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Removal of Congo red from aqueous solutions by adsorption onto illite clay
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ABSTRACT

Many synthetic dyes are toxic and must be removed from industrial effluents to prevent critical
environmental and health problems. Adsorptive technologies are favored and several adsorbents
have been tested for this purpose. Efficiency, economic suitability, and environmental compatibility
are the most critical criteria in the selection of an adsorbent. The focus of the present study was the
adsorption of Congo red (CR), an anionic diazo dye, from aqueous solutions using illite mineral. The
Brunauer-Emmett-Teller surface area of the mineral tested in the study was 44.73 m*/g. Solution pH
had a significant effect on the process, with the highest adsorption efficiency (AE) at pH 5.7. The
process reached equilibrium after 2 h and the relevant data were in good agreement with the pseu-
do-second-order kinetic model. Adsorption efficiency decreased with temperature; the process was
exothermic and non-spontaneous, according to thermodynamic data. The isotherm curves were
fitted with Type I adsorption, and adsorption capacity increased with illite dosage but was nega-
tively impacted by initial CR concentration. The highest adsorption capacity was 61.02 mg/g, and
the equilibrium data were well described (R? = 0.999) by the Langmuir isotherm model. This study
demonstrates that illite mineral can be used for the remediation of the anionic diazo dye Congo red

by adsorption.
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1. Introduction

Dyes are widely used in many industries to improve
the aesthetic impact of products and to protect them from
external factors [1]. Most industrial dyes contain aromatic
moieties (i.e., azo functional groups) that have human tox-
icity. In addition, dyeing processes usually generate signif-
icant volumes of colored wastewater that require proper
remediation [2]. Discharge of these painted effluents into
rivers and other bodies of water can be a threat to the envi-
ronment and human health [3].

* Corresponding author.

Azo dyes are used extensively in industry. Most of these
colorants are reported to be toxic, carcinogenic, mutagenic,
and environmentally unfriendly. Their toxicity, which can
persist for years [4] is mainly due to the aromatic moi-
eties in their structures and may be caused by the dye
itself or its metabolites. For this reason, the use of azo dyes
has been restricted in many countries.

Congo red (CR) is a commonly used industrial azo dye.
It was discovered by Paul Bottinger in 1884 and has two azo
(-N=N-) chromophores and acidic auxochromes (-SO,H)
bonded to benzene moieties [5]. Following cleavage of the
azo groups, the dye colorant may degrade into benzidine,
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a highly carcinogenic amine. Congo red is also mutagenic,
teratogenic, or toxic to a variety of organisms, including
humans, plants, animals, bacteria, algae, protozoa, and par-
asites. The degree of toxicity varies depending on the con-
centration, type of metabolite and organism [6,7]. Because
of this, CR’s application as a dye is restricted, although it
is broadly used in textiles, wood, pigments, pharmaceu-
ticals, leather, cosmetics, food, and paper.

Like other industrial wastes, dyes must be removed
from effluents before they are discharged. Coagulation, floc-
culation, membrane filtration, reverse osmosis, filtration,
and adsorption have been tested for this purpose [8-10];
the latter is favored due to its high affinity, relatively lower
cost, eco-friendly nature, reusability, and inert process ele-
ments [11-13]. The process can be operated continuously
via appropriate column systems [14-16]. Inert and non-
toxic materials are usually preferred with activated carbon
(AC) considered the most efficient adsorbent for the pur-
pose [16-21]. However, new alternatives require evalua-
tion due to the relatively high production and regeneration
costs of AC [22,23].

Due to their unique layered atomic structure, high
aspect ratio, and abundance of chemically active surface
sites, clay and zeolite minerals have a great potential to
adsorb materials from liquid or gaseous media [24,25].
Some clay minerals, for example, montmorillonite, kaolin-
ite and sepiolite, and zeolite minerals, for example, chaba-
zite and clinoptilolite are naturally-occurring materials
that have been tested for remediation of heavy metals,
toxic dyes and complex organics in aqueous-based solu-
tions [8,26-29]. Illite is a clay mineral that usually forms
in sedimentary rocks by hydrothermal alteration or diage-
netic processes through illitization of other clay, mica, or
feldspar minerals [30-34]. The formation of illite occurs
in three ways: (1) classical recrystallization of smectite to
illite, (2) direct precipitation from solution on kaolinite or
quartz surfaces, and (3) degradation or alteration of mica
or feldspar minerals [32]. Illite is comprised of two tetra-
hedral silica layers and one octahedral layer (2:1) with the
general formula of K Al [Si, Al O, ](OH),. The value of Y
in the formula lies between 1 and 1.5 [33,34]. Due to the
inequality of the charges, Si* (silicon) ions are replaced by
Al (aluminum) ions. This results in formation of high neg-
ative charges in the tetrahedral sheets [35] that are mainly
balanced by K* ions, and to a lesser extent, Na*, Cs*, and
NH; ions; the first K* can be substituted by Mg* and Ca*
ions. The presence of potassium ions between the layers
prevents penetration by water, thus limiting the expansion
of illite [36].

In this study, illite, a phyllosilicate or a layered alumi-
no-silicate, was tested as an adsorbent for the removal of
CR from aqueous solutions. Kinetic, isotherm, and thermo-
dynamic analyses were performed. The effects of process
parameters were examined and the adsorption mechanism
was explained using various models.

2. Materials and methods
2.1. Materials

The illite used in the experiments was obtained from
the northwest of Ordu in Turkey. The mineralogical,

chemical, and physical properties of the illite were previ-
ously determined [37]. This mineral is of high purity, bright
white (whiteness degree: 45-78) and was used without
pre-treatment except sieving (particle size <53 mesh).
Aqueous solutions were prepared using ultra-high pure
(UHP) water obtained from a Merck Millipore Direct-Q 3V
System (USA). Congo red (CR), a benzidine-based anionic
diazo dye, has the empirical formula C,,H,,N,O,S Na,. Its
properties and structure are shown in Table S1 and Fig. 1,
respectively. The pH of aqueous solutions was adjusted
as needed with NaOH and HCI. All chemicals used in
the experiments were analytical grade and supplied by
Merck Co., USA.

2.2. Characterization

Total contents of the major oxides were determined using
ICP-MS. Loss of ignition (LOI) was performed at ACME
Laboratories (Canada) by measuring the difference in weight
after ignition at 1,000°C. The functional groups on the illite
surface were identified using a Bruker-Platinum ATR-Vertex
70FTIR (Bruker, Germany). The Brunauer-Emmett—Teller
(BET) surface area of the sample was determined using a
TriStar I1I-3020 (Micromeritics, USA); analyses were done
within the range of 4,000-400 cm™. The surface properties
and elemental percentage of the illite sample were inves-
tigated by a scanning electron microscopy (SEM) + ener-
gy-dispersive X-ray (EDX) spectroscopy (SEM, Zeiss,
Germany; EDX, Bruker, Germany) combined system.

2.3. Experimental methods

2.3.1. Preparation of aqueous phases and experimental
procedure

A concentrated stock solution of CR was prepared by
dissolving 1 g of dye powder in 1 L UHP water, then used
to prepare the aqueous phases. In the experiments, initial
CR concentrations ranged from 25 to 500 mg/L.

Adsorption experiments were carried out by contacting
10 mL aqueous CR solutions with illite at predetermined dos-
age levels (1-5 g/L) in Erlenmeyer flasks. The phases were
shaken at 150 rpm for 2 h until equilibrium was obtained.
Mixtures were then centrifuged at 6,000 rpm for 2 min
to obtain clear solid-liquid phase separations. The aque-
ous phase was carefully removed for quantitation of CR
concentration.

2.3.2. Quantitative analysis and calculation

The CR concentration in the liquid phase was ana-
lyzed by a UV-spectrometer (Shimadzu UVmini-1240). The
maximum absorbance for CR was 497 nm. Initial (C) and
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Fig. 1. Structure of Congo red.
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equilibrium (C,) concentrations of CR were used during the
calculation of adsorption capacity and efficiency.

2.3.3. Effect of solution pH

The pH effect was investigated in the pH range of
5.7-10.5 using CR solutions with an initial concentration of
100 mg/L; the original pH of the aqueous CR solution was
7.5. The pH range was chosen based on previous studies and
analysis limitations. The pH adjustments were made using
HCI and NaOH. The pH at the zero-charge point (pH_ ),
where the adsorbent surface is neutral, was determined
according to Balistrieri and Murray [38]. 40 mL of 0.01 M
NaNO, were added to 100 mL Erlenmeyer flasks. Initial pH
values (pH,) were adjusted over the range of 2-11 with HCI
or NaOH. The final volumes were adjusted to 50 mL with
0.01 M NaNOQO,, followed by the addition of 0.01 g of illite.
The flasks were sealed and the suspensions shaken in a water
bath at 298 K and 150 rpm for 48 h, after which the final
pH (pH,) values of the supernatant liquids were measured.
The differences (ApH) between pH, and pH, values were
plotted vs. initial pH and the intersection of the resulting
curve with the x-axis defines the pHpZC of illite [38].

2.3.4. Kinetic studies

Illite suspensions in aqueous CR were prepared in 50 mL
Erlenmeyer flasks. Each flask contained 10 mL of CR solu-
tion at a concentration of 100 mg/L; the dosage of illite was
fixed at 1 g/L. The 20 flasks were shaken at 150 rpm and
298 K over a period of 5 h. At pre-determined intervals, the
flask contents were harvested by centrifugation and the
clarified supernatants analyzed for residual CR concentra-
tions as previously described. Kinetic data were evaluated
using four kinetic models: (1) Elovich, (2) pseudo-first-
order, (3) pseudo-second-order, (4) Weber-Morris intra-
particle diffusion.

2.3.5. Thermodynamic studies

To observe the effect of temperature on the adsorption
process and calculate thermodynamic parameters, experi-
ments were performed at different temperatures (298, 318,

and 338 K). The adsorbent dose was maintained at 1 g/L;
initial CR concentrations ranged from 25 to 500 mg/L.
Changes in Gibbs free energy, enthalpy, and entropy were
calculated using the relevant data.

2.3.6. Isotherm studies

The effects of CR concentration and illite dose on the
adsorption efficiency (AE) and capacity were examined.
Four different isotherm models were used to interpret the
relevant data. The adsorbent dosages and CR concentra-
tions ranged from 1-5 g/L and 25-500 mg/L, respectively.
Experiments were conducted at 298 K for 2 h. At equilib-
rium, the samples were clarified by centrifugation and the
resulting supernatants were analyzed for CR concentration.
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich
isotherm models were applied to the data to elucidate
the interactions between CR and illite.

3. Results and discussion
3.1. Characterization

The functional groups on the illite surface were iden-
tified by Fourier-transform infrared spectroscopy (FTIR)
analysis using the samples before and after the experiments
[39,40]. The FTIR spectra show peaks at 475.92, 533.77, 758,
822, 918, 1,021.98 and 3,620 cm™ (Fig. 2). The latter peak is
attributed to the OH stretching band. Absorption bands
between 400 and 1,200 cm™ are typically due to vibrations
of the aluminosilicate structure; strong Si-O bands are
observed at 1,000 cm™ [41]. The bands at 533 and 758 cm™!
refer to the stretching of Al-O-Si group, while those at
475.92 cm™ represents bending vibrations of Si-O-Si group.
The signal at 1,021.98 cm™ is attributed to the stretching of
the Si-O group. The bands at 918 and 822 cm™ are associ-
ated with the stretching vibrations of AI-OH and Al-O
groups [42].

The peak intensities slightly decreased after CR adsorp-
tion (Fig. 2). The decrease is maximal for the peak at
1,021.98 cm™ (Si-O), indicating a relatively more import-
ant role of this functional group in the process. The peak of
the OH group at 3,620 cm™ disappeared after the process.
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Fig. 2. FTIR spectra of illite before and after adsorption of Congo red.
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All the changes in the strength of the peaks can be linked
to the adsorption process [43].

The BET surface area of the illite was found to be
44.73 m?g. The morphology of illite was investigated
by SEM (Fig. S1). It was observed that illite may be trans-
formed from a smectitic clay with a leaf-like or broad hon-
eycomb habit [44]. The chemical composition of the illite
used in this study is given in Table S2. EDX data show that
it is composed mainly of oxygen, silicon, aluminum, and
potassium (Table S3); minor amounts of carbon, magnesium,
iron, titanium, sulfur, and sodium are also present.

3.2. Effect of initial pH

The pH of the aqueous medium is one of the most
important parameters of adsorption processes as it affects
both the adsorbent surface’s charge and the dissociation of
the solutes in the aqueous phase [23]. Therefore, AE can
be influenced by solution pH. The effect of pH can be esti-
mated by the material’s point zero charge (pH ) [40,45],
or the pH at which negative and positive charges are equal
on the adsorbent’s surface. The latter is positively charged
at pH < pH_, but negatively charged at pH > pH_ . Fig. 3
shows that pH _for illite is ~pH 7, which is consistent with
previous reports [46].

The effect of pH on CR adsorption onto illite was inves-
tigated using aqueous solutions with initial CR concentra-
tions of 100 mg/L at pH 7.5. The illite dosage was main-
tained at 1 g/L; the effect of pH was examined in the range
of 5.7-10.5. Fig. 3 shows that the AE decreased from 51.1%
to 26.7% over this range. The initial pH had a significant
effect on CR adsorption (Table S4), most likely due to the
dissociation of the siloxane (5i—-O-Si) and other functional
groups at higher pH. This resulted in a more negatively
charged illite surface (pH>pH ) ). Repulsive forces between
the CR and illite surface are most likely responsible for
the lower yields [40,47,48].

3.3. Determination of equilibration time

Contact time is another critical parameter that affects
AE. Information on kinetics is required for the design of a
process and equilibration time must be determined. Kinetic
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trials were conducted over 300 min using aqueous solu-
tions with initial CR concentrations of 100 mg/L and illite
at a dosage of 1 g/L. Fig. 4 shows that >75% of the CR was
adsorbed onto illite during the first 10 min. The main rea-
son for the high loading and rapid adsorption during this
time was due to the abundance of unoccupied free silanol
(Si-OH), siloxane (Si-O-5i), and other functional groups on
the adsorbent surface. As these groups became saturated,
adsorption slowed; the trend continued until equilibrium
was reached at ~120 min (Fig. 4).

3.4. Kinetic models

The kinetic approach employs model expressions and
relevant plots to estimate rate constants and describe the
mechanism of the adsorption process [49,50]. The extent
of the relationship between the process or kinetic data and
the kinetic model was estimated using the determination
coefficient (R?). Elovich, pseudo-first-order, pseudo-second-
order, and intraparticle diffusion models [Eqs. (1)-(4)]
are the most widely used kinetic models in literature [51-54].

k
Pseudo-first-order: lo —g, )=logg — L |.¢ 1
8(q.—49,)=logg, [2.303] (1)
60 -
O O O
40 -
9
=
<
20 -
0 T T T T T Y
0 50 100 150 200 250 300
t (min)

Fig. 4. Effect of contact time on the adsorption of Congo red by
illite ((CR] =100 mg/L, dose =1 g/L, pH=5.7, T = 298 K).

pH

Fig. 3. (a) Effect of aqueous solution pH on the adsorption efficiency of Congo red onto illite clay. (b) Determination of the point zero
charge (pHch) of illite clay. ((CR] =100 mg/L, dose =1 g/L, T =298 K).
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Pseudo-second-order: L ( 1 5 J + (1] -t )
q 279, 9.
Elovich: g, :B-ln(a-B)+ﬁ-ln(t) 3)

Intraparticle diffusion: g, = K, t*° +1 4)

Fig. 5 and Table 1 show that the highest R* (0.9984)
was obtained with pseudo-second-order kinetics, indicat-
ing that the data are in good agreement with this model.
The adsorption capacity was calculated as 53.19 mg/g and
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was nearly identical to that determined experimentally
(g, = 52.08 mg/g). The R* values from the pseudo-first-order
and Elovich kinetic models were relatively low. According
to the intraparticle diffusion model, CR adsorption con-
sists of multiple stages. Since external film resistance (I)
did not equal zero, intraparticle diffusion was not the only
controlling mechanism [40,55].

3.5. Temperature effect and thermodynamic studies

The effect of temperature on CR adsorption was
examined at 298, 318, and 338 K; the initial CR concentra-
tion ranged from 25 to 500 mg/L while illite dosage was
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Fig. 5. Plots of kinetic models for the adsorption of Congo red by illite (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich,

(d) intraparticle diffusion.

Table 1
Kinetic parameters for the adsorption of Congo red by illite

Dotexp) Pseudo-first-order Pseudo-second-order Elovich Intraparticle diffusion
(mg/g) k, (1/min) g, (mg/g) R k, (g/mgmin) ¢, (mg/g) R’ a B R? K, (mg/gmin®®) [ (mg/g)
5208  0.03477  4.40 0.924 0.002787 53.19 0.998 0.259 9.725 0.960 2.8438 20.99




O.T.S. Altaie et al. / Desalination and Water Treatment 310 (2023) 226-237 231

maintained at 1 g/L. In these trials, the initial aqueous pH was
adjusted to 5.7. Fig. S2 shows that increasing temperature had
an insignificant effect on CR deposition on illite (Table S4).
This is likely due to the exothermic nature of the separa-
tion process. Higher temperatures may have decreased the
van der Waals interactions between CR and illite [56,57].

The changes in Gibbs free energy (AG®) of the adsorp-
tion process were calculated using Eq. (5) and the data in
Fig. S2. The overall changes in enthalpy (AH®) and entropy
(AS°) were also determined by the graph of InK, vs. 1/T
and Eq. (6). The results are summarized in Table 2.

AG°=-R-T-InkK, 5)
Ink, =—| 2] A5 ©)
RT) R

The type of interaction can be estimated according to
the AG® values. For a physical adsorption process, AG®
is between —20 and 0 kJ/mol, however ranges from -80 to
—400 kJ/mol for chemical adsorption processes. Ruthven
[59] stated that AH° values for physical and chemical
adsorption processes vary in the ranges of 5-25 kJ/mol and
50-500 kJ/mol, respectively [58,59]. According to Table 2,
AG?® varied between 8.16 and 5.94 kJ/mol'K, indicative of
physical interactions between CR and the illite surface. The
negative and positive values of AH® and AG® signified the
exothermic and non-spontaneous nature of the adsorp-
tive separation process, respectively [60,61]. Moreover,
negative AS° denotes the decreased randomness at the
interface during CR adsorption [12,40].

3.6. Effects of initial concentration and illite dosage

The effects of the initial CR concentration and illite
dosage on the AE were investigated. Experiments were
performed at 298 K and 150 rpm using aqueous solutions
with initial CR concentrations of 25-500 mg/L, and gradual
increases in illite dosage (1-5 g/L). Since the highest effi-
ciency was obtained at pH 5.7, the initial pH of the aque-
ous CR solutions was adjusted accordingly. Fig. S3 shows
the isotherm curves for CR adsorption onto illite. The plot
indicates a Type I adsorption behavior or specifically the
formation of single CR monolayers on the illite surface.

Fig. 5S4 shows the adsorption efficiencies and capacities
obtained in the ranges of CR concentration and illite dosage
tested at pH 5.7. Yields were adversely affected by the ini-
tial CR concentration and increased with higher illite doses
(Table S4). Hence, the maximum separation efficiency, 90.4%,

Table 2
Thermodynamic parameters for the adsorption of Congo red
by illite

Temperature (K) K, (L/mg) AH° AS° AG°
(kJ/mol)  (J/mol'K) (kJ/mol)
298 0.06073 6.940
318 0.06598 -2.025 -29.7 7.186
338 0.05481 8.159

occurred at 25 mg/L CR and 5 g/L illite dosage level. On
the other hand, adsorption capacity (g,) increased at higher
CR concentrations but decreased at elevated illite dosages.
The maximum adsorption capacity was 61.02 mg/g, and
occurred at 500 mg/L CR and an illite dosage of 1 g/L. Table 3
shows that the maximum capacity obtained with illite in this
study is within the range of maximum values previously
reported using different types of adsorbents for the removal
of CR from aqueous solutions [12,40,62-73]. Illite has an
interlayer structure and its adsorption capacity is less than
montmorillonite and vermiculite, but more than kaolinite.
Therefore, the cation exchange capacity (CEC) of illite is less
than that of smectite (80-120 meq/100 g), but higher than
that of kaolinite, typically around 20-30 meq/100 g [74].

3.7. Adsorption isotherms

Adsorption isotherms were used to examine the distri-
bution (homogenous or heterogeneous) of CR molecules
and their interactions with illite surfaces [75]. The graphs
for each isotherm in Fig. 6 were obtained using the equi-
librium data and the expressions of four different isotherm
models [Egs. (7)-(10)], namely, Langmuir, Freundlich,

Temkin, and Dubinin—-Radushkevich [76-79]. Tables 7
and S5 display the results of isotherm analysis.
Langmuir: & = 71 + g )
9. 4. K. 4,
. 1
Freundlich:logg, =log K + [] -logC, (8)
n

Table 3
Maximum adsorption capacity (g, ) values for the removal of
Congo red using various adsorbents

Adsorbent ... (mg/g)  References
Mlite 61 Present study
Olive pomace 145 [12]
Amine-functionalized SBA-15 186 [40]
Montmorillonite 30 [62]
Kaolin 6 [63]
Zeolite 4 [63]
Bentonite 20 [63]
Vermiculite 298 [64]
Montmorillonite 154 [64]
Sepiolite 211 [65]
Ball-milled sugarcane bagasse 38 [66]

Guar gum/ac.tivated carbon 832 (67]
nanocomposite

Waste banana peel 18 [68]

Waste orange peel 14 [68]
Bengal gram seed husk 42 [69]
Cashew nutshell 5 [70]

Raw pinecone 19 [71]

Neem leaf powder 41 [72]

Bagasse fly ash 12 [73]
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Temkin: g, = B, -ln(KT) +B,-InC, 9)

Dubinin-Radushkevich: € = RTIr{l + é] (10)

e

Fig. 6 and Table 4 show that the highest R* obtained
with the Langmuir isotherm model (0.9994) is considerably
higher than those from the Freundlich and Temkin models
(0.8275 and 0.8933, respectively). This means that the adsorp-
tion of CR onto illite clay follows this model and is consistent
with Fig. S3. The Langmuir maximum adsorption capac-
ity of illite for CR adsorption was found to be 63.69 mg/g
(Table 4) which is nearly identical to the experimental-
ly-determined capacity (61.02 mg/g). The separation factor
(Eq. 11), a dimensionless number of the Langmuir model
(Table S5), indicates that CR adsorption onto illite is favored
since R, values range from 0.031 to 0.384 [50,80]. The trends
and results observed with isotherm analysis are consistent
with previous reports in the literature [81-83]. Accordingly, it
is presumed that a CR monolayer is formed on the illite sur-
face during the adsorption process. The average adsorption
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energy (E) was calculated to be <8 kJ/mol, indicating that the
physical or physicochemical attractions during the process
follow the Dubinin—-Radushkevich model [84]. These are
also consistent with those obtained using thermodynamic
parameters.

1
RL:(1+1<L-CO) ah

Table 4
Constants and R? values of the isotherm models for the adsorp-
tion of Congo red by illite

Langmuir Freundlich
ex (Mg/g) K, (L/mg) R? n K; (L/mg) R?
63.69 0.0607 0.9994 3.434 2.97 0.8275
Temkin Dubinin—-Radushkevich
B, A, (L/mg) R? q, (mg/g) E (kJ/mol) R?
10.93 0.99 0.8933 54.00 0.158 0.8972
2.0 1
(b)
1.8 4 o>
=
e 1.6
- R?=0.8275
1.4 4
<
1.2 T T 1
0.5 1.5 2.5 3.5
log C,
4.5 1
(d
4.0 1

R?=0.8972

S 35 4
=
3.0 A
o
25 : , : .
0 20000 40000 60000 80000

€2 (J2/mol?)

Fig. 6. Plots of isotherm models for adsorption of Congo red by illite (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinin—

Radushkevich.
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4, Conclusion

In this study, illite was tested as an adsorbent for the
removal of CR, an anionic diazo dye, from aqueous solu-
tions. The BET surface area of the illite used was 44.73 m%/g.
The results showed that the adsorption process was sig-
nificantly affected by the pH of the solution and the max-
imum adsorption occurred at pH 5.7, while unadjusted
pH of the solution was ~7.5. The reduced pH increased the
electrostatic attraction of the illite and CR surface charges,
thus increasing the adsorption capacity. As previously
reported, the adsorption process proceeds rapidly, reach-
ing equilibrium after 2 h. The kinetics of the process closely
follow the pseudo-second-order kinetic model with an R?
of 0.999. Elevated temperatures adversely affected the
adsorption capacity, while the highest efficiency occurred
at 298 K. Thermodynamic parameters showed the possi-
ble physical interactions between illite and CR. The neg-
ative AH° indicated the exothermic nature of the process.
The isotherm curves show that the process conforms with
Type 1 adsorption. Adsorption efficiency was negatively
influenced by the initial CR concentration and positively
affected by the adsorbent dosage. The maximum adsorp-
tion capacity (g, = 61.02 mg/g) occurred at 500 mg/L CR
and 1 g/L illite dosage. The equilibrium data agreed with
the Langmuir isotherm model (R?* = 0.9994). This study
shows that illite can be used as an adsorbent to remove CR
from aqueous solutions. The adsorption capacity of this
mineral can be improved using several modification tech-
niques that employ mineral acids, bases, and surfactants to
improve the surface properties of the adsorbents.
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Nomenclature and abbreviations

AE — Adsorption efficiency, %

B, — Temkin isotherm constant, J/mol

C, — Initial concentration of CR, mg/L

C, — Equilibrium concentration of CR, mg/L

C, — Concentration of the sample at time ¢,

‘ mg/L

CR — Congo red

E — Dubinin-Radushkevich energy, J/mol

I — Boundary layer diffusion effects (external
film resistance), mg/g

k, — Pseudo-first-order rate constant, 1/min

k, — Pseudo-second-order rate constant, g/
mg'min

k. — Intraparticle diffusion rate constant,
mg/g-min®®

K. — Freundlich adsorption capacity, L/mg

K, — Langmuir equilibrium constant, L/mg

K

T
m

n

q.
qe(cal)

qe(exp)

9

max

R IH™ X" ™AN

- M ™
—

AG®
AH°
AS°
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— Temkin constant, L/mg

— Mass of the illite, g

— Freundlich  heterogeneity
adsorption intensity

— Adsorption capacity at equilibrium, mg/g

— Calculated adsorption capacity at equilib-
rium, mg/g

— Experimental adsorption capacity at equi-
librium, mg/g

— Adsorption capacity at time ¢, mg/g

— Maximum adsorption capacity, mg/g

— Gas constant, 8.314 J/mol-K

— Langmuir dimensionless separation factor

— Determination coefficient

— Time, min

— Temperature, K or °C

— Volume of the aqueous CR solution, L

Elovich initial adsorption rate, mg/g-min

— Elovich desorption constant, g/mg

— Molar extinction coefficient

— Concentration of the species specified,
mg/L

— Change in Gibbs free energy, kJ/mol

— Change in enthalpy, kJ/mol

— Change in entropy, kJ/mol-K

constant,
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Supporting information

Table S1
Properties of Congo red

Dye name Congo red

CAS No. 573-58-0

Empirical formula C,H,,NNaO,S,
Molecular weight 696.7 g/mol
Melting point 36°C

Water solubility 3.3 g/100 mL (25°C)
Functional group SO;

Ionization constant (pKa) 45

18rm
X2,000

Fig. S1. SEM images of illite samples.

Table 52
Chemical composition of the illite used in this study

Compound Percent (wt.%)
SiO, 51.43
ALO, 31.41
Fe,O, 0.68
MgO 0.59
CaO 0.98
Na,O 0.20
K,0 7.98
TiO, 0.19
LOI 6.51
Total 99.97
Table S3

Semi-quantitative elemental composition of the illite used in
this study

Element wt. (%)
(@] 46.34
Si 22.39
Al 19.42
K 8.21
Mg 1.08
C 0.89
Fe 0.77
Ti 0.32
S 0.24
Na 0.33

Table 54
Significance of various parameters on the adsorption of
Congo red onto illite

Parameter p-value f-value
pH 0.0035 37.9
Contact time 48x10°® 383.3
Initial concentration 1.7 x10° 40.5
Illite dose 0.0109 7.7
Temperature 0.9811 6x10*

p-value < 0.05, f-value > 5: significant.
p-value > 0.05, f-value < 5: insignificant.
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Fig. S2. Effect of temperature on adsorption of Congo red by
illite ((CR] = 100 mg/L, dose =1 g/L, pH =5.7).
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Fig. S3. Isotherm curves for adsorption of Congo red by illite
(pH=5.7, T =298 K).

Table S5
Separation factor (R,) values calculated for the adsorption of
Congo red by illite

Dye concentration (mg/L) R,

25 0.384
50 0.250
100 0.140
250 0.061

500 0.031
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Fig. S54. Effects of Congo red concentration and illite dosage on adsorption of Congo red by illite g, vs. dosage, (b) adsorption
efficiency vs. dosage (T=298 K, pH =5.7).
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