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ABSTRACT

Tyre wastes and their blends with coal and a bituminous waste material obtained from the
benzol distillation column of a by-product section of a coking plant were employed as a
precursor for the production of activated carbons (ACs). Pyrolysis up to 850 € followed by
physical activation with CO, produced mesoporous carbons with different pore size
distributions and surface areas. The surface chemistry of the samples was studied by
measuring the point of zero charge (pHp.) and by temperature programmed desorption
(TPD). The activated carbons obtained contained higher amounts of basic functional
groups. Their textural and surface chemistry characteristics make them highly suitable for
adsorbing acid dyes of large molecular size, such as Congo red. The adsorption kinetics
was found to conform closely to the pseudo-second-order kinetic model. To determine the
adsorption mechanism, the kinetic data were also analysed using the Weber and Morris
intraparticle diffusion model and the Boyd model to distinguish between the pore and film
diffusion steps. The equilibrium isotherms were of the Langmuir isotherm type. The
efficiency of the low-cost ACs prepared for the removal of Congo red dye was similar to that

reported in the literature for coal-based ACs and greater than that of other low-cost ACs.
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1. Introduction

Effluents from the textile, plastic, food, cosmetics or paper industries contain dyes that need
to be removed to avoid water contamination. The chemicals present in the waste range from
organic to polymers or inorganic compounds. In addition even very low concentrations of
dyes are visible and therefore need to be eliminated. Dyes are non-biodegradable or photo-
degradable. Moreover the decolouration of textile dye effluents does not occur when treated
aerobically by municipal sewerage systems, and some are known to be carcinogenic and
mutagenic. These industries consume an enormous amount of water that needs to be
treated, posing a serious economic and environmental problem. Although activated carbons
may be used to treat these effluents, the cost of such adsorbents is high. Hence there is a
need to find low-cost sorbents from wastes [1-4]. The wastes used so far to prepare what are
often referred to as “unconventional” adsorbents include coir pitch [5], fly ashes [6,7], orange
peel [8], sawdust [9 -11], palm shell [12], rice husk [9,13,14], etc.

The porous structure of activated carbons is the principal physical characteristic that
will determine their performance as adsorbents. In addition the presence of surface groups
containing heteroatoms will confer different chemical properties that will decide their final
application. The polarity, solubility and molecular size of the adsorbate and the pH of the
solution are other important factors that need to be taken into account when assessing the
effectiveness of an adsorbent [15]. There are many structural varieties of dyes that can be
classified as either cationic, nonionic or anionic. This is one of the reasons why it is important
to study the surface chemistry of the activated carbons used to eliminate them.

In addition the economic and environmental problems associated with the generation
of scrap tyres (End-of-Life-Tyres, ELTS) are increasing due to the enormous generation of
such wastes. Pyrolysis is considered as an optimal and environmentally friendly method for
the thermo-chemical conversion of wastes such as tyres. Three products can be obtained
from pyrolysis: gas with a high calorific value, pyrolytic oil that can be used as fuel and as a
source of benzene, toluene, xylene (BTX) or limonene and char that can be used as fuel,

adsorbent or carbon black [16-21]. In order to obtain products with a high percentage of



carbon and a low ash content, co-pyrolysis with coal or bituminous wastes is a good option
[22-24]. The co-processing of tyre crumbs with coal has been studied as a way to improve
coal liguefaction and hydro-pyrolysis [22, 23, 25, 26]. However until now little work has been
carried out on the co-pyrolysis of tyre wastes (reinforcing fibre and tyre crumbs) with coal or
with a bituminous waste [24].
The objective of the present study is to investigate the mechanism of the adsorption of
Congo Red dye by activated carbons that present different porous textures and surface
chemistry characteristics and were prepared from blends of two tyre wastes with coal and a

bituminous residue.

2. Materials and Methods

2.1 Materials

Three components are derived from the grinding of scrap tyres: tyre crumbs,
reinforcing fibre and steel. In the present study tyre crumbs and reinforcing fibre were used
to prepare five tyre waste — based activated carbons (ACs).

The activated carbons were obtained by means of pyrolysis in a rotary oven as
explained in a previous paper [23] followed by physical activation carried out in the rotary
oven at 850°C with a flow of 250 ml/min of CO,to a burn-off of 65+5%. The wastes used as
raw materials for the production of the ACs were: Tyre crumbs (TC) and reinforcing fibres
(RF) derived from grinding End-of-Life-Tyres (ELTs), 1:1 blends of TC and RF with a low
rank coal, and 1:1 blends of RF with a bituminous waste material (BWM).

The activated carbons (ACs) were milled and sieved to < 0.100 mm for the elemental
and proximate analyses and to between 0.5 — 0.1 mm for the adsorption analysis.

Ash content was determined following the 1S0O1171 standard procedure. The
elemental analysis was carried out using a LECO CHN-2000 instrument for C, H and N
analysis, a LECO S-144 DR device for sulphur analysis and a LECO VTF-900 instrument

for direct oxygen determination.



The Congo Red anionic acid dye (CR) is commonly used in the textile industry to

confer a red color. The physical properties of this dye are listed in Table 1.
2.2 Textural characterization

The textural properties of the ACs were studied by means of N, adsorption at 77 K
on a Micromeritics ASAP 2420 apparatus. The software package provided with the
equipment was used to determine the BET surface area (Sger) and the total pore volume
(V1) at p/pp=0.96. The micropore volume (Vprn2) Was determined by applying the Dubinin-
Radushkevich (D-R) equation to the lower relative pressure zone of the isotherm. The
mesopore volume (Vneso) Was calculated by subtracting the micropore volume from the total
pore volume (Vr). The average width of the micropores (L on2) Of the ACs was calculated
following the procedure of Stoeckli [27]. The Kelvin condensation theory was employed to
examine the mesopore volume distribution [28]. The mesopore fraction was expressed as
the ratio of the mesopore volume to the total pore volume (Vieso/V1).

The samples (approximately 0.25 g) were degasified under vacuum at 200 C for 12
h prior to N, adsorption to eliminate any moisture and condensed volatiles. The IUPAC pore
size classification that assigns a size of 2-50 nm to mesopores and a size <2 nm to
micropores was used.

2.3. Surface chemistry

The pH at which the sorbent surface charge has a zero value, is referred to as the
point of zero charge (pH,.). At this pH, the charge of the positive surface sites is equal to
that of the negative ones.

The point of zero charge determines the surface charge of the sorbent at a given pH
and this information reveals the possible electrostatic interactions between the sorbent and
chemical species [29] . The pHpzc of the ACs was determined according to the procedure
described by Moreno-Castilla et al. [30].

TPD analyses were carried out in an Autochem Il apparatus (Micromeritics). The

samples were heated at a constant heating rate of 10°C/min up to 1000°C under a He flow



of 50 cm®min.The desorbed gases were monitored using an Omnistar (Pfeiffer Vacuum)

mass spectrometer.

2.4. Adsorption test

In order to determine the equilibrium time, adsorption experiments were carried out
by shaking 50 mg of adsorbent mixed with 100 cm?® of dye solution in a concentration of 50
mg/dm? at 25 <C in an orbital shaker.

The concentration of the dye was measured using a U-2800A, Hitachi UV-Vis
spectrophotometer at a wavelength 497 nm. A digital pH meter (Mettler Toledo) with a glass
electrode was employed to measure the pH before and after contact.

Lagergren pseudo-first-order and pseudo-second order models and the intraparticle
diffusion model were applied to describe the CR adsorption process.

The Lagergren pseudo-first order model can be described by Equation (1), and

pseudo-second order model by Equation (2).
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Upon integration, Equations (1) and (2) may be written as:
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where t and q; are, respectively, time (min) and the amount of dye adsorbed by carbon at
time t (Mg/g); ge exp and g are the amount of dye adsorbed at equilibrium-experimental data
and equilibrium-calculated data, respectively, expressed as mg/g sample; and k; and k; are

the first (1/min) and second (g/mg min) order rate constants of adsorption. From the graph

of log(q, .,,—¢,) vs. t, ki and ge were calculated using Equation (3). In the case of the



pseudo-second order model k, and g. can be obtained from the graph of t/q vs. t, Equation
4).

The Weber and Morris intraparticle diffusion model was also used since most
adsorption processes can be described with Equation (5) [31]. This model considers
intraparticle diffusion as a rate limiting step.

q, =k, @' +C (5)
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where g, is the amount adsorbed at time t (mg/g), t = is the square root of the time and k,

is the rate constant of intraparticle diffusion (mg/g min*2

), Cis the intercept which is related
to boundary layer thickness.
In order to gain a better knowledge of the adsorption mechanism, the kinetic data

were also analysed by means of the Boyd model [32] as follows:

B, =—0.4977~In(1- F) (6)

B = [ﬁr— - (n;F] Jz (7)

where B, is function of F and F represents the fraction of solute adsorbed at a time t.
Equation (6) was used when F>0.85 and Equation (7) when F<0.85.

To determine the adsorption isotherm, various amounts of absorbent with the same
volume (100 cm®) of CR solution (50 mg/dm®) were used. Thus, 0.0075 — 0.1 g amounts of
activated carbon were introduced into flasks which were agitated until equilibrium was
reached. Moreover, a blank solution was used to check the adsorption of the sorbate on the
walls. After equilibrium had been reached, the concentration of the dye and the pH of the
solution were measured. Langmuir and Freundlich models were employed to measure the
adsorption capacity of the adsorbent by means of Equation (8) and Equation (9)

respectively.
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where (. is the concentration of CR on the adsorbent (mg/g), C. is concentration of CR at
equilibrium in solution (mg/dm?®), qmax is the monolayer capacity of the adsorbent (mg/g), b is
the Langmuir adsorption constant which is related to the energy of adsorption (dm®/g), K; is
the Freundlich constant (mg*" dm? "/g) and 1/n is the heterogeneity factor of the Freundlich
model which characterizes this heterogeneous system. The model used also describes

reversible adsorption and is not restricted to the formation of monolayers.

3. Results and discussion
3.1. Textural and surface chemistry characterization

The elemental compaosition and ash contents of the activated carbons are presented in
Table 2. All of the samples had a high C value. However, these carbons had high sulfur and
ash contents. In general, a high ash content is a drawback in adsorption applications since
the capacity of the adsorbent is considerably reduced [33]. The addition of coal and BWM
was observed to produce an increase in C and a decrease in the S and ash content of the
ACs.

The results relating to the porous texture are shown in the Table 3 and Figure 1. It can
be seen that the Sger values extend over a wide range: between 208 — 991 m2/g. The use of
coal in the preparation of the ACs increases the surface area. The lowest Sger value was
obtained for the AC carbon prepared from the blend of RF and the BWM. The total pore
volume was around 0.5 cm®/g except for RF/BWM. The ACs prepared were characterized
by a high mesopore volume, with the exception of RF/coal and RF/BWM. However, the
contribution of the mesopores to the total pore volume in the AC prepared from the
RF/BWM blend was 0.49 which is as high as that of the other samples except for the
RF/coal blend.

The pore volume distribution is shown in Figure 1. The two samples prepared from the

blends containing coal (especially RF/Coal) have a high micropore volume. The highest



mesopore volume corresponds to the sample prepared from TC. It should be noted that in
all prepared ACs the mesopore distributions were mainly in the 10-50 nm range.

The pore structure of the ACs prepared in the present research work is different to that
of most commercial grade carbons, which are mainly microporous. However, the high
mesoporosity of most tyre-derived samples is an advantage for the adsorption of large
molecular-size compounds from solution like Congo Red dye [34,35]. Congo Red dye
consists of large molecules with a width of 2.62 nm and a molecular weight (MW) of 650.7
g/mol (Table 1). Therefore, in spite of having the highest surface area the RF/Coal blend
may experience more difficulty in adsorbing Congo Red than the other samples due to its
microporous nature.

The combination of a high surface area and an appropriate pore size distribution is a
necessary precondition for using activated carbon as an adsorbent for a particular
application. However, the nature and the amount of surface groups of the activated carbons
must also be taken into account. In fact, although the sites associated with the surface
functional groups represent a very small proportion of the surface area, small variations in
their chemical nature can produce significant changes in the adsorption capacity of ACs.
Functional groups mainly affect the hydrophobic / hydrophilic and acidic / basic character of
ACs [33].

The characterization of the surface chemistry of ACs is not an easy task to perform.
Thus to study these activated carbons, two techniques widely used [36, 37] in research
related to the surface chemistry of adsorbents were employed: temperature-programmed
desorption (TPD) and pHpzc analysis.

Table 3 shows the pHpzc results. All of the activated carbons had a basic pHpzc, above
8. The pHpzc obtained for TC was close to the value obtained by Troca-Torrado for the
same material (pHpzc = 8.4) [3].

The adsorption experiments were performed at a pH of between 6.8 and 7.6. Taking into
account the pK, of Congo Red shown in Table 1, the CR dye was in the anionic form in this

solution.



Activated carbons with a pH pzc higher than the pH of the solution, have positive surface
charges. Therefore there is a strong attraction between the adsorbent and adsorbate
molecules [2, 15, 35]

TPD involves heating the carbon in a flowing carrier gas at a programmed heating rate
to induce thermal desorption of the adsorbed species from the carbon surface and provides
information about the thermal stability of the funtional groups present on the carbon
material. Figure 2 shows the CO (Figure 2.a) and CO, (Figure 2.b) TPD profiles for all the
ACs. The bands displayed in Figure 2 represent the decompostion of specific oxygenated
functional groups. Assuming there are no mineral matter effects or diffusional limitations the
evolution of CO, must be related to the presence of acid groups on the adsorbent surface
i.e. carboxylic acids, anhydrides and lactones, where C is bonded to two oxygen atoms [38].
CO desorption occurs at higher temperatures due to the decomposition of phenols, carbonyl
groups, ethers and basic structures such as quinones, chromenes and pyrones (where one
C atom is bonded to one oxygen atom) [39-45].

Activated carbons from TC and RF (Figure 2.b) present small peaks at temperatures
between 250 — 500 °C, indicating that these carbons had carboxylic acid groups on their
surface. The TC/Coal, RF/Coal and RF/BWM activated carbons show marked peaks at low
temperatures with maxima at 198 C, 190 € and 275 <. These peaks correspond to
strong carboxylic acids, while the peaks at higher temperatures (385, 365 and 378 °C for
TC/Coal, RF/Coal and RF/BWM, respectively) correspond to weak carboxylic acids [39, 46,
47].

However, the amount of carboxylic acid groups was not high compared to that of the
other surface oxygen functionalities, since gas phase oxidation increased the number of
lactone, phenol and carbonyl/quinone surface groups [41]

The CO, evolution profiles show sharp peaks at around 600°C that can be assigned to
different components: between 550-600 °C to peroxides, at 631-822 °C to lactones and

the peak at around 650°C to decomposition of mineral matter [39,45 47,49].



The peak at around 400 C on the CO curves (Figure 2.a) in ACs prepared from TC and
at 269 and 371 € on the curve from RF/BWM, is asso ciated to the decomposition of a-
substituted ketones and / or aldehydes [47]. The presence of phenol is also possible given
the increase in the CO signal in the 650-725 € range. In the 800-950 T temperature
range, the curve corresponding to the CO evolution shows a peak at around 800 T which
corresponds to carbonyl groups in quinone structures [39, 41, 44, 45]. Moreover, the shape
of the curves (Figure 2.a) indicates that at higher temperatures more CO was detected
which is indicative of the presence of chromenes and pyrones. The basic character of these
ACs is associated with the presence of oxygen-containing surface groups at the edge of
carbon crystallites such as carbonyls, pyrone and chromene-type structures [38].

Table 4 contains the data related to the amount of CO and CO, evolved during the TPD
experiments expressed as ymol/g of activated carbon. The amount of oxygen determined
by TPD was also included together with the ratio between the amount of CO and CO,
evolved during the experiments. Taking into account that CO is produced mainly due to the
decomposition of basic compounds and that the CO/CO, ratio is greater than 2 in all these
cases, the surface characteristics of the ACs as determined by TPD exhibit a basic

character. These findings are in agreement with the pHpzc results.

3.2. Equilibrium time

The adsorption of CR on the ACs was studied using the same CR concentration in all
cases (50 mg/ dm3). The results of adsorption of CR with time are presented in Figure 3
expressed as the amount of CR adsorbed (g, mg/g) as a function of time. An increase in the
adsorption time implies an increase in the removal of CR before equilibrium was achieved.

However, the time needed to reach equilibrium and the percentage of CR removed from
solution showed great variations as can be seen from Table 5. The shortest equilibrium time
corresponds to the ACs prepared from TC and RF which did not need a long time to reach
equilibrium. This may be due to the large contribution of mesopores (Table 3). In the case of

the ACs prepared from the blends that included coal (i.e. TC/Coal and RF/Coal) the time
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required to reach equilibrium were too high since values increased to values higher than 80
h min even though they had a higher surface area (SBET). The highest equilibrium time
corresponds to the AC prepared from the RF/Coal blend whose mesopore volume
contribution to the total pore volume is the lowest (see Table 3), despite having the highest
surface area. Also to be noted is the fact that the AC prepared from the RF/BWM blend has
an equilibrium time similar to that of RF and it has a very low surface area but its mesopore
contribution to the total pore volume is not the lowest. The use of coal for the preparation of
ACs produces an increase in the micropore volume (Figure 1) which leads to an increase in
the time required to reach equilibrium. The percentage of CR removed from solution, as
shown in Table 5, is related to its pHPZC. Due to the acidic character of CR, the higher the
point of zero charge is, the higher the percentage of CR removal after equilibrium has been
reached. RF with a pHpzc of 9.5 showed the highest percentage of dye removal (98%)
whereas RF/Coal with a pHpzc of 8.2 gave rise at the lowest percentage of dye removal
(81%).

The nature of the adsorption process depend on physical or chemical characteristics
of the adsorbent system and also on the system conditions. To describe the mechanism of
adsorption from aqueous solutions, attention needs to be focussed principally on the rate
limiting step. Numerous kinetic models mentioned in the literature can be applied [50]. In the
present study, the Lagergren first order and pseudo-second order kinetic equations were
used to describe the CR adsorption process [2, 5, 51]. Reaction kinetic equations give the
empirical rate constant which makes it possible to compare the adsorption kinetics of
different adsorbents.

The calculated rate constants and correlation coefficients are shown in Table 6. The
correlation coefficients of the first order model were sometimes very low and the difference
between the values of ge exp and the calculated values (g.) are significant. The second-order
kinetic model gave a better fit, the correlation coefficients were higher and the g. values
were closer to the experimental ones than those calculated by applying the first order model

except in the case of the RF/Coal adsorbent. However, the correlation coeficients were not
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as good as others found in the literature for the adsorption of CR on mesoporous activated
carbons [5, 35]. The plots of the linearized form of the second-order kinetic model for the
adsorption of CR on different samples are shown in Figure 4 where it can be seen that the
pseudo-second order kinetic model provided a good correlation for the adsorption of Congo
red.

The mechanism of Congo red removal from aqueous phase by adsorption is
assumed to consist of various steps: migration of the CR dye molecules from the bulk
solution to the surface of the sorbent, diffusion through the boundary layer to the surface of
the sorbent, intraparticle diffusion into the interior of the sorbent and adsorption on the solid
surface [51, 52]. The solid/liquid adsorption process is controlled by the slowest step. The
solute transfer is usually characterized by either boundary layer diffusion or intraparticle
diffusion or both.

It is widely accepted that the adsorption rate of an adsorbate during adsorption onto a
porous material is affected by mass transfer phenomena. As the above kinetic models were
not able to identify the diffusion mechanism, the intraparticle diffusion model based on the

theory proposed by Weber and Morris was applied [31]. Intraparticle diffusion is a typical rate

limiting step in adsorption on porous adsorbents [50, 53]. In general, the plot of g, vs. t % is

multilinear, which indicates that two or more steps occur in the adsorption process. In the
case of adsorbents with micro-, meso- and macropores, up to three linear sections are
obtained [50].

Figure 5a shows the intraparticle diffusion plots for adsorption of Congo red on the
prepared ACs. The plots were fitted using the linear regression method. Only in the case of
TC does the plot show a linear straight line passing through the origin, which suggests that
intraparticle diffusion is the only rate-controlling step in the adsorption of CR. This finding is
supported by the highly developed mesoporosity of the material. TC has a very high
mesopore volume (0.414 cm®g) and its mesopore contribution to the porous texture is also

very high (0.7).
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Both external diffusion and the intraparticle diffusion contribute to the whole
adsorption process in RF, RF/Coal and RF/BMW. As can be seen in Figure 5a, their g, vs. t*2
plots consist of two linear portions. The first linear portion stage is attributed to CR diffusion
into the pores of the adsorbent. The second linear portion represents the final equilibrium
step where intraparticle diffusion starts to slow down due to the very low adsorbate
concentration left in the solution. The extent of deviation from the origin of the first linear
portions indicates that the largest boundary layer thickness corresponds to RF. The
competitive adsorption of water on the basic surface of RF (pHpzc = 9.5, see Table 3) helps
to explain the greater bounday layer effect in the case of adsorption on RF [54].

Furthermore, to gain a deeper insight into the adsorption mechanism and to
distinguish between the pore and boundary layer diffusion steps involved in the adsorption
process the Boyd model was applied to the kinetic data (Figure 5b) [32, 55]. Only in the case
of RF does the B, versus t plot not pass through the origin indicating that boundary layer
diffusion is the slowest step in the adsorption. These results are in agreement with those
obtained with the Webber and Morris model.

In the case of TC/Coal adsorption process consisted of three steps. The removal of
Congo red was rapid in the initial period of contact time after which it gradually slowed down.
That is: it stopped with the increase in contact time. The CR molecules first entered the
macropores and wider mesopores, and after that, more slowly, the smaller mesopores and
wide micropores. This implies that intraparticular diffusion into the smaller mesopores and
micropores is the rate-limiting step for the TC/Coal.

The RF/Coal has the smallest slope in the first portion of the plots which suggests
that it has the slowest intraparticle diffusion rate. This can be explained by microporous
character of the material (Table 3). The RF/Coal is characterized by highly developed
microporosity (0.370 cm®g) and a low fraction of mesopores (0.21). It was at this stage that
TC showed the fastest rate of adsorption due to the high mesopore volume and high

mesopore contribution to the porous texture.
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3.3. Equilibrium Isotherms

Because the optimization of ACs as adsorbents is of primary importance, the
adsorption isotherms were studied in some depth. Adsorption isotherm models describe the
manner in which molecules of an absorbate interact with the surface of the adsorbent. The
kinetics of the process is essential to understanding the mechanism of the adsorption. The
experimental adsorption isotherms for CR in the five AC samples are plotted in Figure 6.

The literature has reported numerous models that explain the results obtained from
adsorption isotherms [5]. In this study, the Langmuir and Freundlich models were chosen
because the equilibrium isotherms obtained appeared to be mostly of the Langmuir
isotherm type [56]

The TC and RF isotherms reflect a large amount of dye adsorption at equilibrium at
high adsorbate concentrations. The shape of the isotherms is of the L-type, i.e. of the
Langmuir type. The Langmuir isotherm indicates that the adsorbent’s surface is covered by a
monolayer of molecules and that they are in a horizontal position. It also assumes that the
adsorbent is structurally homogeneous and that all the sorption sites are identical and
energetically equivalent [57]. The shape of the curves corresponding to TC/Coal, RF/Coal
and RF/BWM fit the Langmuir model.

The values of the Langmuir and Freundlich parameters are shown in Table 7. The
correlation coefficients of the linearized form of both equations indicate that the Langmuir
model provides a better fit for all the samples. The highest value for the Langmuir
monolayer capacity (gmax) cOrresponds to the adsorbent prepared from RF. As mentioned
above RF has the highest pHpzc value, though not the highest mesopore pere volume. In
general, the highest Vyes/Vr ratio corresponds to the adsorbents with the highest
monolayer capacity. Monolayer capacity is also related to the pHpzc. Thus, the higher the
point of zero charge is the higher the adsorption capacity of the CR acid dye. RF/Coal
exhibits a reasonable adsorption capacity despite its microporous texture. This suggests

that large micropores also contribute to the adsorption of CR.
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The results of qmax Obtained for the adsorption of CR on the adsorbents prepared
from waste tyres were similar to those reported in the literature for coal-based ACs (52-189
mg/g) [35]. Adsorbents prepared with other materials like coir pith, and orange peel showed

considerably lower gnax Values: 6.72 and 22.44 mg/g [5, 8].

4. Conclusions

Activated carbons prepared from tyre wastes have been successfully used to adsorb
Congo Red dye. The mesopore volume of the samples was between 0.078 and 0.414
cm®g. The high mesopore contribution to the total pore volume (0.49 — 0.70) and wide
microporosity make these pores easily accessible of large-molecular size dyes. The pHpzc
of the activated carbons was over 8, and the TPD experiments showed that most of the
functional groups present on the surface of the ACs were basic, which will facilitate the
adsorption of CR anions. The best results were obtained for RF which had a Vieso/Vr Of
0.62 and a pHpzc of 9.5.

The time required for equilibrium to be reached in all five ACs was found to be
dependent on the texture and the presence of mesopores, the latter facilitating the access
of high molecular size adsorbates to the porous structure of the adsorbent. A good
correlation was obtained between the experimental data recorded and a pseudo second-
order kinetic model. However, intraparticle diffusion plays an important role in adsorption on
porous adsorbents. For all tested ACs the intraparticle diffusion was the rate limiting step in
the adsorption process. Except in the case of TC, the boundary layer diffusion also affected
the adsorption of CR especially in RF. The Boyd model confirmed the importance of the
boundary layer diffusion in the case of RF.

The Langmuir theory explains the results of the adsorption equilibrium isotherms

better than the Freundlich model with correlation coefficients in the 0.965 - 0.999 range.
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Table 1. Physical properties of Congo Red.

Molecular Weight (g/mol) 650.7
Width (nm) 2.62

Depth (nm) 0.74
Thickness (nm) 0.43

pKa 55

Molecular structure:

0g—0-0—

NH,

SO;

21



Table 2. Elemental and ash analysis of ACs.

Samples C N S H O direct Ash
(Wt.%, db) (wt.%, db) (wt.%, db) (wt.%, db) (wt.%, db) (wt.%, db)
TC 57.0 0.4 4.1 0.2 15 37.8
RF 78.6 0.5 3.3 0.2 2.0 19.7
TC/Coal 73.2 1.1 2.3 0.2 0.6 23.1
RF/Coal 81.9 1.6 1.7 0.4 0.6 15.3

RF/BWM 84.4 1.6 2.8 0.4 1.9 111




Table 3. Textural properties of the ACs prepared and pHpzc results..

Sample Sger Vr VbR N2 Loz Vimeso Vinesol VT
m?/g cm’/g cm®/g nm cm®/g PHezc
TC 496 0.588 0.174 1.72 0.414 0.70 8.7
RF 392 0.402 0.151 1.33 0.251 0.62 9.5
TC/Coal 840 0.596 0.292 1.55 0.304 0.51 8.3
RF/Coal 991 0.467 0.370 1.29 0.097 0.21 8.2
RF/BWM 208 0.158 0.080 1.09 0.078 0.49 8.3
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Table 4. Amounts of CO and CO, released during the TPD experiments and calculated by

integrating the areas under the corresponding peaks.

CO CO, @)
CO/CO,
(Mmol/g) (Mmol/g) (Mmol/g)
TC 104 36 176 2.9
RF 223 94 410 2.4
TC/Coal 111 22 155 5.0
RF/Coal 140 40 220 35
RE/BWM 131 41 214 3.2
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Table 5. Experimental equilibrium times and CR removal.

Samples Equilibrium time (h) CR r((g/r;;oval
TC 16 86
RF 24 98
TC/Coal 80 83
RF/Coal 90 81

RF/BWM 24 a7




Table 6. Comparison of the first-order and pseudo second- order kinetics models of CR
adsorption.

First-order kinetic model

Second-order kinetic model

Sample
Qe exp ke Ge R? ka e R?
(mg/g)  (dm*min)  (mg/g) (g/mg min)  (mg/g)
TC 87 0.0014 58 0.765 3.110° 96 0.989
RF 99 0.0006 21 0.305 3.710* 94 0.997
TC/Coal 83 0.0007 56 0.967 2.710° 88 0.994
RF/Coal 81 0.0003 67 0.962 1.010° 90 0.947
RF/BWM 87 0.0009 60 0.734 3.710° 90 0.982
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Table 7. Equilibrium isotherm models for CR adsorption.

Sample Langmuir Freundlich
Olmax b R? Ky 1/n R?
(mg/lg)  (dm°qg) (mg"" dm*"/g)

TC 159 0.57 0.998 65 0.275 0.939
RF 200 2.08 0.999 108 0.224  0.902
TC/Coal 139 0.83 0.992 73 0.180 0.952
RF/Coal 120 0.09 0.965 20 0.439 0.888
RF/BWM 83 0.45 0.981 47 0.135 0.954
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