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ABSTRACT

The adsorption of Reactive Red 120 (RR120) onto natural and organophilic clays was inves-
tigated in aqueous solution in a batch system with respect to contact time, initial dye con-
centration, initial pH, and additives from textile dyeing industrial effluents. The results
showed that the organophilic clay fixed more RR120 dye molecules than the natural clay
when additives are not present. The adsorption kinetics was found to follow the pseudo-
second-order model. Dye molecules formed a monolayer over the homogenous surface of
the modified and unmodified adsorbent. When textile dyeing chemicals were added, the
amount of dye adsorbed onto clay varied depending on the nature of the added chemical.
However, on the overall, adsorption on the natural unmodified clay was enhanced, whereas
it remained reduced or at least unchanged in case of the organophilic clay. Adsorption on
both clays was enhanced when all additives were present together. Adsorption was also
enhanced when non-clay minerals (>2 pm fraction) were present in the unmodified bulk
clay sample. Fourier transform infrared spectroscopy analyses showed strong evidence of

interactions between RR120 dye and clay and also with additives.
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1. Introduction

Dyes are used in many industries, such as textile,
paper, leather, food, and cosmetic industries [1], and
are known to be toxic to organisms when released in
the aquatic ecosystem. They may alter the antioxidant
defense [2], act as endocrine disrupting agents [3],
induce cell death, chromosomal aberrations, nuclear
alteration, and micronuclei [4,5]. In their review, Com-
bes and Haveland-Smith [6] report that synthetic dyes

*Corresponding author.

from the three major structural classes exhibit geno-
toxicity. Moreover, dyes are persistent in the environ-
ment. The Azo dyes for example, cannot be degraded
by conventional aerobic sewage treatment plants
because they are resistant to biological oxidative deg-
radation [7]. The azo bonds can be reduced, however,
producing aromatic amines which are resistant to fur-
ther degradation and may thus be still toxic or geno-
toxic [8]. Drumond Chequer et al. [9] for example,
studied azo dye Disperse Red 1 which has already
been assigned as mutagenic in different cell systems;
they evidenced in addition, that the dye still had
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mutagenic activity for the Salmonella/microsome
assay after an oxidation or a reduction process.
Another disturbing effect is related to the color persis-
tence. The colored liquid waste released in waters
impedes the sun light transmittance, thereby reducing
photosynthesis and disturbing the natural balance of
water life and the food chain [10-12]. The classic treat-
ment method for removal of dyes in wastewater
includes two steps: the first is a physico-chemical
treatment which is characterized by the addition of
chemical reagents (aluminum chloride and ferric
chloride) and the second is biological which is carried
out using activated sludge under aeration [13]. The
difficulty with the use of coagulation—flocculation
agent lies in the fact that it is virtually impossible to
eliminate the total amount of dye in the water, in
addition to poor settleability of formed flakes [14]. The
biological treatment processes are rarely solely used
because of the low biodegradability of dyes. Other
physico-chemical treatments are used: they include
chlorination, ozonation, reverse osmosis, ion-exchange,
electrochemical [15], photochemical, and photocata-
lytic degradations [16]. However, all these methods
are significantly different in terms of color removal,
operation, and financial cost [17,18].

Among liquid waste treatment methods, adsorp-
tion is a technique relatively used and easy to imple-
ment. Activated carbon is the most widely used
adsorbent because of its high adsorption capacity for
organic materials [19]. This adsorbent however has a
high cost and is difficult to regenerate. Therefore,
search of more efficient and less costly adsorbents has
attracted much interest. In the last few years, tests
were performed on various kinds of adsorbents, such
as rice husk [20-22], sugarcane bagasse [23], fibrous
biomass [24], neem leaf [25,26], apple pomace, and
wheat straw [27], reverse micelles [28], and various
other adsorbents [29-48] for the removal of organic
pollutants from wastewater. In this context, clays have
gained a lot of interest because of their efficiency in
the adsorption of organic and inorganic ions and mol-
ecules, their affordable cost and abundance [49]. Sev-
eral studies showed that clay minerals, when modified
by organic surfactants, become suitable materials for
anions retention [50-54]. Therefore, the surface modifi-
cation of clay minerals by intercalation of cationic sur-
factants, as for example quaternary ammonium
compounds, has received great interest. It changes the
surface properties from hydrophilic to hydrophobic
and increases interlayer spaces, and thus the anions
adsorption capacity.

Previous studies pointed out the efficient adsorp-
tion of anionic dye Reactive Red 120 (RR120) by raw
untreated Fouchana clay composed of smectite, kaolin-
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ite, and illite [55-58]. That natural untreated Fouchana
clay also proved its efficiency in color removal from
effluents containing various additives mixed with
anionic dyes [55]. This suggests that additives do not
hinder the adsorption of anionic dye on raw clay and
even contribute to a more efficient color removal. In
the latter case, textile dyeing additives would act as
surfactants and modify the raw clay surface and con-
sequently enhance dye adsorption on these modified
surfaces.

In order to test this hypothesis we investigated the
effect of additives from a textile dyeing industry on
color removal by raw Fouchana clay and compared its
adsorption capacity with that of Fouchana clay modi-
fied by a cationic surfactant (hexadecyltrimethylam-
monium  bromide: HDTMA-bromide).  Various
techniques were used in the characterization of syn-
thesized HDTMA-clay and natural clay, including X-
ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR). Batch experiments were per-
formed for RR120 dye adsorption on natural and mod-
ified Fouchana clay testing the influence of contact
time, initial pH, initial dye concentration, and addi-
tives from textile dyeing industry.

2. Materials and methods
2.1. Adsorbent
2.1.1. Natural clay

Fouchana clay deposit is situated in the region of
Fouchana, northeast of Tunisia. The clay mineralogical
composition was determined on the <2 um fraction by
XRD analysis. The proportions of each clay type were
estimated by the Reference Intensity Ratio method
using the HighScore software (Table 1). Fouchana clay

Table 1
Physical and chemical characteristics of the Fouchana clay

Parameter Unit Fouchana clay <2m
Specific surface m?g ! 80
CECp Cmol kg™ 34.3
PZNPC - 34
Smectite % 60
Kaolinite % 30
Illite % 10
SiO, % (wt.) 52.1
CaO % (wt.) 1.01
Na,O % (wt.) 0.02
MgO % (wt.) 2.17
Fe203 % (Wt) 9.15
K,O % (wt.) 246
TiO, % (wt.) 0.92
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is a mixture of expanding clay (50% smectite and 10%
interstratified illite/smectite) and non-expanding clay
(30% kaolinite and 10% illite). The non-clay minerals
are mainly quartz (40%), calcite (10%), and gypsum
(10%). The specific surface area (Ss) and cation-
exchange capacity (CEC) were measured by the BET
[59] and Metson methods, respectively (AFNOR NF X
31-130) [60]. The global Ss area is rather high owing
to the proportion of expanding clay, and the CEC has
an average value reflecting the mixture of clay species
(Table 1). The chemical composition obtained after
borate fusion by ICP-AES (Jobin Yvon JY 124) shows
high silicium and aluminum contents due to the domi-
nant quartz and aluminum-rich phyllosilicates com-
posing Fouchana clay (Table 1).

2.1.2. Modified clay

The <2 um size fraction of Fouchana clay was puri-
fied by repeated cation exchange in NaCl solution (1
M) followed by washing, sedimentation, and dialyzing
operations [61]. The organo-clay was then prepared by
slow addition of HDTMA-bromide solution into a sus-
pension in water of purified clay. The procedure
adopted is described by Baskaralingam [62] and con-
sisted of 24 h—stirring at room temperature followed
by washing with distilled water until a negative bro-
mide test with 0.1 M AgNO; was obtained. The sam-
ple was finally dried at 60°C.

2.2. Adsorbate

The anionic dye RR120 chosen in this work was
provided by a Tunisian cotton dyeing industry. The

Table 2
Physical properties and molecular structure of RR120
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characteristics and chemical structure of RR120 dye
are listed in Table 2.

2.3. Textile dyeing additives

The textile dyeing set of additives chosen for this
study is a selection of chemicals used in the same
Tunisian industry as for RR120 dye. They are of differ-
ent chemical nature and ionic form (Table 3). CHT
Catalase is an enzymatic auxiliary used to destroy
residual peroxide after textile bleaching. Kollasol is a
hydrophilic silicone surface-active substance mixed
with higher alcohols: it acts as a de-aerator and pene-
tration accelerator. It is used to cationize cellulose
before dyeing with anionic dyes [63,64]. Meropan DPE
is a polycarboxylic acid with modified phosphonates;
it has the role of protective colloid with sequestering
properties for hardening agents when prewashing and
dyeing cellulose and cellulose fiber mixtures. Coto-
blanc sel 200 is a mixture of sequestering agent and
polymers with affinity to dyes; it removes unfixed
reactive dye from cellulose substrates. Bactosol CA
LIQ C is a bacterial enzyme for cellulose in acidic con-
ditions; it improves surface appearance and aids in
achieving a stonewashed effect with less stones. Dur-
alkan FSR is a nitrogenated polycondensate, formalde-
hyde and metal free. It is a fixing agent to improve
wet fastness of direct and reactive dyeing.

2.4. Methods

2.4.1. Characterization of the adsorbent

XRD analyses were performed on a Briiker D5000
diffractometer with Cu anticathode at 40kV voltage

Dye name Reactive Red 120
Chemical formula C44H24C12N14N3602086
Molecular weight (g/mol) 1338.04
A max 535 nm
Molecular structure o Cl
w A A :
0 ONa N7 iu N° SN ONa

Water solubility
Class

C: neeu
V /\ Oy “ %

7 S
OH HN N NHGHN N "MK OH >_

ONa '
3 NaO 0 0

70 (g/ L)
Diazo (-N=N- bond)
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and 30 mA current. XRD patterns of oriented samples
were collected from 3° to 65° scanning angle, 0.02 s
upward step, and a wave length AKal =1.54056 A

The infrared analysis of the <2 um clay before and
after dye adsorption was carried out on a Perkin-
Elmer FT-IR spectrophotometer. The spectra were
recorded in the region from 400 to 4,000cm ™" with a
spectral resolution of 2cm™'. KBr pellets were pre-
pared by mixing 10 wt.% clay with 90 wt.% KBr and
by pressing.

The pH-dependent surface charge of the clays was
determined by potentiometric titration under CO,—
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free atmosphere using NaCl as electrolyte to maintain
a constant ionic strength of 0.01 or 0.1 M. Prior to the
titration, the suspensions containing 4 g clay were vig-
orously stirred and bubbled with CO,— and O,— free
argon (Sigma Oxiclear cartridge) (905 Titrando Metr-
ohm) for half an hour. The potentiometric titration
was performed by means of an automatic titrator sys-
tem Basic Titrino 794 (Metrohm 2.794.0010) with com-
bined glass electrode (Metrohm 6.0234.500, Long Life)
filled with 0.1 M NaCl in water.

The data were acquired with the help of the Tiamo
light 1.2 (Metrohm AG Ltd, Herisau, Switzerland) soft-

Table 3
Physical and chemical characteristics of textile dyeing additives used in this study
Molecular
Chemical weight
Additives Chemical name formula Molecular structure (g mol™")
CHT 9-Ethyl-6,11-dihydro-6,6-dimethyl-8-[4-(4-  C30H34N4O5 Q 482.62
Catalase morpholinyl)-1-piperidinyl]-11-oxo-5H- O. O
benzo[b]carbazole-3-carbonitrile N N S
CAS Number 86352-20-7 /Q H N
B,
o_J
Kollasol 3-Chloro-2-hydroxypropyltrimethyl C¢H15CLLNO _ 188.12
ammonium chloride cl
CAS Number 56780-58-6 H | +
Cl\)\/N/
\
Meropan  DPE-ethyl bromide Cy3H3,BrNO;3 O 449.904
DPE CAS Number 9015-54-7 o pro e~
HOr ()/\/ >
Bactosol 2-Bromo-2-nitropropane-1,3-diol C3HgBrNO, O@ 0] 199.988
CALIQ CAS Number 37259-58-8 ~ /
C ®N
HO
Br
Cotoblanc TRY 200 C20H3205 0, 352
Sel 200 CAS Number 136626-78-3 © -
OH
- 6]
OH
Duralkan  3H-Indole-5-carboxylicacid, 2-[2-[4-[(4- CyoHzg N> | 454
FSR ethoxyphenyl)methyl amino]phenyl] 0O;

ethenyl]-3,3-dimethyl-,methyl ester
CAS Number 86352-20-7
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Table 4
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Adsorption kinetic parameters of RR120 dye onto natural-Fouchana and HDTMA-Fouchana (pH

Intra-particle diffusion
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ware, with the following characteristics: MET U
(monotonous equivalence titration) method, increment
2 pL, dosing increments rate 2mL/min, maximum
drift signal 1.5 mV/min. To obtain a titration curve in
the pH range between 3 and 9, the total proton/
hydroxide consumption by the samples was calculated
by the difference between the added amounts of ti-
trants and the final concentration of protons calculated
from the equilibrium pH. On the raw titration curves
pH is represented vs. the concentration of added
titrant (Ca and Cb for acid and base, respectively), the
acid being set positive and the base negative (Ca —
Cb). Some trials were duplicated to examine the ana-
lytical reproducibility.

2.4.2. Batch experiments

The adsorption of RR120 on natural (Fouchana)
and modified (HDTMA-Fouchana) clays was investi-
gated in aqueous solution in a batch system with
respect to contact time, initial dye concentration,
initial pH, and textile dyeing additives. The experi-
ments were performed at room temperature (25°C)
with a constant solution volume (V) of 100mL.
Preliminary experiments at a dye concentration of 30
mg/L were carried out to determine the mass of natu-
ral clay at which a maximum of dye molecules was
removed from solution. Therefore, all experiments
were conducted with a mass of adsorbent set at 3 g.
The flasks were agitated on a mechanical shaker for 1
h to ensure that the equilibrium was reached. The
reaction mixture was centrifuged and the supernatant
was analyzed by measuring the absorbance at the
wavelength corresponding to the maximum absor-
bance. The amount of dye adsorbed by the sorbent at
time t —g; (mg/g), was calculated using the following
mass balance relationship

(Eq. (1):
gt = (Co — Co) x (V/m) ¢))

where C, is the initial concentration of the dye
solutions (mg/L), and C, is the equilibrium concentra-
tion of the dye solutions; g, is the dye concentration
on adsorbent at any time ¢ (mg/g), V the volume of
dye solution (mL), and m (g) the mass of sorbent.

2.4.3. Adsorption kinetics

The kinetics of RR120 adsorption onto natural
(Fouchana) and modified (HDTMA-Fouchana) clays
was investigated using four models: the pseudo-first-
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Langmuir and Freundlich isotherm constants for the adsorption of RR120 dye onto natural- and HDTMA-Fouchana clays

without additives (pH =6, T=25°C)

Parameters Parameters
Models Equation Natural-Fouchana+RR120 Fouchana-HDTMA+RR120
Langmuir 1/9.=1/(qnKp) x(1/Ce) +1/Gpm gm(mg/g) = 54.644 gm(mg/g) =163.93
K (mg/L)=0.0049 K; (mg/L)=0.0019
?=0.9988 R*=0.997
SSQR =0.12 SSQR =0.46
Freundlich ge=Kp C1/" 1 =1.039 n=0.86
Kp(mg/g) =0.604 Kp(mg/g)=1.46
R*=0.9565 R*=0.974
SSOR =0.09 SSQR=0.6
Table 6
Initial solution pH conditions in adsorption experiments of this study
Without additives Clay and dye solution with additives
Dye Clay and dye CHT All
solution  solution Duralkan Meropan Cotoblanc Bactosol Catalase  Kollasol additives
pH of initial 6 53 6.1 8.5 5.8 5.7 6.1 6.7 8.5

solution

order, pseudo-second-order, Elovich, and intra-particle
diffusion models.

The Lagergren pseudo-first-order equation is the
following [65] (Eq. (2)):

In (g, — g.) =In q. — Kyt 2

where K; is the equilibrium rate constant of pseudo-
first-order adsorption (1/min), g, and g; are the
amounts of dyes adsorbed at equilibrium and at time
t (mg/g).

The pseudo-second-order equation describes the
process over the whole period of adsorption. The lin-
ear form is [66] (Eq. (3)):

t 1 t
E:Fqg_‘_i (3)

where K, is the rate constant of adsorption, g, is the
amount of dye adsorbed at equilibrium (mol/g), and
g: is the amount of dye adsorbed at time t (mol/g).

The equilibrium adsorption capacity (g.) and the
second-order rate constant K, (g/molmin) can be
determined experimentally from the slope and inter-
cept of plot of /gt vs. t if the initial adsorption rate is
[67] (Eq. (4)):

h = Koq; @

The intra-particle diffusion can be described by three
consecutive steps: (i) the transport of adsorbate from
the bulk solution to the outer surface of the adsorbent
by molecular diffusion, (ii) the internal diffusion, the
transport of adsorbate from the particles surface into
interior sites, and (iii) the adsorption of the solute par-
ticles from the active sites into the interior surface of
the pores.

The effect of intra-particle diffusion resistance on
adsorption can be determined by the following rela-
tionship [68] (Eq. (5)):

g = Kpt'/* + C ©)

where Kj, represents intra-particle diffusion rate con-
stant (mg/gmin'’?) and C is a constant (mg/g) which
gives information about the thickness of boundary
layer. The plot of g; vs. t'/? yields a straight line pass-
ing through the origin in case of intra-particle diffu-
sion.

The linear form of Elovich equation is (Eq. (6)):

1 1
L ITTE R ©

where a (mg/gmin) is the initial adsorption rate con-
stant and the parameter f (g/mg) is related to the
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extent of the surface coverage and activation energy
for chemisorption [65,69]. The values of a and f can
be calculated from the plot of g; against 1/In ¢.

2.4.4. Adsorption isotherms

In this study, two popular equilibrium isotherm
models were tested to describe the experimental data,
namely Langmuir [70,71] and Freundlich isotherm
models [72]. The Langmuir isotherm model is based
on the assumption that the maximum sorption capac-
ity corresponds to full monolayer coverage of the sol-
ute molecules on the adsorbent surface, with no
interaction between sorbed molecules. The linear form
of Langmuir model is (Eq. (7)):

Ce/qe = 1/qmKr + Ce/qm @)

where C, is the equilibrium concentration (mg/L), 4.
the amount adsorbed at equilibrium (mg/g), ¢, the
adsorption capacity (mg/g) and K is a constant
related to the affinity of the binding sites (L/mg). The
values of g, and K; were calculated from the slope
and intercept of the linear plots C./q. vs. C, which
gives a straight line of slope 1/4,, which corresponds
to complete monolayer coverage (mg/g) and the inter-
cept is 1/g,, K.

The Freundlich isotherm model [73] is an empirical
equation and used to describe heterogeneous surfaces.
The linear form of Freundlich model is (Eq. (8)):

Ln(g.) = Ln(Kp) + 1/n Ln(C.) ®)

where Kr and n are Freundlich constants and were
calculated from the slope and intercept of the Freund-
lich plots (Ln(g,) vs. Ln(C,)).

3. Results and discussion
3.1. Characterization of organo-clay

XRD patterns obtained for the natural untreated
clay (Fouchana), the Na-exchanged purified sample
(Na-Fouchana), and the modified clay (HDTMA-Fou-
chana) are given in Fig. 1. The position of the (001)
reflection is recorded at 14.41 A for Fouchana. That
layer equidistance suggests that the smectite minerals
are in the Ca-exchange form [74]. Na-Fouchana pattern
shows a position of the (001) reflection (d=12.64 A)
characteristic of a sodium-exchanged smectite. The
HDTMA-Fouchana pattern compared to the others

A. Nejib et al. [ Desalination and Water Treatment 54 (2015) 1754-1769

shows an increased d-spacing of 21.57 A which
indicates the intercalation of HDTMA molecules
(Fig. 1). The d-spacing value is in agreement with those
obtained by Slade and Gates [75] for various smectites.

The IR spectroscopic analysis performed on
HDTMA-Fouchana produced vibration bands at 2,932
and 2,859 cm™' corresponding to the C-H and C-Hj
vibrations, respectively, and a vibration band at 1,471
cm™ ! corresponding to the N-R, vibration (Fig. 2). All
these vibrations suggest the interaction of HDTMA
with Fouchana clay.

3.2. Adsorption
3.2.1. Effect of contact time and kinetic study

The batch adsorption experiments were conducted
at pH 6.0, at different contact times (20-120 min), for
an initial concentration of RR120 dye of 80 mg/L. The
adsorption capacity of RR120 increased with contact
time rapidly for the first 10 min and thereafter it pro-
ceeded at a slower rate and finally reached equilib-
rium after 60 min for both clays (Fig. 3). The rapid
adsorption during the first 10 min for Fouchana and
HDTMA-Fouchana was probably due to the abundant
availability of active sites on the clay surface, but with
the gradual occupancy of these sites, the adsorption

500
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Fig. 1. XRD patterns of natural-Fouchana (a), Na-Fouchana
(b), and HDTMA-Fouchana clays (c).
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Fig. 2. IR spectra of natural-Fouchana and HDTMA-Fouchana clays.
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Fig. 3. Effect of contact time on adsorption of RR120 onto natural-Fouchana and HDTMA-Fouchana clays (Co=80mg/L,

pH=6, T=25°C).

became less efficient. The amount of dye adsorbed
onto HDTMA-Fouchana was three times higher than
for Fouchana which shows that HDTMA efficiently
modified the clay surface charge and enhanced cat-
ionic adsorption site availability for RR120 anionic
dye.

To investigate the solute uptake rate which con-
trols the residence time of adsorbate uptake at the
solid-solution interface, RR120 adsorption data were
examined by the pseudo-first-order, pseudo-second-
order, Elovich, and intra-particle kinetic models
(Table 4). The results show that data are best fitted by
the pseudo-second-order model as evidenced by high

correlation coefficients (0.985 and 0.998 for the adsorp-
tions onto Fouchana and Fouchana-HDTMA, respec-
tively). Moreover, the amounts of adsorbed dye
calculated by the pseudo-second-order model are very
close to those recorded experimentally which further
suggests that RR120 adsorption rate follows this
model in both cases. The initial adsorption (h) is low
in the case of Fouchana natural clay contrary to Fou-
chana-HDTMA for which adsorption process is rapid
from the beginning. This is in relation with the higher
availability of cationic adsorption sites in organo-clay,
and thus a higher probability for adsorbent sites and
dye molecules to be in contact.
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3.2.2. Effect of pH

The effect of solution pH on RR120 dye adsorption
onto Fouchana and HDTMA-Fouchana was investi-
gated at pH conditions from 3 to 12. It should be
noted that RR120 dye is not altered in that pH range
as evidenced by potentiometric titration [58]. More-
over, the points of zero net proton charge of natural-
Fouchana and Fouchana-HDTMA are, respectively, 3.4
and 4.1 which indicate that particle edges are domi-
nantly negatively charged for higher pH values. As
shown in Fig. 4, the adsorption of the anionic dye is
dependent on pH. Although the adsorption capacity
of organo-clay is still significantly higher than that of
natural-Fouchana, whatever the pH value, the amount
of removed dye decreases for both clays when pH
increases, the maximum of adsorption being obtained
in an acid medium (pH ~ 3). This decrease going from
an acidic to a basic medium is explained by the
increase in negative charges of clay particles acting as
repulsive forces towards the dye molecule SO; groups,
and by the increase of OH ™ ions which compete with
RR120 dye anions in solution and disadvantage the
setting of RR120 anions onto clay. The adsorption of
RR120 dye onto organo-clay which is dominated by
interlayer adsorption processes, however, does not
drastically change when adsorption capacity on the
edges decreases. In the case of Fouchana natural clay
for which anion adsorption capacity is low and the
adsorption process is probably mostly related to
edges, the pH increase lowers significantly the amount
of adsorbed dye.

These results are in agreement with other studies
showing that pH plays an important role in the
improvement of dye adsorption. This phenomenon was
clearly observed for example in the adsorption of Rose

30
25
20

15

qe (mg g)

10

0 2 4 6

pH
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sulfacid dye onto bentonite [76], Reactive Blue 19 dye
[77], or AR1 acid dye [78] onto modified bentonites.

3.2.3. Effect of initial RR120 dye concentration

Batch experiments were carried out at different ini-
tial concentrations of RR120 dye from 10 to 120mg/L
and in the natural pH conditions of the initial solution
(pH 6).

According to the classification of Sposito [79]
adsorption isotherms are of L-type which are charac-
terized by a slope increasing with the concentration of
the substance in solution (Fig. 5). This is the result of
a relatively high affinity for the solid phase to the
adsorbed substance, coupled with a decrease in the
number of adsorption sites. The amount of dye
removed by HDTMA-Fouchana is about 22.8mg/g,
much higher than that removed by the unmodified
clay (about 5.65mg/g). It appears that the maximum
initial dye concentration beyond which the unmodi-
fied clay is unable to adsorb more dye is limited at 30
mg/L. Concerning HDTMA-Fouchana it is limited at
80mg/L. Indeed, interaction of alkylammonium with
the clay network reduces the surface energy of the
clay layer charge to make it compatible with the
matrix of RR120 dye, thus improving the attraction
between the dye and clay. In addition, the alkylammo-
nium ions are carriers of functional groups which can
react with the matrix of the dye.

Several studies in the literature, report on the
highly efficient adsorption of anionic dye by organo-
clays compared to the crude clay. Among them, Ikhti-
yarova et al. [77] observed that HDTMA-modified
bentonite adsorbs three times more anionic dye than
natural bentonite. Juang et al. [78] compared the acid

HDTMA-Fouchana
=== Natural-Fouchana

L 4

Fig. 4. Effect of pH on adsorption of RR120 onto natural-Fouchana and HDTMA-Fouchana (Cy=80mg/L, T=25°C).
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Fig. 5. Effect of initial RR120 dye concentration on the adsorption onto Fouchana and HDTMA-Fouchana clays (pH=6, T

=250).

red dye (Amido Naphthol Red G) adsorption capacity
of Ca-montmorillonite and its modified form. The
amount adsorbed for the latter was 10 times that of
the natural clay. Anionic dye adsorption enhancement
in the same order of magnitude was also reported for
organo-montmorillonite with RR141 dye [80] or Ser-
bian organo-modified bentonites with RB5 dye [81].
Organo-vermiculite also exhibits high adsorption
capacities towards Congo-Red dye, twice and five
times as much as Ca and Na-montmorillonite, respec-
tively [82].

The batch adsorption experimental data were fitted
to the Langmuir and Freundlich isotherm models
(Table 5). The regression analysis results showed that
the Langmuir isotherm was able to describe the
adsorption of RR120 onto natural-Fouchana and
HDTMA-Fouchana more accurately than the Freund-
lich model. Langmuir model assumes that the surface
is homogenous which indicates that available active
sites are homogenously distributed on Fouchana clay
surfaces according to the good fit of data by this
model. One can notice that the clay surface coverage
by dye is still a monolayer although the amount of
dye adsorbed onto HDTMA is larger.

3.2.4. Effect of additives

The effect of additives was studied at the maxi-
mum initial concentration of dye defined from the
experiment described previously (§ 3.2.3) i.e. 30 mg/L
for the unmodified clay and 80mg/L for HDTMA-
Fouchana, and at the natural pH conditions of the ini-
tial solutions (Table 6). From Fig. 6 it appears that a
great amount of initial dye may be adsorbed than
what was observed in the experiment without

additives. This is the case with the additives Coto-
blanc (5.51 mg/g), Bactosol (6.05mg/g), CHT Catalase
(6.16 mg/g), and Kollasol (6.47 mg/g). The maximum
amount adsorbed was recorded when all additives are
mixed with the dye (7.07mg/g). A lower amount of
adsorbed dye was however recorded for the additives
Duralkan and Meropan (3.39 and 4.41mg/g respec-
tively). These results indicate that most of the addi-
tives enhanced the adsorption of dye onto the natural
clay and that altogether seem to have had a synergis-
tic effect which allowed further adsorption of dye
compared to that of the additives taken separately.
Moreover, the initial concentration of dye may be set
at higher value than 30mg/L without reaching the
limit recorded in the experiment without additives.
Contrary to what occurred in the experiment with the
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Fig. 6. Effect of additives on the adsorption and desorption
of RR120 dye with unmodified clay (Co=30mg/L, T=
25°C, pH of initial solution (Table 6)).
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Fig. 7. Effect of additives on the adsorption and desorption
of RR120 dye with HDTMA modified clay (C;=80mg/L,
T =25°C, pH of initial solution (Table 6)).

unmodified clay, additives did not enhance adsorption
of dye onto HDTMA-Fouchana (Fig. 7). For most of
additives, there was a decrease in the amount of dye
adsorbed compared to the experience without addi-
tives. This indicates that most of additives hinder the
adsorption of dye onto HDTMA-Fouchana. These mol-
ecules either compete with the dye ions for adsorption
sites on HDTMA-clay and are preferentially adsorbed,
or coat the dye ions and prevent adsorption.

The desorption rate was calculated relative to the
maximum adsorption rate observed when all additives
were added. The desorption rate with both clays var-
ied in function of the additive (Figs. 6 and 7). In case
of unmodified Fouchana clay, the desorption rate it

30 4

25 -

qe (mg g
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was very high in case of added Bactosol and Kollasol
which enhanced the adsorption of dye. It was how-
ever low in case of CHT Catalase and when all addi-
tives were present (Fig. 6). That means that some
additives which showed an efficiency for adsorption,
have a weak effect on dye sequestration, but again all
additives together seem to have a synergic effect in
efficient dye sequestration on the clay.

In the case of HDTMA-Fouchana clay, there was
no significant improvement in the amount of adsorbed
dye when all additives were present. However, the
desorption rate was lower which means that additives
had at least the role of sequestration of dye adsorbed
onto clay (Fig. 7).

3.2.5. Effect of non-clay minerals in Fouchana bulk
sample

Previous effluent adsorption experiments were per-
formed using the bulk Fouchana clay which showed
the efficiency of color removal although minor miner-
als, such as quartz, calcite, and gypsum were present
[55]. Here we performed batch experiments using the
bulk fraction of Fouchana which contains non-clay
minerals, RR120 dye at the initial concentration of 80
mg/L as for the experiments with HDTMA-Fouchana,
and the additives. The results are compared in Fig. 8.
As for the previous experiments the amount of dye
adsorbed by HDTMA-Fouchana without additives
was much higher than for the unmodified Fouchana.
However it appeared that the Fouchana bulk sample
adsorbed more dye (12.24mg/g) than previously
recorded (around 8mg/g). When all additives were

RR120 + HDTMA

20
15
10 -
5
0 T T T

RR120+ All additives+ RR120 + Fouchana (total RR120+ All additives+

Fouchana HDTMA Fouchana fraction) Fouchana (total fraction)

Fig. 8. Effect of additives on the adsorption of RR120 dye onto Fouchana-modified clay and total fraction of natural clay
(C;i=80mg/L, T=25C, pH of initial solution (Table 6)).
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added the amount adsorbed was much higher and
equal to that recorded for HDTMA-Fouchana (22.75
mg/L). These results show again that additives
strongly enhance adsorption on unmodified clay. But
it also points out that adsorption is possible at an
initial concentration of dye higher than what was
determined in the experience without additives. Fur-
thermore, non-clay minerals do not hinder adsorption
but it seems rather the opposite: they probably furnish
additional adsorption sites to the anionic dye.

3.3. FTIR analysis of RR120/Fouchana/additives

FTIR analyses were performed to highlight interac-
tions in the system clay-RR120 dye-additives
(Fig. 9(a)-(d)). Two additives were selected for which
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interaction could be identified, and also in order to
represent (1) one of the best cases in adsorption
improvement (Bactosol), and (2) one of the worst cases
of adsorption (Duralkan). Moreover, the pattern for
the interaction of clay and RR120 with all six additives
together is also given in Fig. 9.

The spectrum of Fouchana clay shows a band at
420cm™" due to the deformation of [Si-O-Fel
(Fig. 7(a)). The adsorption bands at 470 and 535cm ™"
can be assigned, respectively, to [Si-O-Mg] and [Si-
O-Al] and indicate that there has been substitution of
AP** by Mg®* in the octahedral sites [83]. The valence
and deformation bands at 3,641 and 914cm™’
correspond to the vibrations Al-Al-OH, and show
that the clay is dioctahedral [84] and more precisely
that it is a dioctahedral smectite [85]. The deformation
bands at 695 and 3,715cm™' show the presence of
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Fig. 9. IR spectra of (a) Fouchana clay (AF) before adsorption, RR120 dye and RR120 adsorbed onto Fouchana clay with-
out additives, (b) with the additive Duralkan, (c) with the additive Bactosol, and (d) with the mixture of all additives.
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kaolinite [86]. The bands at 3,362 and 1,644cm™! are
attributed to the vibration of the O-H group of the
hydration water of the clay network. These vibrational
bands overlap with those of the hydration water of
the interlayer cations. Quartz is present and character-
ized by the band at 801 cm™" [83]. The strong band at
1,036 cm ™" represents the Si-O group in plane and out
of plane [87].

Interaction between Fouchana clay and adsorbed
RR120 dye (Fig. 9(a)) is characterized by a slight inten-
sity increase of the AI-Al-OH group characteristic
band from the clay network; this is probably due to
the interaction by hydrogen bonds with the N-H
group of RR120. Moreover the appearance of the
absorption band around 1,450 cm™' specific of S=O
group confirms the sequestration of RR120 by the clay
matrix.

After adsorption of RR120 on clay in the presence
of additives, IR spectra show noticeable interactions
with Duralkan and Bactosol. For Duralkan (Fig. 9(b))
the IR spectrum shows several changes compared to
the spectra of clay only and RR120 adsorbed on clay;
they are listed as follows:

(1) There is an extension of the characteristic band of
the clay OH group; this vibration band moves
from 1,625 towards 1,670 through interaction with
the (C=N) group of the Duralkan molecule.

(2) Two absorption bands appear at 2,950 and 2,900
cm™' which are specific of the C-N group and
indicate the sequestration of the Duralkan mole-
cule by the clay matrix.

(3) The band around 1,450 cm™'-specific of the dye
(5=0) group suggests that it also interferes with
the clay even in the presence of the Duralkan
additive.

(4) There is a widening of the vibration band
towards 3,400cm ™" of the clay Al-AI-OH group
by interaction with the (N-H) group of Duralkan
molecule.

(5) The absorption bands appearing in the wave
range from 1,470 to 1,100 cm™! confirm the inter-
action of the (C,—N) group of Duralkan with the
clay lattice.

IR spectrum of RR120 adsorbed on clay with
Bactosol additive (Fig. 9(c)) shows a broad characteris-
tic band of the clay OH group which is probably due
to the interaction with the C-NO, group of the Bacto-
sol molecule (hydrogen bond). Also, the appearance of
two absorption bands at 2,950 and 2,900 cm™' specific
of the group C-N confirms the sequestration of the
Bactosol molecule by the clay matrix. Moreover, the
band around 1,450 cm™' specific of the group S=O of

A. Nejib et al. | Desalination and Water Treatment 54 (2015) 1754-1769

the RR120 dye indicates that it also interferes with the
clay even in the presence of the additive Bactosol.

The IR spectrum of the clay after adsorption of the
dye with the mixture of all additives shows absorption
bands specific to some functional Duralkan groups
indicating that these molecules interfere with the clay
network (Fig. 9(d)) even when mixed with the other
additives.

4. Conclusion

The adsorption of RR120 onto natural and organo-
philic clays investigated in aqueous solution showed
that the organophilic clay fixed more RR120 than the
natural clay. The adsorption isotherms of both clays
were best fitted by Langmuir adsorption isotherm that
assumes that dye molecules formed monolayers over
the homogenous surfaces of adsorbent. The large
amounts of dye molecules adsorbed on HDTMA-Fou-
chana still form a monolayer onto the clay surfaces.
The pseudo-second-order kinetic model fits the best to
the experimental data.

Different adsorption trends are evidenced when
textile dyeing additives are present. The adsorption of
RR120 anionic dye is, on the overall, strongly
enhanced in case of Fouchana unmodified clay con-
trary to the modified clay for which a reduction was
mostly recorded. Furthermore, adsorption may be pos-
sible at initial concentration of dye higher than what
was initially set in our experiments. Moreover, the
bulk Fouchana material presents properties for
adsorption of anionic dye when additives are added,
comparable that of the clay modified with HDTMA.
Thus, separation of the <2 pum fraction of clay is not
necessary to achieve an efficient adsorption and non-
clay minerals do not hinder RR120 dye adsorption. On
the contrary, there is an improvement of dye adsorp-
tion in presence of all additives.

These results show that textile dyeing effluents
containing dyes and additives may be treated by bulk
natural clay without separation of the <2 um fraction
or modifying the surface charge by surfactants.
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