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Abstract—New carbon composite materials were prepared by pyrolysis of mixture of coffee wastes and red mud at
700 °C with the inorganic : organic ratios of 1.9 (CC-1.9) and 2.2 (CC-2.2). These adsorbents were used to remove
reactive orange 16 (RO-16) and reactive red 120 (RR-120) textile dyes from aqueous solution. The CC-1.9 and CC-
2.2 materials were characterized using Fourier transform infrared spectroscopy, Nitrogen adsorption/desorption curves,
scanning electron Microscopy and X-ray diffraction. The kinetic of adsorption data was fitted by general order kinetic
model. A three-parameter isotherm model, Liu isotherm model, gave the best fit of the equilibrium data (298 to 323 K).
The maximum amounts of dyes removed at 323 K were 144.8 (CC-1.9) and 139.5 mg g' (CC-2.2) for RO-16 dye and
95.76 (CC-1.9) and 93.80 mg g™ (CC-2.2) for RR-120 dye. Two simulated dyehouse effluents were used to investigate

the application of the adsorbents for effluent treatment.
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INTRODUCTION

As the demand for industrial products is a function of popula-
tion growth, the demand for industrial products gradually increases.
Dyes are coloring agents used by many industries, such as textiles,
paper and pulp mills, cosmetics, food, leather, rubber, among oth-
ers, for coloring their final products. The aftermath of the con-
sumption of these products leads to the formation of wastewater
contaminated with dyes. Textile industries make use of 35% of reac-
tive dyes [1]. Cotton fiber occupies the number one position among
all dyed textile fibers, and not less than 50% of cotton production
utilise reactive dyes [2]. It is estimated that about 10 to 60% of reactive
dyes are lost during textile dyeing, thereby generating large amounts
of colored wastewater [1]. The dye-containing wastewater discharged
from these industries unfavorably affect the aquatic environment,
obstructing light penetration, as a result, preventing the photosyn-
thesis of aqueous flora [3,4]. Allergy, dermatitis, skin irritation [5]
and cancer and mutation in humans [6-8] have been linked to con-
sequential impact of dyes in the environment. Treatment of reac-
tive dye effluents is a herculean task because reactive dyes possess
a complex aromatic molecular structure. This characteristic makes
reactive dyes more stable and difficult for being biodegraded [9,
10]. Due to stringent of global regulations [1], the effluents from
the textile industry have to be treated carefully before being dis-
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charged into the environment [11,12]. This regulation has led to an
increase in demand and quest for eco-friendly technologies to re-
move dyes from aqueous effluents [13,14].

One of the important unitary operations for the removal of syn-
thetic dyes from wastewaters is the adsorption process [15,16]. Ad-
sorption is preferable because of its simplicity and high efficiency,
as well as the availability of a wide range of adsorbents [17,18].
This process transfers the contaminant from the effluent to a solid
phase, thereby decreasing the bioavailability of the hazardous specie
to living organisms [19,20], since the toxicity of dye dissolved in
water is much higher than it loaded in a solid surface [7,21]. The
treated effluent can then be released to the environment [21,22];
alternatively, the water could be reused in some industrial processes
that do not require water of high purity [2]. Subsequently, the ad-
sorbents can be regenerated or stored in a dry place without direct
contact with the environment [14,18 21].

Activated carbon is one of the most employed adsorbents for ad-
sorption of organic compounds simply because it has well-devel-
oped pore structures with high specific area that favors high adsorp-
tion ability [23,24]. Moreover, the effectiveness of activated carbon
to adsorb toxic species depends on the nature of organic material
used for the generation of the activated carbon [24], as well as the
experimental conditions employed in the activation processes [24].
Conventionally activated carbons are prepared using a number of
chemical [25] and physical [26] activation methods. A combination
of the chemical and physical methods is used in some cases [27].

Red mud is a residue generated from the refining of bauxite for
alumina (Al,O;) production [28]. For every ton of ALO; produced,
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approximately one to two tons of red mud are generated [29]. Red
mud is a highly alkaline waste material with pH 10-13. Due to the
alkaline nature and the chemical and mineralogical species present
in red mud, this solid waste has a significant impact on the environ-
ment, and proper disposal of waste red mud presents a huge chal-
lenge where aluminum industries are installed [28,29]. As red mud
is a residue, it has been studied as low-cost adsorbent for removal
of dyes from aqueous solutions in several applications [28-31].

Brazil produces large amounts of organic wastes (such as coffee
wastes), and in 2012, Brazil emerged as the third highest annual
producer of aluminum in the world, corresponding to 14.3% with
a production of 31,768 10° ton of Al [32]. It could be estimated that
at least, 31,768 10° tons of red mud were produced. This work is
the first attempt that looks into the production of carbon composite
adsorbent by a pyrolysis of the mixture of coffee wastes and red
mud at 700 °C with the inorganic : organic ratios of 1.0 (CC-1.0) to
2.2 (CC-2.2). These adsorbent materials were tested for removal of
reactive orange 16 (RO-16) and reactive red 120 (RR-120) textile
dyes from aqueous solutions. These two dyes chosen are largely
used in Brazil for dying textiles [3,23]. Carbon composite adsor-
bents are a mixture of organic carbonaceous material with inor-
ganic components. This adsorbent material is different from activated
carbon, because it presents the organic matrix plus the inorganic
components. The aim of producing carbon composite using coffee
wastes and red mud is to improve the sorption capacity of the ad-
sorbent for dye removal in relation to only carbonized materials as
well as the inorganic red mud residue.

MATERIALS AND METHODS

1. Solutions and Reagents

For preparation of solutions, deionized water was used through-
out the experiments. The textile dyes, C.I. Reactive Orange 16 (RO-
16 C.I 17757; CAS 20262-58-2; C,,H,;N,0,,S;Na,, 617.54 g mol ',
=493 nm) at 50% purity and C.I. Reactive Red 120 dye (RR-
120, C.I. 25810; C,H,,CL,N,,0,S¢Na,, 1,469.98 g mol™") at 70%
purity, were supplied by Sigma-Aldrich (St. Louis, M.O. USA).
The dyes were used without further purification. The molecular struc-
tures of RO-16 and RR-120 are shown in Fig. 1(a) and Fig. 1(b),
respectively. The RO-16 has one sulfato-ethyl-sulfone group and
one sulfonate group while the RR-120 has six sulfonate groups. These
groups exhibit negative charges even in highly acidic solutions be-
cause they possess pK, values that are lower than zero [33].

A stock solution of 1.00 g L™ was prepared by accurately weigh-
ing a calculated amount of dye and dissolving in distilled water.
Various solutions for experimental work were prepared by diluting
the stock solution of the dye to the required concentrations. A 0.10
mol L™ sodium hydroxide solution or 0.10 mol L™ hydrochloric acid
solution was used to adjust the pH of the solutions. Schott Lab 850
set pH meter was used for measurement of the pH of the solutions.
2. Preparation and Characterisation Carbon Composite Adsor-
bents

Carbon composite adsorbents were prepared using the following
procedures: A 40.0 g of inorganic matrix (71.5% red mud+21.5%
lime+7.0% KOH) was mixed with a 40.0 g of coffee wastes mak-
ing an inorganic : organic weight ratio of 1.0 (CC-1.0). A 35 mL of
distilled water was added to the mixture to obtain a homogeneous

O (b)

Fig. 1. Structural formulae of (a) RO-16 and (b) RR-120 dye. Opti-
mized three-dimensional structural formulae of (c) RO-16
and (d) RR-120. The dimensions of the chemical molecule
were calculated using ChemBio 3D ultra version 12.0. For
respective RO-16 and RR-120, Connolly accessible area=
7.85 and 14.86 nm’; connolly molecular area=4.29 and 8.83
nm’; Connolly solvent excluded volume 0.380 and 0.830 nm’.

paste. This paste was placed in a mold disc of 6 cm diameter with
a thickness of 0.7 cm. Subsequently, the resulting material was wet-
shaped and dried at room temperature overnight and thereafter dried
in an oven at 120 °C for 10 h. Subsequently, up to 9 dried discs were
placed in a cage-like structure inside the stainless reactor (see Sup-
plementary Fig. 1) to allow a symmetric gas distribution and ensure
a homogeneous gas rate (argon at 100 mL/min) around them, in
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order to avoid formation of heterogeneous carbon composite adsor-
bents. The reactor inside the tubular fumace was then heated at 20 °C
min™' up to 700 °C, remaining at this temperature for 30 minutes.
Subsequently the adsorbent material was cooled to room tempera-
ture under argon (25 mL/min). The carbonized discs were then milled
and sieved to particle size 125 pum, and stored in an appropriate flask.
This carbon composite adsorbent was named as CC-1.0. Other car-
bon materials were prepared in a similar way with the inorganic :
organic ratio of 1.3 (CC-1.3); 1.6 (CC-1.6); 1.9 (CC-1.9); 2.2 (CC-
2.2). For comparison of sorption capacities, a carbonized material
was prepared without inorganic compounds, named as C-0, and
the red mud material without carbon fraction was named RM.

The carbon composite adsorbents were characterized to obtain
their morphologies by employing scanning electron microscopy
(SEM) using a JEOL microscope, model JSM 6060 (Tokyo, Japan)
[34].

The carbon composite adsorbents were also characterized using
vibrational spectroscopy in the infrared region with Fourier Trans-
form (FTIR) with the aid of a spectrometer Shimadzu model IR
Prestige 21 (Kyoto, Japan). Carbon composites and KBr were previ-
ously dried at 120 °C for 8 h, stored in capped flasks and kept in a
desiccator before the analysis. The spectra were obtained with a
resolution of 4 cm™" using 100 cumulative scans [35].

The N, adsorption-desorption isotherms of CC-1.9 and CC-2.2
samples were carried out at liquid nitrogen boiling point (77 K),
using a Nova 1000 surface analyser, using Quantachrome instru-
ments. Previously, the samples were degassed for 4 h at 140 °C under
vacuum. The specific surface areas were evaluated using the BET
(Brunauer, Emmett and Teller) multipoint technique [35] and the
pore size distribution was obtained by using the BJH (Barrett, Joyner
and Halenda) method [36].

The CC-1.9 was characterized by X-ray diffraction (XRD) with
a Philips X’pert MPD diffractometer (Netherlands) operating at 40 kV
and 40 mA with Cu Ke radiation (1=1.5406 A). Measurements
were done with scanning step width of 0.05° and time of 3 s, over
the 20range of 5-75° [11].

3. Adsorption Studies

The batch adsorption studies for probing the ability of carbon
composite adsorbents to remove RO-16 and RB-120 dyes from aque-
ous solutions were carried out in triplicate, using a standard batch
adsorption method. A 50.0 mg of adsorbent was placed in 50 ml
flat-bottom Falcon tubes containing 20.0 ml of dye solution (10.00 to
300.0 mg L"), which were agitated for an appropriate time (0.0833
to 10.00 h) using an acclimatized shaker (Oxylab, Sdo Leopoldo,
Brazil) at temperatures ranging from 298 to 323 K. The pH of the
dye solutions ranged from 2.0 to 10.0. Immediately after the batch
adsorption experiments, the tubes containing adsorbent and adsor-
bate were centrifuged at 10,000 rpm for 5 min using a Unicen M
Herolab centrifuge (Stuttgart, Germany) so as to to separate the ad-
sorbents from the aqueous solutions. Aliquots of 1-10 mL of the
supernatant were properly diluted with de-ionized water adjusted
to pH 2.0.

The final concentrations of the residual dyes in the solution were
measured by visible spectrophotometry with a T90+ UV-VIS spec-
trophotometer (PG Instruments, London, United Kingdom) fitted
with quartz optical cells. Absorbance measurements of RO-16 and
RR-120 dyes were made at maximum wavelength of 489 and 534
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nm, respectively.

The amount of dye removed by the adsorbents and the corre-
sponding percentage of removal were calculated with the aid of Egs.
(1) and (2), respectively:

_(C,-C)
q=—tL.V M

(€,-C)

0

%Removal =100- )
where, q is the amount of dye adsorbed by the adsorbent in mg g,
C, is the initial dye concentration in contact with the adsorbent (mg
L), C,is the dye concentration (mg L") after the batch adsorption
process, m (g) is the mass of adsorbent and V is the volume of dye
solution (L).

4. Quality Assurance, and Statistical Evaluation of the Kinetic
and Isotherm Parameters

All the experiments were done in triplicate to establish the reliabil-
ity, reproducibility and accuracy of the experimental data. The relative
standard deviations of all measurements were less than 5% [37].
Blank tests were run in parallel and corrected when necessary [38].

All dye solutions were stored in airtight glass flasks, which were
cleaned by being immersed in 1.4 mol L™ HNO, for 24 h [39], rinsed
several times with de-ionized water, dried and stored in a flow-hood.

Standard solutions of dyes with concentrations ranging from 5.00
to 130.0 mg L' were used for analytical calibration, in parallel with
a blank solution of water adjusted to pH 2.0. The linear analytical
calibration of the curve was done using the UVWin software of the
T90+ PG Instruments spectrophotometer. The spectrophotometric
detection limits for RO-16 and RR-120 dyes were 0.11 mg L' and
a0.19mg L', respectively, obtained with a signal/noise ratio of 3
[40]. All the analytical measurements were carried out in triplicate,
and the precision of the standards was better than 3% (n=3). A 50.0
mg L' standard dye solution was employed as a quality control after
every five determinations during spectrophotometric measurements
for verification of the accuracies of the RO-16 and RR-120 sample
solutions [36].

A nonlinear method, with successive interactions calculated by
the Levenberg-Marquardt method, was used for fitting the kinetic
and equilibrium data. Interactions were also calculated using the
Simplex method, based on the nonlinear fitting facilities of the Micro-
cal Origin 9.0 software. The models were evaluated using a deter-
mination coefficient (R?), an adjusted determination coefficient (R’,;)
and an error function (F.,..,) [3,4]. F.... is a measured of the differ-
ences between the theoretical amount of dye removed by the ad-
sorbent and the actual the amount of dye measured experimentally.
Egs. (3), (4) and (5) are the mathematical expressions of R’, R,
and F,,,,, respectively.

J — 2_< 2
Z(qi, exp” qi, exp) - Z(qi,exp - qi,madel)
i i

R’= ; - 3)
Z(qi,exp - Qi,exp)
2 _1=(1-RY). &)
Rl =1-(-R) (2o @
1 w 2
Ferr()r:/\/(nTp)'Z(qi,ex}?_qi,model) (5)
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;. moae 1 the each theoretical value of q predicted by the model, g, ..,
is the each value of q measured experimentally, q.,, is the average
of qmeasured experimentally, n is the number of experiments per-
formed, and p is the number of parameters in the fitting model [3,4].
5. Kinetic Adsorption Models

The kinetic equations used in this work are:

Pseudo-first order (Eq. (6)); pseudo-second-order (Eq. (7)); gen-
eral-order kinetic model (Eq. (8)); and intra-particle diffusion model

(Eq. 9.

q,=9q.[1-exp(=k; )] ©)

P T

0 @) o] @

qr:qe_ -1 qe 1/1-n (8)
[k(q,)" -t-(n-1)+1]

q=k/t+C ©)

For further details of these models, please see Supplementary
material [22,41-44].
6. Equilibrium Models

The Langmuir (Eq. (10)), Freundlich (Eq. (11)) and Liu (Eg. (12))
are the equilibrium equations used in this work.

_ Qmwr‘ KL | Ce
971K, G, (10)
9. =K C" (11
“(K,-C))"
_ Q- (K, en) 1)
1+(K,-C,)"

For further details of these models, please see Supplementary mate-
rial [45-47].
7. Simulated Dye-house Effluent

Two synthetic dye-house effluents, each containing five repre-
sentative textile dyes commonly used for coloring fibers and their

Table 1. Chemical composition of the simulated dyehouse efflu-
ents

Concentration (mg L™)

Dye Effluent A Effluent B
Reactive orange 16 (4, 489 nm) 20.00 5.00
Reactive red 120 (4, 534 nm) 5.00 20.00
Cibacron brilliant yellow 3G-P (4, 402 nm) 5.00 5.00
Procion blue MX-R (4,,.. 594 nm) 5.00 5.00
Reactive black 5 (4,,,. 598 nm) 5.00 5.00
Auxiliary chemical

Na,SO, 80.0 80.0
NaCl 80.0 80.0
Na,CO, 50.0 50.0
CH,COONa 50.0 50.0
CH;COOH 300.0 300.0
pH 2.0* 2.0*

*pH of the solution adjusted with 0.10 mol L™ HCI and 0.10 mol L™
NaOH

corresponding auxiliary chemicals using a mixture of different dyes
largely applied in the textile fiber industries, were prepared at pH
2.0. Based on the useful information obtained from a dye-house,
10-60% [1] of typical synthetic dyes and 100% of the dye bath
auxiliaries remain in the spent dye bath, and its composition under-
goes a 5-30-fold dilution during the subsequent washing and rins-
ing stages [3,13,14,18,21,22]. Table 1 shows the auxiliary chemicals
and concentrations of various dyes selected to mimic an exhausted
dye bath [3,13,14,18,21,22].

RESULTS AND DISCUSSION

1. Preliminary Results and Characterization of Carbon Com-
posite Adsorbents

Carbon composite adsorbents are a mixture of organic carbon-
aceous material with inorganic components. This adsorbent mate-
rial is different from activated carbon, because it presents the organic
matrix plus the inorganic components. Both organic mixed with
inorganic enhances the sorption capacity of the adsorbent. To the
best of our knowledge, this is the first paper reporting the use of
carbon composite adsorbent of an organic matrix with red mud (RM)
for the removal of dyes. The inorganic components used in this work
were 71.5% red mud+21.5% lime+7.0% KOH. RM, the inorganic
component, has already been used as a low-cost adsorbent, [28-30]

(a) RO-16 removal
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z
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g
& 407
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107
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RM c-0 CC-1.0 CC-1.3 CC-1.6 cCc-1.9 oc-2.2
Adsorbents
(b) RR-120 removal
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Fig. 2. Preliminary experiments of sorption capacity of different
adsorbents for RO-16 and RR-120 dyes removal from aque-
ous solutions. The initial pH was fixed at 2.0; adsorbent mass
50.0 mg, temperature 298 K, and initial dye concentration
of 50.0 mg L',
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and its use is eco-friendly since it is a hazardous environmental pas-
sive, whose contents need to be decreased. Lime was used to give
garter between all the components forming the paste that was dis-
posed in the discs (see supplementary Fig. 1). Potassium hydroxide
is usually used as activating agent in the production of activated
carbons [25]. Usually, the chemical activation involves the impreg-
nation of organic matrix (solid) with aqueous solutions of inorganic
salt. Then the aqueous solution is eliminated in a furnace, before
the carbonization and activation. However, this procedure did not
provide a homogeneous distribution of the inorganic in all the organic
carbonaceous materials [25]. On the other hand, the material in the
form of discs was placed in a cage-like structure inside the stain-
less reactor, which allowed a symmetric inert gas distribution and a
more isothermal condition to the production of the carbon com-
posite material.

Different adsorbent materials were tested for the removal of 200
mg L' of RO-16 and RR-120 dyes from aqueous solutions (see
Fig. 2). As can be observed, the carbonized coffee wastes (C-0) at
700 °C had the lowest percentage of removal of dye (<25.5% for
RO-16 and <17.6% for RR-120) among all adsorbents tested. The
RM exhibited percentage removal of 45.6, and 40.5 for RO-16 and
RR-120 dyes, respectively. But the carbon composite formed by RM
and coffee wastes presented percentage removal of at least 60.5 and
55.7% for RO-16 and RR-120 dyes, respectively. The results show
that the carbon composite materials have higher sorption capacity
than RM and carbonized coffee wastes alone. Since the best per-
centage of dye removal was attained using CC-1.9 and CC-2.2, these
two adsorbent materials were chosen to continue the remaining part
of the experimental work.

Table 2. Vibrational FTIR bands of CC-1.9 and CC-2.2
CC-1.9

Band (cm™)  Assignments (Alencar et al., 2012b;
Cardoso et al., 2012; Prola et al., 2013a)

3124-3004 O-H stretch

2906 C-H asymmetric stretch

2750 C-H stretch of aldehyde

1773 C=0 asymmetric stretch of ester

1727 C=O0 stretch of aldehyde

1630, 1431 Rings mode of aromatic

1536 C-O stretch of inorganic carbonate

1379 C-H bend of aldehyde

1244 C-O stretch of phenols

1077, 1005 C-O stretch of alcohols or Si-O stretch of silicates

895 C-O of inorganic carbonate

818,663,513  CH - out of plane bends of aromatic rings

CC-2.2

3158 O-H stretch

2932 C-H asymmetric stretch

2364 and 2328 Probable CO, adsorbed on the sample

1810 C=0 asymmetric stretch of ester

1770 C=0 asymmetric stretch of ester

1654 Rings mode of aromatic

1539 C-O stretch of inorganic carbonate

1233 C-O stretch of phenols

890 C-O of inorganic carbonate

817 CH - out of plane bends of aromatic rings

(d

Fig. 3. Scanning electron microscopy images of: (a) 1,000 x magnification CC-1.9; (b) 2,000 x magnification CC-1.9; (c) 1,000 x magnifica-

tion CC-2.2; (d) 2,000 x magnification CC-2.2.
August, 2014
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FTIR technique was used to examine the surface groups that are
present in CC-1.9 and CC-2.2 adsorbents and identify the groups
responsible for adsorption of RO-16 and RR-120 dyes. Infrared spec-
tra of the biosorbents were recorded in the range 4,000-400 cm™
(Table 2). Table 2 shows the band assignments [3,14,22] of the func-
tional groups present in CC-1.9 and CC-2.2. The functional groups
present in the two carbon adsorbents are identical except for some
small shifts of vibrational bands (Supplementary Fig. 2 and Table
2). The major groups found in both carbon materials include O-H
(alcohols, phenols), C=0 (esters and aldehydes), aromatic rings, C-
O (phenols, alcohols, and inorganic carbonate), Si-O (silicates), C-
H (aromatics, aliphatic chains).

The textural properties obtained using nitrogen adsorption/des-
orption curves are superficial area (S,;;), 12.3 and 6.6 m* g'; aver-
age pore radius (BJH), 1.9 and 1.9 nm; NLDFT pore radius (Mode),
1.3 and 1.4 nm; and total pore volume, 0.11 and 0.11 cm® g', for
CC-1.9 and CC-2.2, respectively. Supplementary Fig. 3 presents
the graphs of NLDFT pore radius distribution. Although, the aver-
age pore radii of carbon materials obtained by the BJH method are
a little bit higher than the values obtained by NLDFT pore as shown
in Supplementary Fig. 3. It is unusual to observe that there is a pres-
ence in lower proportion of pore radius of up to 30 A (pore diame-
ter of 6 nm). The maximum longitudinal lengths of RO-16 and RR-
120 dyes are 1.68 and 2.48 nm, respectively, as shown in Figs. 1(c)
and 1(d). For these dye molecules to enter inside the pores of car-
bon materials, pore radius of at least 0.84 nm (8.4 A) and 1.24 nm
(12.4 A) is required. Note that the S, of the carbon composite mate-
rials are lower when compared with activated carbons [3,23], because
the inorganic components are distributed throughout the organic
matrix, closing the pores of the carbon. However, the inorganic com-
ponents also act as adsorbent, enhancing the sorption capacity of
the adsorbent, as discussed above (see Fig. 2).

The SEM images of CC-1.9 and CC-2.2 as shown in Fig. 3 in-
dicate that the two adsorbents have similar textural appearances.
Both carbon materials lost their fibrous material characteristics after
pyrolysis at 700 °C [14]. The roughness of the carbon materials is
noticeable. The remarkable difference is that CC-1.9 carbon mate-
rial possesses small pieces of carbon; on the other hand, CC-2.2
with lower content of inorganic matrix possesses pieces of carbon
with higher dimension. Macropores (pore with &>50 nm) are visi-
ble in both carbon composite materials.

Supplementary Figs. 4(a) and 4(b) show the thermogravimetric
profiles of CC-1.9 and CC-2.2, respectively. The thermogravimet-
ric profiles’ data of CC-1.9 and CC-2.2 are comparable with those
of activated carbons already reported [23]. From 200 to 600 °C, both
carbon materials have thermal stability with slightly mass loss (<3%).
The decomposition of activated carbons occurs only above 600 °C
[23]. Similarly, these thermograms reveal that a high content of inor-
ganic matrix is present in both carbon materials.

X-ray diffractogram of the CC-1.9 is presented in Supplemen-
tary Fig. 5. The XRD patterns of the CC-1.9 indicate the presence
of calcite. syn. (JCPDS Card 00-005-0586) in as-prepared powder,
but a calcium aluminum silicate phase (JCPDS Card 00-052-1344)
is also detected. These inorganic components were mixed with coffee
wastes in the carbon composite preparation. The CC-2.2 diffracto-
gram was not inserted in the manuscript, but the results are quite
similar to those reported in Supplementary Fig. 5.
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Fig. 4. Effect of initial pH on the sorption capacity. (a) RO-16; (b)
RR-120. Conditions: temperature 298 K; adsorbent mass
50.0 mg; and initial dye concentration of 50.0 mg L.

2. Effects of pH of Dye Solutions on Adsorption

The pH of the adsorbate solution is one of the influential factors
affecting the adsorption of dye on an adsorbent [3,4,19]. Different
dyes have different ranges of suitable pH depending on the type of
adsorbent used. The effects of initial pH on percentage removal of
RO-16 and RR-120 dye solutions (50 mg L") using CC-1.9 and
CC-2.2 adsorbents were investigated within the pH range of 2 and
10 (see Fig. 4). The characteristics of both dyes being adsorbed by
both carbon composites were similar. The percentage of dye removal
decreased from ca 88.2% (pH 2.0) to ca 68.7% (pH 7.0) for RO-16
dye. In a similar manner, the percentage of RR-120 dye removed
was found to decrease from ca 91.5% (pH 2.0) to ca 61% (pH 7.0).
Despite the fact that the adsorption of both dyes on the carbon com-
posite adsorbents was favorable at initial pH of 2.0, the decrease in
the percentage of dye removal is not too low when compared with
agricultural residues used as biosorbent [14,19,20,22] where the
decrease of percentage of dye removal could easily reach 60% [14].

Due to the observation of this pH phenomenon, other adsorp-
tion experiments of RO-16 and RR-120 dyes on CC-1.9 and CC-
2.2 adsorbents were carried out at the initial pH 2.0.
3. Kinetic Studies

Nonlinear pseudo-first order, pseudo-second order and general-
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Fig. 5. UV-Vis spectra of simulated dye effluents before and after
treatment with CC-1.9 and CC-2.2. (a) Effluent A; (b) Efflu-
ent B. For composition of effluents, see Table 1.

order kinetic models were used to assess the kinetics of adsorption
of RO-16 and RR-120 dyes onto CC-1.9 and CC-2.2 adsorbents
(Supplementary Figs. 6 and 7). Supplementary Table 1 shows the
fitting parameters of the three kinetic models. Taking into consid-
eration that the experimental data were fitted to nonlinear kinetic
models, an error function (F,,,,,) was used to evaluate the fit of the
experimental data. The lower the F,,,,, the lower the difference be-
tween the values of q calculated theoretically and q measured ex-
perimentally (see Eq. (5))[4,15,21,23]. Note that the F,,,. used in
this work takes into account the number of fitting parameters (p
term of Eq. (5)) since it is reported [48] that the best fit of the results
depends on the number of parameters present in nonlinear equa-
tions. Thus, the number of fitting parameters should be taking into
consideration while calculating the F.,,.,. To compare the different
kinetic models, the F.,,, of each individual model was divided by
the F,,,.,. of the minimum value (F.,,,,, ratio). It was found that the
F,,.. ratio values for the general order kinetic model were always
1.00. The pseudo-first order kinetic model has F.,,,,,. ratio values rang-
ing from 6.67 to 9.33 (CC-1.9) for the dye RO-16 and 12.51 to 12.56
(CC-2.2). Correspondingly, the pseudo-second order model has F,,,.,.
ratio values ranging from 3.85 to 3.86 (CC-1.9) and 4.94 to 7.35
(CC-2.2). For the dye RR-120, the pseudo-first order kinetic model
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has F,,,,, ratio values varying from 2.59 to 3.49 (CC-1.9) and 1.43
to 4.16 (CC-2.2). Similarly, the F,,,,, ratio values of pseudo-second
order model varied from 2.59 to 3.49 (CC-1.9) and 2.64 to 13.58
(CC-2.2). These results clearly indicate that the general-order kinetic
model explains the adsorption process of RO-16 and RR-120 dyes
onto CC-1.9 and CC-2.2 adsorbents better than the other two kinetic
models.

Since the general-order kinetic equation takes different values of
n (order of adsorption reaction) when the concentration of the ad-
sorbate is changed (see Supplementary Table 1), it is difficult to com-
pare the kinetic parameters of the model. In this regard, it is useful
to use the initial sorption rate h, [43]to evaluate the kinetics of a
given model by using Eq. (13).

ho=k,-q¢ (13)

In Eq. (13), h, is the initial sorption rate (mg g ' h™"), k, is the rate
constant [h™'(g mg™)""], [22] q. is the amount adsorbed at the equilib-
rium (mg g "), while n is the order of the kinetic model. It should
be emphasized that this equation has the same initial sorption rate
as when n=2 as early reported [43]. We observed that an incre-
ment in the initial dye concentration leads to an increase in the initial
sorption rate for all kinetic models, as expected. This observation is
an indication that there is consistency with the experimental data
[3,14,18,20,22]. Since the kinetic data were better described by the
general-order kinetic model, the more confident initial sorption rates
(hy) were obtained by the general order kinetic model. The gen-
eral-order kinetic model expresses that the order of an adsorption
process should follow the same logic as in a chemical reaction, where
the order of reaction is experimentally measured [3,14,18,20,22]
instead of being confined by a given model.

The kinetics of adsorption of RO-16 dye on CC-1.9 and CC-2.2
was faster than that of RR-120. Examining the ratio of initial sorp-
tion rate (h,) of RO-16 divided by initial sorption rate of RR-120
dye, the following average rates were obtained: 3.28 (CC-1.9) and
3.57 (CC-2.2). Considering the Connolly solvent excluded volume
of both dyes (Fig. 1) and making a ratio, V RR-120/V RO-16=2.18
(V stands for Connolly solvent excluded volume), hence, the dimen-
sion of the dye explains part of the difference of faster kinetics of
adsorption of RO-16 compared to RR-120 dye. The lower the molec-
ular dimension (molecular area, molecular volume) the faster the rate
of reaction because the number of effective shocks between the dye
molecules and the active sites of the adsorbent will be higher.

The intra-particle diffusion model [44] was also employed to ascer-
tain the influence of mass transfer resistance on the binding of RO-
16 and RR-120 dyes to the adsorbents (Supplementary Table 1 and
Supplementary Figs. 8 and 9). The intra-particle diffusion constant,
k, (mg g h™™), is obtainable from the slope of the plot of g, versus
the square root of the time. Supplementary Figs. 8 and 9 show the
plots of g, versus t'* with three linear sections for the two dyes using
the CC-1.9 and CC-2.2 adsorbents. These results imply that the ad-
sorption processes required more than one sorption rate [11,12].
Both adsorbents exhibited three stages of adsorption; each stage is
attributed to each linear portion of the plots as shown in Supple-
mentary Figs. 8 and 9. The first linear section was attributed to the
process in which dye diffuses to the adsorbent surface [11,12]; hence,
the fastest sorption stage. The second section was ascribed to intra-
particle diffusion, a delayed process [11,12]. The third section may
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be regarded as diffusion through smaller pores, followed by the estab-
lishment of equilibrium [11,12]. Looking closely at the first point of
the third segment, the minimum contact time to attain the equilib-
rium is 4.0 h for RO-16 dye. However, for the RR-120 dye, the first
point of the third linear segment is 5.0 h. These results are in good
agreement with the molecular size of the dyes as discussed earlier.

The contact time used for the establishment of the equilibrium
was set as 5.0 h for RO-16 and 6.0 h for RR-120 dye for the rest of
our experimental work. The increment in contact time used in this
work is a guarantee that equilibrium would be attained by both dyes
even at higher adsorbate concentrations [18,21,23].

4. Equilibrium Studies

Adsorption isotherms describe the existing relationship between
the amount of adsorbate adsorbed by the adsorbent (q,) and the ad-
sorbate concentration remaining in solution after the system attained
equilibrium (C,) at a constant temperature. The adsorption parame-
ters of the equilibrium models provide some insights into the adsorp-
tion mechanism, surface properties and affinity of the adsorbent
with the adsorbate. We tested the Langmuir [45], Freundlich [46],
and Liu [47] isotherm models.

The isotherms of adsorption were carried out between 298 and

323 K with RO-16 and RR-120 dyes on CC-1.9 and CC-2.2 using
the optimum experimental conditions previously described above
(see Supplementary Table 2; Supplementary Fig. 10). Supplemen-
tary Fig. 10 shows the adsorption isotherms of RO-16 and RR-120
dyes using CC-1.9 and CC-2.2 at 323 K. Based on the F,,,, (see
Supplementary Table 2), the Liu model was the best isotherm model
for both biosorbents at all six experimental temperatures. The Liu
model showed the lowest F,,,,. values (Supplementary Table 2), indi-
cating that the theoretical q of the isotherm model was close to the
experimentally measured q.
The F,,,,, of each individual model was divided by the F,,,. of
minimum value (F,,,, ratio) for comparison of the different equilib-
rium isotherm models. The Freundlich isotherm model has F,,,,,
ratio values varying from 3.30 to 10.76 (CC-1.9) and 3.43 to 10.97
(CC-2.2) for RO-16 dye. Similarly, the Langmuir isotherm model
has F,,,,. ratio varying from 1.24 to 12.89 (CC-1.9) and from 14.96
to 34.03 (CC-2.2) for the same dye. For RR-120 dye, the Freun-
dlich isotherm model has F,,,,,. ratio values ranging from 6.02 to 8.50
(CC-1.9) and 5.11 to 11.40 (CC-2.2). In the same manner for RR-
120 dye, the Langmuir isotherm model has F,,,,, ratio ranging from
1.19 to 14.31 (CC-1.9) and from 15.52 to 64.25 (CC-2.2). The F,,,
ratio analyses clearly indicate that the Liu isotherm model best explains
the equilibrium of adsorption of RO-16 and RR-120 dye on the CC-
1.9 and CC-2.2 adsorbents in the temperature range of 298 to 323
K (F.,,,,, ratio values always being 1.00).

The maximum amounts of RO-16 and RR-120 dyes adsorbed
were 144.8 (CC-1.9) and 139.5mg g' (CC-2.2) for RO-16 dye,
and 95.76 (CC-1.9) and 93.80 mg g' (CC-2.2) for RR-120 dye at
323 K. It should be stressed that Q,,,., the maximum amount of the
RO-16 adsorbed on both adsorbents, was 48.72-51.21% higher than
that of the RR-120 dye. Additionally, the kinetics of adsorption for
RO-16 was 3.28 (CC-1.9) and 3.57 (CC-2.2) times faster than that
of RR-120 dye on the same adsorbents. The size of the dye mole-
cules explains why the kinetics RO-16 is faster for the two carbon
composite adsorbents. The same explanation goes for higher adsorp-
tion capacity of RO-16 on the adsorbents.

5. Thermodynamics Studies

Gibb’s free energy change (AG’, kJ mol™), enthalpy change (AH’,
kJ mol ") and entropy change (SA’, J mol'K™") are thermodynamic
parameters related to the adsorption process. They were evaluated
using Eqs. (14)-(16).

AG'=AH’-TDS’ (14)

AG"=-RTLn(K) 15)

Combining Egs. (14) and (15), Eq. (16) is obtained.
Ln(K)=22 -2« = (16)

where R is the universal gas constant (8.314J K™' mol™), T is the
absolute temperature (Kelvin) and K is the equilibrium adsorption
constants of the isotherm fits (K- Liu equilibrium constant, which
must be converted to SI units, by using the molecular mass of the
dye). It has been reported in the literature that different adsorption
equilibrium constants (K) were obtained from different isotherm
models [3,14,15,18,20-23,41,49-51]. Thermodynamic parameters
of adsorption can also be estimated from the Liu equilibrium con-
stant, K, [3,18,20].

The AH’ and AS’ values can be calculated from the respective
slope and intercept of the linear plot of Ln(K) versus 1/T.

Table 3 shows the thermodynamic data. The R® values of the linear
fit are ~0.99, indicating that the values of enthalpy and entropy cal-
culated for both adsorbents were plausible. Furthermore, the mag-
nitude of enthalpy was consistent with a physical sorption for RO-
16 and RR-120 dyes using both adsorbents [52]. To a certain level,
the type of interaction can be classified by the magnitude of enthalpy
change. Physical sorption, such as hydrogen bonding, is generally
lower than 35 kJ mol™' [52]. Enthalpy changes (AH) signify that
the adsorption processes of RO-16 and RR-120 dyes using CC-1.9
and CC-2.2 adsorbents are endothermic in nature. Negative values
of AG” indicate that the adsorption of dyes onto CC-1.9 and CC-
2.2 was spontaneous and favorable at all the experimental tempera-
tures. The positive values of AS’ suggested an increased in the ran-
domness at the solid/liquid interface. The water coordinated molecules
are displaced by dye molecules and thereby gain more translational
entropy than what is lost by dye molecules (this takes place during
adsorption), resulting in increased randomness in the dye-adsor-
bent interaction [53,54].

6. Treatment of a Simulated Dye-house Effluent

Two simulated dye-house effluents were prepared (see Table 1)
with different compositions of dyes and were used to investigate
the effectiveness and efficiency of CC-1.9 and CC-2.2 to remove
dyes from textile effluents. The UV-VIS spectra of the untreated
effluents and effluents treated with CC-1.9 and CC-2.2 were recorded
from 350 to 800 nm (Fig. 5). The areas under the absorption bands
from 350 to 800 nm were used to monitor the percentage of the dye
mixture removed from the simulated dye effluents. Both carbon
adsorbents exhibited very good performance on the treatment of
simulated effluents. The percentages of removal of mixture of dyes
were 96.0 and 94.5% for CC-1.9 and CC-2.2, respectively, for the
effluent A. For the effluent B, the corresponding percentage values
were 95.0 and 94.0% for CC-1.9 and CC-2.2, respectively. These
percentages are excellent when compared with published data using
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Table 3. Thermodynamic parameters of the adsorption of RO-16 and RR-120 dyes on CC-1.9 and CC-2.2 adsorbents. Conditions: mass
of adsorbent 50.0 mg, pH fixed at 2.0; contact time of 5 h for RO-16 and 6 h for RR-120

Temperature (K)
298 303 308 313 318 323
RO-16
CC-1.9
K, (L mol™) 3.42.10° 4.23.10° 5.29.10° 6.51.10° 8.11.10° 1.01.10*
AG (k) mol™) -20.16 -21.04 -21.95 -22.85 -23.80 -24.77
AH’ (kJ mol™) 34.7 - - - - -
AS’ (J K" mol™) 184 - - - - -
R? 0.9991 - - - - -
CC-2.2
K, (L mol™) 3.66.10° 4.67.10° 5.84.10° 7.47.10° 9.29.10° 1.15.10°
AG (k] mol™) -20.33 -21.28 -22.21 -23.21 -24.16 -25.11
AH’ (kJ mol™) 30.4 - - - - -
AS’” (J K 'mol™) 177 - - - - -
R? 0.9998 - - - - -
RR-120
CC-1.9
K, (L mol™) 2.70.10* 3.09.10° 3.43.10* 3.96.10* 4.46.10° 5.03.10*
AG (k) mol™) -25.28 -26.04 -26.74 -27.55 —28.30 -29.07
AH’ (kJ mol™) 19.9 - - - - -
AS’ (J K mol™) 151 - - - - -
R? 0.9985 - - - - -
CC-2.2
K, (L mol™) 5.96.10° 7.02.10° 8.12.10° 9.51.10° 1.12.10* 1.31.10°%
AG (k] mol™) -21.54 -22.31 -23.05 —23.84 —24.65 -25.46
AH’ (kJ mol™) 252 - - - - -
AS’ (J K 'mol™) 157 - - - - -
R? 0.9988 - - - - -
different adsorbents for treatment of simulated dye effluents [3,13, REFERENCES

14,18,21,22]. It is possible to deduce, based on the simulated efflu-
ent data, that both carbon adsorbents are efficient and effective for
the treatment of real wastewater effluents.

CONCLUSION

Carbon composite materials CC-1.9 and CC-2.2 are good alter-
native adsorbents for removal of the textile dyes, RO-16 and RR-
120, from aqueous solutions. The maximum amounts of dyes ad-
sorbed at 323 K were 144.8 (CC-1.9) and 139.5mg g' (CC-2.2)
for RO-16 dye and 95.76 (CC-1.9) and 93.80 mg ¢! for RR-120
dye. For RO-16 dye, the kinetic was faster and the maximum amount
adsorbed on CC-1.9 and CC-2.2 was higher when compared to the
RR-120 dye. This better adsorption efficiency for the RO-16 dye
in relation to the RR-120 dye was attributed to the lower dimen-
sion of RO-16.
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5. Kinetic Adsorption Models

In a chemical reaction or process, rate law’s exponents are gener-
ally unrelated to the chemical equation’s coefficients, but they are
sometimes the same by coincidence. This means that there is no
way to predict the reaction order without experimental data. In order
to establish the general rate law equation for adsorption, the adsorp-
tion process on the surface of adsorbent is assumed to be rate control-
ling step [41,42]. In this case, attention is shifted from adsorbate

concentration in bulk solution to change in the effective number of
adsorption sites at the surface of adsorbent during adsorption. If the
reaction rate law is applied to Eq. (1), rate expression for adsorp-
tion can be obtained as follows:

dg_ N
dt _kN(qe qt) (1)

in which k, is the rate constant and n is the adsorption reaction order

Supplementary Table 1. Kinetic parameters for RO-16 and RR-120 removal using CC-1.9 and CC-2.2 as adsorbents. Conditions: tem-
perature was fixed at 298 K; pH 2.0, mass of adsorbent 50.0 mg

CC-1.9

CC-22

RO-16

RR-120

RO-16 RR-120

50.0mgL™" 100.0mgL™

50.0mgL™" 100.0 mgL™

500mgL™" 100.0mgL™" 500mgL” 100.0mgL™

Pseudo-first-order

k (h™) 3.131 3.144 1.208
q. (mgg™) 17.96 28.95 17.06
h,(mgg"'h™) 56.22 91.01 20.61
R, 0.9898 0.9876 0.9969
F,. (mgg™ 0.5281 0.9329 0.3326
Pseudo-second-order

k (gmg'h™) 0.2497 0.1558 0.07776
q. (mgg™) 19.11 30.82 19.22
h,(mgg'h™) 91.28 147.9 28.73
R, 0.9966 0.9979 0.9951
F,,. (mgg™) 0.3045 0.3862 0.4215
General order

ky[h™"(gmg"y "] 0.7979 0.4832 0.5445
q. (mgg™) 18.46 29.92 17.52
N 1.558 1.638 1.315
hy(mg g h™") 75.02 126.2 23.49
R, 0.9998 0.9999 0.9998
F,. (mgg™) 0.07913 0.3862 0.09527
Intra-particle diffusion

k., (mgg' h*) 2.207 2282 3.125

1.176 3.017 3.148 1.077 1.129
29.09 17.42 28.58 17.35 28.04
34.21 52.57 89.96 18.69 31.67
0.9983 0.9903 0.9874 0.9978 0.9992
04214 0.5020 0.9304 0.2990 0.2782
0.04400 0.2461 0.1579 0.06529 0.04326
32.84 18.57 3043 19.76 31.76
47.45 84.89 146.2 25.49 43.65
0.9932 0.9967 0.9980 0.9924 0.9918
0.8547 0.2948 0.3664 0.5501 0.9083
0.6074 0.8006 0.4746 0.6462 0.7185
29.59 17.90 29.56 17.65 28.37
1.217 1.548 1.646 1.201 1.151
37.53 69.63 1253 20.32 33.80
0.9998 0.9999 0.9999 0.9989 0.9996
0.1628 0.04013 0.07410 0.2084 0.06688
8.245 3.539 5.511 4.687 5.327

“Second stage



Supplementary Table 2. Isotherm parameters for RO-16 and RR-120 adsorption, using CC-1.9 and CC-2.2 adsorbents. Conditions: ini-
tial pH 2.0; adsorbent mass 50.0 mg, time of contact between the adsorbent and adsorbate were 5.0 h for RO-
16 and 6.0 h for RR-120 dye

CC-1.9 CC-2.2

298K 303K 308K 313K 318K 323K 298K 303K 308K 313K 318K 323K
RO-16
Langmuir
Q. (mg g™ 43.87 53.13 75.57 117.7 1885 230.4 42.89 46.49 54.59 64.27 7394 8137
K, (L mg") 0.1189  0.05535 0.02327 0.01206 0.007390 0.007450 0.1304 0.1947 0.1395 0.1086 0.1048 0.1333
R’ 09594 09834 09964 0.9999 09987 09964 09695 09521 09647 09702 0.9744 0.9684
For (mgg™) 2638 1.846 1056 02432 09863 1.989 1985  3.140  3.137 3338 3502 4246
Freudlich
K,(mgg™" (mgL™")"")11.56 8.114 4.842 3275 2655 3.271 1345 15.05 14.95 1576 1834 24.07
ng 3464 2564 1880 1528 1340  1.342 3969 3908 3499 3287 3333 3.766
R’y 0.9973 09971 0.9960 0.9936 0.9918 09870  0.9984 09974 0.9969 0.9959 0.9953 0.9949
F,.r (Mg g™) 0.6756  0.7755 1.115 1.773 2431 3.767 04551 07280 09325 1244 1511 1.706
Liu
Q. (mg g™ 9742 1054 114.0 1242 1345 144.8 93.50 100.8 109.8 1187 1288 1395
K, (Lmg") 0.005680 0.007040 0.008790 0.01082 0.01348 0.01687  0.006090 0.007760 0.009710 0.01242 0.01544 0.01915
n, 04153 05527 0.7582  0.9696 1.189 1.320 03807 03801 04309 04721 04833 0.4461
R, 0.9998 09998 0.9999 0.9999 0.9999 0.9999  0.9999 0.9999 0.9999 0.9999 0.9999 0.9999
F,..(mgg™) 02047 0.1951 02003 0.1965 02260 03563 0.1327 0.1194 0.09218 0.1134 0.1430 0.2183
RR-120
Langmuir
Qe (mgg™) 4869 5256 5610 5879 5930 6196 4255  43.06 4324 4468 4790 4941
K, (L mg") 0.07248 0.07292 0.07761 0.09517 0.1435 0.1776  0.1454 02587 04565 1316 2332 1217
R, 0.9730 09769 0.9802 0.9738 0.9639 09578 09536 09364 0.9225 0.9073 0.9107 0.8629
F..r (Mg g™) 25475 2516 2391 2.848 3470 3.864 2.701 3.193 3.581 3975 4207 5.595
Freudlich
Ky(mgg™" (mgL™")"") 11.68 11.46 12.68 1527 18.03 2145 14.25 18.22 20.96 2696 30.57 33.56
ng 3.597 3.301 3.346 3.650 3.983 4421 4362 5.397 6.189 8409 9208 9.949
R, 0.9898 09895 0.9907 0.9906 09914 09923  0.9937 0.9954 0.9959 09978 0.9981 0.9972
F,..(mgg™) 1567 1699 1636 1705 1.696  1.645 0.9928 0.8548 0.8258 0.6071 0.6212 0.8017
Liu
Q, (mgg™) 73.82 7733 8158 8595 9064 9576 72.02 7500 7700 8281 89.07 93.80
K, (L mg") 0.01840 0.02101 0.02332 0.02691 0.03032 0.03421 0.01935 0.02280 0.02635 0.03088 0.03634 0.04261
n; 04968 0.5459 0.5523 0.5232 04747 04350 04088 0.3386 0.2957 02188 0.2010 0.1830
R’y 0.9999 09997 0.9998 0.9999 0.9998 0.9999  0.9999 0.9999 0.9999 0.9999 0.9999 0.9999
Flor (Mg g™) 0.1843 02821 02063 0.2041 02313 02081  0.1279 0.1496 0.1531 0.1189 0.05451 0.1088
with regard to the effective concentration of the adsorption sites d_¢9,:_k o )
available on the surface of adsorbent, g, is the amount adsorbed at dt !

the equilibrium and g, is the amount adsorbed at any time. Eq. (1)

is the result of application of the universal rate law to adsorption
process, and can be used without any further assumption. Theoreti-
cally, the exponent n in Eq. (1) can be integral or rational non-integral
numbers [41,42].

Eq. (2) defines the available number of the adsorption sites (6]
on the surface of adsorbent [41,42].

@zl_i ()]

e

Eq. (3) describes the rate of adsorption in function of variable ().

Where k=k (q.)""

For a virgin adsorbent, € equals 1 and tends to decrease during
adsorption process. When adsorption process reaches equilibrium,
4 tends to a fixed value. If the saturation of the adsorbent occurs, 6
will become zero (22).

Integration of Eq. (3) results in Eq. (4):

HdH,_ '
Lg—rn——kjodt “

Eq. (4) leads to:
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1 in

:l-[e,l —1]=—kt ®)
This results in:

G,=[1-k(1-n)-1]""™" ©)

Applying the definition of parameter k given by k=k,, (q,)"" and sub-
stitute Eq. (2) into Eq. (6), Eq. (7) is obtained.
9.
n—1 1/1-n
[kn(q,)” -t-(n—-1)+1]
Eq. (7) is the General kinetic adsorption equation that is valid for
n#l (22).

The pseudo-first order kinetic model is a special case of Eq. (3),
when n=1 [41,42].

4=9.~ (7)

do,

Fri k-6, ®
Integrating Eq. (8) gives Eq. (9):

Or=exp(=k;-t) ()

Substituting Eq. (2) into Eq. (9) and put k=k,, pseudo-first order
kinetic model is obtained.

q,=q.[1-exp(=k;-1)] (10)
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48,9796 72.85 0.3936 1.85978 14,52
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00-005-0586 67 Calcite.syn. 0419 0,984 CaCOs

Supplementary Fig. 5. X-ray difractogram of CC-1.9.

Therefore, the pseudo-first order kinetic equation is a special case
of general kinetic adsorption.

The pseudo-second order kinetic model [43] is a special case of
Eq. (7) (General order kinetic equation), when n=2. Therefore,

_ e
=% i(q) t41] b

Rearrangement of Eq. (11) leads to Eq. (12).

_ qgkzt
I @) t+1]
The Intra-particle diffusion equation [44] was early defined as Eq. (13).

12)

q=k/t+C (13)

Where k,, is the intra-particle diffusion rate constant (mg g h™*);
C is a constant related with the thickness of boundary layer (mg g™").

In this work the pseudo-first order (Eq. (10)), pseudo-second order
(Eq. (12)), general order equation (Eq. (7)) and intra-particle diffu-
sion (Eq. (13)) models were utilised for evaluation the kinetics of
adsorption of the dye on the adsorbents.
6. Equilibrium Models

The equilibrium of adsorption was evaluated by using the fol-
lowing isotherm models.

Langmuir Isotherm model [45]:

_ QK -G,

9=T1K, - C, (14
Where q, is amount adsorbate adsorbed at the equilibrium (mg g™);
Q,. i the maximum adsorption capacity of the adsorbent (mg g™);
K, is the Langmuir equilibrium constant (L mg™"); C, is dye con-
centration at the equilibrium (mg L™).
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Freundlich isotherm model [46]: Liu isotherm model [47].
_ . 1/n; . . n,
9e= KF Ce (15) = Qmax (Kg Ce;’)/ (16)
Where K. is the Freundlich equilibrium constant [mg g (mg L™")™"]; 1+(K,-Co)

n, is dimensionless exponent of the Freundlich equation. Where Q,,, is the maximum adsorption capacity of the biosorbent
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Supplementary Fig. 9. Intra-particle diffusion graphs of RR-120.

(mg g™), K, is the Liu equilibrium constant (L mg™'); n, is dimen- the equilibrium (mg L™").
sionless exponent of the Liu equation; C, is dye concentration at
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