperature (p < 0.001). This factor contributed nearly 94% of
the total variability in arsenic removal. On the other hand, % burn off increases drastically with
activation temperature. AC prepared at an activation temperature of 600 °C had a burn off lower
than 78.01 %. Whereas AC prepared at 900 °C had a burn off as high as 88.34%.
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Table 1. Synthesis parameters, % As(V) removal, % burn off and adsorption capacity, g, for (A)
Screening experiment (Section 2.2.1) and (B) Optimization experiment (Section 2.2.2). Initial
As=250 pg I''; pH = 8; and sorbent dose =5 g 1",

Sample Carbonisation ~ Activation  Activation As(V) Burn off ~ Adsorption
temperature  temperature time removal capacity, q
(°C) (°C) (min) (%) (%) (nggh
A- Screening experiment
ACO1 700 600 60 7.51 76.62 3.81
ACO02 850 600 60 3.62 78.01 1.82
ACO03 700 900 60 46.94 84.02 24.24
AC04 850 900 60 45.98 83.39 23.52
ACO05 700 600 180 2.19 77.30 1.12
ACO06 850 600 180 232 77.78 1.38
ACO7 700 900 180 57.00 88.34 28.83
ACO8 850 900 180 53.89 88.15 27.57
B- Optimization experiment
AC09 700 750 120 11.29 78.15 6.34
AC10 700 800 120 15.11 79.76 8.42
ACl11 700 850 120 45.28 83.13 25.41
ACI12 700 900 120 64.74 88.96 36.40

The effect of activation temperature on As(V) removal was observed again in the optimisation
experiment (Table 1-B). This experiment intended to reach a trade off between arsenic removal
capacity and burn off of AC. The sample with highest As(V) removal was AC12 (As removal =
64.74 %, q = 36.40 pg g, burn off = 88.96 %) followed by AC07 (57.00%, 28.83 pg g, 88.34%)
and ACO8 (53.89%, 27.57 ug g, 88.15 %). Also, it was found that the pH of samples treated with
SC-AC was little affected. The initial pH was set at 8.01 + 0.22 for the screening experiment and
8.00 £ 0.25 for the optimization experiment. Final pH ranged from 7.02 to 7.71 for both
experiments.

Table 2. ANOVA test for the screening experiment

Source of variation Sum of Degrees of Mean Fo Prob>F
squares freedom square

Carbonisation temperature 13.820 1 13.820 0.279 0.612

Activation temperature 8813.924 il 8813.924 177.739  <0.001

Activation time 34.545 l 34.545 0.697 0.428

Carbonisation temperature & 0.124 1 0.124 0.003 0.961

activation temperature

Carbonisation temperature & 1.283 1 1.283 0.026 0.876

activation time

Activation temperature & 146.229 1 146.229 2.949 0.124

activation time

Carbonisation temperature, 10.775 1 10.775 0.217 0.654

activation temperature & activation

time

Error 396.714 8 49.589

Total 21501.468 16

Corrected total 9417.413 15
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32  pH of zero charge and scanning electron microscopy of selected sugarcane-activated
carbons

The pHzc was found to be 9.13 for ACO5, 10.13 for AC06, 9.77 for AC11 and 9.57 for ACI2.
These values reveal that SC-AC has a very basic character. SEM analysis of the surface of SC-AC
samples reveals that samples are mainly composed of carbon and oxygen. Most samples presented
silica ions at trace levels. Some samples presented concentrations below the detection limits of
sodium, calcium, magnesium, sulphur and iron. These results are confirmed by an ICP-MS mass
scan of a SC-AC blank sample (not shown here). Figure 1 shows photographs of SC-AC samples
taken with the SEM. These photographs illustrate the assortment of topographies found on SC-AC
samples. In general, samples are formed of particles of laminar structure of various shapes and
sizes. Particles with laminar structures with both defined and undefined pore patterns were present
in all samples. Particles with non-laminar structures were observed in sample AC02 and ACI2.
These particles seem to have a rough surface and a structure similar to a honeycomb. However,
there is not apparent relation between the synthesis parameters of SC-AC and development of
certain type of structures.

a) ACO5

i~ s

5
ypes of sugarcane-activated

Figure 1. Scanning electron microscopy potographs of different t
carbons. Micrographs have different magnifications.

DISCUSSION

Sorption experiments showed that high activation temperatures yield AC with higher As(V)
removal capacity. Juang et al. (2002) also noticed that higher activation temperatures increased the
adsorption capacity of AC made from bagasses for dye removal (Juang et al., 2002). However,
samples activated at high temperatures have high burn off. A high burn off implies that a great
proportion of the raw material will be lost during carbonisation and activation. A greater amount of
precursor is needed to prepare AC with high burn off than AC with low burn off. Also, activation at
high temperature requires more energy than activation at low temperatures.

The pHzc for both SC-AC samples with high and low arsenic sorption varies from 9.13 to 10.13.

Sorption experiments were sct at a pH of =8. At this pH arsenate ions are expected to be negatively
charged (Vaughan et al, 2005; Smedley et al.,, 2005). Hence, under the experimental conditions
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arsenic sorption on SC-AC may be favoured. However, the relationship between pH and As(V)
adsorption on SC-AC needs to be studied in more detail to find the optimum pH conditions.

Comparisons of performance of adsorbents, in terms of their ability to remove pollutants from
solutions, are difficult to make. The adsorption capacity, g, is generally used as an indication of
adsorbent performance. However, experimental ¢ values are obtained under a wide range of
experimental conditions. Hence, direct comparison of ¢ values obtained under different
experimental conditions is not possible. In this study the highest value of q was 36.40 pg g
(obtained with AC12). This value is modest compared with other values published in the literature,
For instance, in a study by Pattanayak et al. (2000), the adsorption capacity of fly ash AC obtained
for As(V) was 34.46 mg g'. The adsorption capacity of fly ash reported by Pattanayak et al. (2000)
is three orders of magnitude greater that the maximum adsorption capacity obtained for SC-AC in
this study. However, the experimental setting is very different too. The AC dose is the same in both
studies, Sg I'". But, initial As(V) concentration and pH values differ greatly. In the present study
sorption experiments were carried out at an As(V) concentration of 250 pg 1" and a pH of 8.
Pattanayak et al. (2000) used an As(V) initial concentration of 490 mg "' and a pH of 2.2.

4. CONCLUSIONS

This research investigated the influence of synthesis parameters of SC-AC samples on As(V)
removal, A 2° factorial experimental design was used for this purpose. The synthesis parameters
studied were carbonisation temperature, activation temperature and activation time. An analysis of
variance revealed that the variable with most influence on As(V) removal is activation temperature.
The SC-AC samples with highest As(V) uptake were AC12 (36.40 ug g™), ACO7 (28.83 ng g'') and
ACO8 (27.57 ug g'). All of these samples were prepared at an activation temperature of 900 °C, the
highest activation temperature evaluated here. The As(V) uptake obtained in this research by SC-
AC sorbents is modest. Nevertheless, SC-AC sorbent showed a fair sorption capacity for As(V).
More studies are necessary to evaluate the sorption capacity of SC-AC. As(V) uptake can be
improved with pre-treatment with acids and impregnation with metals. However, all this
modifications will make more complicated and costly the production process.
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