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ABSTRACT

In this study, the adsorption of anionic surfactant by uncalcined ZnMgNiAl-CO; was exam-
ined using sodium dodecylbenzenesulfonate (SDBS) as a model compound in an aqueous
solution. The synthesized adsorbent (ZnMgNiAl-CO;) was characterized by FTIR, X-ray
diffraction, and BET. The capacity of ZnMgNiAl-CO; to adsorb surfactant was evaluated at
different contact times, pH values, mass effect, and initial surfactant concentrations. Accord-
ing to the obtained results, the adsorption processes could be described by a pseudo-
second-order kinetic model. The adsorption isotherm was well fitted by the Sips model.
Maximum adsorption capacity for SDBS on ZnMgNiAI-CO; was found to be 191.7 mg/g
which was in accordance with the experimental value. Thermodynamic parameters were
estimated as well, and their values indicated that the adsorption process was spontaneous
and endothermic. The values of AH® and AS® of the adsorption process were 7.9 and
0.102 kJ/mol, respectively. The low value of AH® (<40 kJ/mol) indicated that adsorption
process occurs mainly through a physical means.
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1. Introduction

Anionic surfactants such as sodium dodecylben-
zenesulfonate (SDBS) are widely used in industrial
processes for their favorable physicochemical proper-
ties such as detergency, foaming, emulsification,
dispersion, and solubility effects [1]. These compounds
are frequently found in surface and ground waters,
becoming a major environmental and human health
problem. For this reason, the interest in the removal of
these compounds has increased and a variety of
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adsorbents have been investigated including layered
double hydroxides (LDHs) [2].

LDHs are a family of lamellar compounds contain-
ing exchangeable anions in the interlayer space, which
have the strong intralayer bonds and weak interlayer
interactions [3]. Over decades, LDHs or synthetic anio-
nic clays with a hydrotalcite-like structure have been
the focus of many studies owing to their potential
applications in various technologies such as ion exchan-
gers, adsorbents, ionic conductors, catalysts, and cata-
lyst supports [4]. Their structure consists of positively
charged metal hydroxides with interlayer anions and
water, with their chemical composition represented by
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the general formula: [M%foiJ“(OH)Z](A”’)X/n - mHO
where M?" is a bivalent cation (e.g. Ca, Mg, Zn, Co, Nj,
Cu, etc.), M®" is a trivalent cation (e.g. Al, Cr, Fe, Ga,
Ru, Rh, etc.), and A" is a compensation anion such as
Cl, NOs*", ClO,, COs* and SO,* [5]. Based on the
anionic exchange capacity and intercalation aptitudes,
the LDHs are typically used as adsorbents in environ-
mental pollution management, such as the removal of
dye [6,7], chlorophenols [8,9], oxyanions [10,11], CO
oxidation [12,13], sorption of metal cations [14] and
surfactants [15-20].

In this study, four cations precursors were used to
prepare the LDH. Isomorphic substitution of another
metal improves the redox and acid-base properties of
LDHs [6]. These properties are very important in
catalysis and adsorption. LDHs ZnMgNiAl-CO; was
prepared, characterized by powder X-ray diffraction
(XRD), Fourier transformed infrared spectroscopy
(FTIR), N, adsorption and used in adsorption of SDBS.
In general, the «calcined LDHs were used in
adsorption. In this study, we used the only uncalcined
sample.

2. Experimental procedures
2.1. Preparation of ZnMgNiAl-COj3 adsorbent

ZnMgNiAl-CO; with (Mg** + Ni** + Zn**) /(AI**)
molar ratios of two was prepared by co-precipitation
at a fixed pH 10 + 0.5, following the method described
by Reichle [21]. An aqueous solution (500 mL) contain-
ing NaOH (2 M) and Na,COj; (1 M) were added drop-
wise to a solution (500 mL) containing MgCl,-6H,O
(025 M), AlCl3-6H,O (0.25 M), NiCl,-6H,O (0.25 M),
and ZnCl,, 6H,0O (0.25 M) with vigorous stirring. The
resulting slurry was aged at 65°C for 24 h, then cen-
trifuged, washed with deionized water until obtaining
a ClI” free ZnMgNiAl-CO; (AgNO; test), finally dried
at 85°C for 18h, ground and passed through a
100-mesh sieve, giving the product ZnMgNiAl-COs.

Table 1
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2.2. Instrumentation

The distance between the layers of the ZnMgNiAl-
CO;, the basal spacing dyg3, was determined by XRD
analysis using a Bruker D8 advance diffractometer
operating at 40 kV and 30 mA with Cu Ko radiation
(4 =0.15406 nm). Radial scans were recorded in the
reflection scanning mode from 26 = 2-80°. Bragg’s law,
defined as nld=2d sinf, was used to compute the
crystallographic (d) for the examined LDHs samples.
Nitrogen gas adsorption isotherm was measured using
a Quanta Chrome Autosorb-1 instrument at 77 K. The
measurements were made after degassing under
vacuum at 120°C for 12 h. The specific surface area
(S.B.E.T.) was calculated by the B.E.T. method. FTIR
study was carried out using FTIR 8400S Shimadzu
having a standard mid-IR DTGS detector. FTIR spectra
were recorded, in the range of 400-4,000 cm ! with
KBr pellets.

2.3. Reagent

The selected surfactant was technical grade SDBS
with formula C;,H,5C¢HsSO5Na, supplied by Sigma-
Aldrich. The critical micellar concentration of anionic
surfactant was determined by conductance measure-
ments. Some physical characteristics of SDBS are
reported in Table 1. Reagent grade (99%) NaCl, HC],
NaOH, AICl3-6H,O, NiCl,-6H,O, ZnCl,-6H,O, Mg
Cl,-6H,0O were supplied by Sigma-Aldrich.

2.4. The determination of pHpzc

Batch equilibrium experiments were wused to
estimate zero point charge (pHpzc). A total of 50 mL
of 0.01M NaCl solution was poured into several
erlenmeyer flasks. The pH of solution for each flask
was adjusted to a value between 2 and 12 by addition
of 0.1 M HCl or 0.1 M NaOH solution. Then, 50 mg of

Some physical properties of sodium dodecyl benzene sulfonate
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adsorbent was added to the flasks and the dispersion
was stirred for 48 h. After that time the final pH was
measured. A plot of the final pH (pHp) as a function
of the initial pH (pH;) provided pHpzc of the adsor-
bent by the plateau of constant pH to the ordinate.

2.5. Initial pH effect on SDBS removal

The effect of pH on adsorption of SDBS on
ZnMgNiAlI-CO; was studied. This study was
conducted under an initial range of solution pH that
varied from 3 to 11. The surfactant concentration in
the studied solutions was 50 mg/L and the quantity
of ZnMgNiAl-CO; was 50 mg. The volume and agita-
tion speed were, respectively, 50 mL and 200 rpm. All
studies were conducted by stirring the mixtures at
25+1°C. NaOH and HCI solutions were used to
adjust the initial pH.

2.6. Effect of adsorbent dosage

The effect of adsorbent dosage on adsorption of
SDBS onto ZnMgNiAl-CO; was conducted at pH 7
and 25+1°C for 2h. The surfactant concentration
solutions were 50 mg/L and the concentrations of
ZnMgNiAl-CO; were 0.2-4.0 g/L.

2.7. Adsorption kinetics

Adsorption experiments were carried out in a
batch equilibrium mode. For the kinetic, an amount of
samples (100 mg) was dispersed in 50 mL of SDBS
solution (100 mg/L) and stirred with an agitation
speed of 200 rpm. After each time of contact a sample
was removed and centrifuged. The SDBS concentra-
tions were determined using UV-1700 UV spectropho-
tometer at 222 nm. The amount of SDBS adsorbed was
derived from the initial and final concentrations of
SDBS in the liquid phases. All experiments were run
in triplicate to ensure reproducibility. The amount of
the surfactant uptake and percentage of the removal
of surfactant by the adsorbent was calculated by
applying Egs. (1) and (2), respectively:

G-G
T oom

Vv (M

qt

Co—C

% Removal = 100
Co

)

where ¢; is the amount of surfactant taken up by the
adsorbent (mg/g), Co is the initial SDBS concentration
put in contact with the adsorbent (mg/L), C; is the
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surfactant concentration (mg/L) after the batch
adsorption procedure, V is the volume of surfactant
solution (L) put in contact with the adsorbent, and m
is the mass (g) of the adsorbent.

2.8. Adsorption isotherm

For the isotherm, a constant volume of SDBS
solution (50 mL) with varying initial concentrations
(10-300 mg/L) were mixed with a constant amount of
ZnMgNiAl-CO; (50 mg). The dispersions were shaken
at a temperature of 25 + 1°C, under an agitation speed
of 200 rpm. The dispersions were maintained at a
constant pH 7 over 3 h to ensure the equilibrium. The
SDBS g, loading (in mg per unit weight of sample)
was obtained using the following equation:

o= ==Y ©

where Cy and C. (mg/L) are initial and equilibrium
SDBS concentrations, respectively, V (L) is the volume
of the solution, and m (g) is the adsorbent mass.

3. Results and discussion
3.1. Characterization of materials

The point of zero charge (pHpzc) of the adsorbent
was determined by the pH drift method. Fig. 1 shows
a plot of pH drift (pHy) against initial pH (pH;). The
pHpzc value obtained for ZnMgNiAl-CO; was 8.12.
Below the pHzpc, the surface of ZnMgNiAl-CO; was
positively charged and thus effective in removing
negatively charged species from aqueous solution

14
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Fig. 1. Point of zero charge of ZnMgNiAI-COs.
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Fig. 2. Powder X-ray patterns for (a) ZnMgNi-CO; and
(b) ZnMgNiAl-CO3-SDBS.

while at pH values above the pHzpc, the ZnMgNiAl-
CO; surface was negatively charged.

The X-ray powder diffraction pattern of
ZnMgNiAl-CO; is illustrated in Fig. 2(a) ZnMgNiAl-
CO; formed a typical, well-crystallized diffraction pat-
tern that corresponded to a hydrotalcite phase, with
sharp and symmetric reflections at 20 = 11.61°; 23.31°5
34.64° 39.34°% 45.64°; 62.12° 60.66°; those values corre-
sponded to 7.61 A (dyo3), 3.82 A (dooe), 2.57 A (do12),
229 A (dy1s), 1.94 A (dy1s), 1.52 A (dy10), and 1.49 A
(d113). The similar results were founded by other
authors [22,23]. On the one hand, the ZnMgNiAl-CO;
after uptake of SDBS gave a basal spacing of 7.69 A
(doo3) (Fig. 2(b)), which was almost the same as that
of LDH precursor, but the intensity of the dyo; peak
slightly decreased, because the affinity of surfactant
ion toward LDH was much lower than that of carbon-
ate, and the ion-exchange of SDBS for carbonate in the
ZnMgNiAl-CO; interlayer was difficult. As a result,
the uptake of SDBS by ZnMgNiAl-CO3; mainly occurs
by physisorption on the surface of LDH [24].

The FTIR spectra of ZnMgNiAI-CO; (Fig. 3(a))
show the characteristic absorption bands of the hydro-
talcite. The broad band at 3,429 cm™! is due to the
O-H stretching vibration of the metal hydroxide layer
and interlayer water molecules. The bending vibration
of the interlayer H,O is also reflected in the broad-
bands at 1,631 cm™'. The strong adsorption peak at
1,360 cm™' can be assigned to the vibration of the
carbonate species. The band characteristic of metal-
oxygen bond stretching appears below 700 cm™'. The
sharp bands in the 500-700 cm ™' range are caused by
various lattice vibrations associated with metal
hydroxide sheets. The adsorption of SDBS surfactant
in the ZnMgNiAl-CO; is confirmed by the IR spectra
(Fig. 3(b)) The presence of SDBS ion in the LDH is evi-
denced by the C-H stretching vibration bands 2,958,
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Fig. 3. FTIR spectra for (a) ZnMgNiAl-CO;, (b) ZnMgNiAl-
CO3-SDBS, and (c) SDBS.

2,926, and 2,821 cm™ .. ZnMgNiAl-CO3-SDBS spectrum
shows the stretching vibrations of the sulfonate group
(1,184-1,131 cm™"), C=C stretching (1,450 cm™"), and
the C-H bending vibrations 1,131 cm ™' of the benzene
ring. Although, the adsorption of SDBS did not occur
by interlayer anions exchange, it showed that the XRD
pattern of the LDHs after adsorption experiments,
(Fig. 3(b)), the dyo3 was identical to the original
adsorbent but their intensity was lower. Thus, the
SDBS must be only adsorbed in the surfaces of
ZnMgNiAl-CO; LDH. The spectra of Fig. 3 are similar
to those reported in the literature for the same
materials [25,26].

Based on BET analysis, the specific surface area of
synthetic ZnMgNiAI-CO; was 125.3 m*/g. The same
order of magnitude for that surface area value has
been reported in the literature [5,26].

3.2. Effect of ZnMgNiAl-CO3 dosage

The effect of ZnMgNiAl-CO; dosage on adsorption
of SDBS is shown in Fig. 4. From Fig. 4, it followed
the usual pattern of increasing removal efficiency as
the adsorbent dosage increased. That corresponded to
an increase in active sites for adsorption, but the value
of g. decreased. At higher adsorbent dosage, there
was a very fast superficial adsorption onto the
adsorbent surface that produces a lower solute
concentration in the solution than when adsorbent
dose was lower. Thus with increasing adsorbent dose,
the amount of SDBS adsorbed per unit mass of
ZnMgNiAl-CO; reduced, causing a decrease in g,
value. The decrease in amount of surfactant adsorbed
ge with increasing adsorbent mass was due to the split
in the concentration gradient between surfactant
concentration in the solution and the surfactant
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Fig. 4. Effect of the adsorbent dosage on the adsorption of
SDBS onto ZnMgNiAl-CO:s.

concentration in the surface of the adsorbent. Other
researches had similar results [27,28]. So the dose of
50 mg was chosen in present study.

3.3. Effect of pH on adsorption

The effect of the initial pH on adsorption provides
an insight on the nature of the physicochemical
interactions between the sorbate and the sorbent
adsorptive sites. Generally, the initial pH of the solu-
tion can change the sorbent surface charge and the
degree of ionization of the acidic sorbate molecule [2].
In our case, the sorbate molecule (SDBS) is a salt and
in all pHs we have an ion SDBS". From Fig. 5, the
SDBS removal efficiency slightly changed when the

100
95

&\i i /./. pHpzc = 8.12
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Fig. 5. Effect of initial pH on adsorption of SDBS onto
ZnMgNiAl-CO; sample.
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pH values changed from 2 to 7, indicating that the
binding affinity between SDBS and the binding sites
did not significantly change under acidic conditions.
The maximum SDBS removal efficiency was reached
within the pH range of 6-8, with its value fluctuating
between 91 and 89%. The removal efficiencies of
ZnMgNiAl-CO; clearly decreased when the pH was
increased above 8. A similar behavior was observed in
other adsorbents, such as activated carbon [29],
mineral oxides, and clays [30]. The adsorption was
favorable in acidic medium. This phenomena was due
to the strong interaction between anionic SDBS and
positively adsorbent surface charge (pHsol < pHpzc).
At basic pH, the SDBS uptake was lower due to the
electrostatic repulsions between the negative surface
charge (pHpzc < pH (solution)) and the SDBS anions.
Besides, there might be competition between the OH™
ions in the solution and the SDBS anions [6]. So the
pH of SDBS solution (near 7) was not adjusted in the
next experiments.

3.4. Effect of contact time and initial SDBS concentration

The effect of contact time on adsorption capacity of
ZnMgNiAl-COj; for SDBS at different initial SDBS con-
centrations is shown in Fig. 6. This figure shows that
the adsorption capacity increases with the increase in
contact time, and the adsorption reached equilibrium
in about 250 min (4.10 h). An adsorption capacity of
220 mg/g is obtained at 4.1 h contact time, 400 mg/L
initial concentration, pH 7, and 1 g/L adsorbent dose.
This figure also shows that rapid increase in adsorp-
tion of SDBS achieved during the first 1 h. The fast

300
— Fit Pseudo-second-ordre - - - - Fit Pseudo-first-ordre ------ Fit Elovich
* 20 V¥ 200
[ @ 50 « 400 o
250 A 100 -
E |
200
3
£ 150
c:
100 |
50
0F
1 1 1 1 1 1 1
0 50 100 150 200 250 300
Time (min)

Fig. 6. Effect of contact time and initial SDBS concentrations.
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adsorption at the initial stage may be due to the
higher driving force making fast transfer of SDBS ions
to the surface of ZnMgNiAl-CO; particles and the
availability of the uncovered surface area and the
remaining active sites on the adsorbent [31].

3.5. Adsorption kinetics

Generally, three steps are involved during the pro-
cess of adsorption by porous adsorbent particles:
external mass transfer, intraparticle transport, and
chemisorption [32].

To investigate the mechanism of surfactant
adsorption, three kinetic models were considered,
pseudo-first-order, pseudo-second-order, and the
Elovich equation. Those models were the most
commonly used to describe the adsorption of dyes,
organic and inorganic pollutants onto solid adsorbents
[33]. There is no study about kinetic modeling of
adsorption of SDBS from aqueous solution onto
ZnMgNiAl-CO;. In this work, adsorption kinetics of
SDBS onto ZnMgNiAl-CO; was studied in terms of
the Lagergren pseudo-first-order model (Eq. (4)) [34],
Ho’ pseudo-second-order model (Eq. (5)) [35], and
Elovich model (Eq. (6)) [36].

In (g: — qe) = In (qe) — Kyt 4)

Table 2
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1/ge = 1Kaq; + (1/ge)t ®)

L expime ©)
"= B

where g. and g; are the amount of SDBS adsorbed
(mg/g) onto adsorbent at the equilibrium time and at
time ¢ (min), respectively. Values of K; (L/min) and
K, (g/mg min) were calculated from the plot of In
(ge — g vs. t and t/q; vs. t, respectively. a is the initial
adsorption rate (mg/g min), § is the desorption con-
stant (g/mg). Besides the value of R? the applicability
of the kinetic models to describe the adsorption pro-
cess was further validated by the normalized standard
deviation, Ag (%), which is defined as:

Z[(Gexp — qcal)/qex}2

N @

Ag (%) = 100\/

where N is the number of data points, ge, and
Jeai (mg/g) are the experimental and calculated
adsorption capacities, respectively.

The calculated constants of the three kinetic
equations along with R? values at different initial
SDBS concentrations are presented in Table 2. The
linear plots of In (ge — q¢) vs. t and g; vs. In(f) for

The kinetic parameters evaluated for SDBS adsorption by ZnMgNiAl-CO,

Initial concentration

Models Parameters 20 50 100 200 400
First-order kinetic model: K; 0.0317 0.0463 0.0398 0.0308 0.0301
In (g — g0) =1n (g0) — Kyt In g, (cal) 3.5 19.9 35.7 84.9 178.8

R? 0.82 0.875 0.946 0.933 0.929
Ag (%) 0.852 1.141 0.535 0.309 0.482
Second-order kinetic model: K5 0.0347 0.00553 0.003 0.00087 0.000267
1/ge = 1/Kag? + (1/ge )t ge (cal) 19.04 47.64 91.24 142.65 2439
h 12.58 12.55 24.974 17.7 15.88
R? 0.999 0.999 0.999 0.999 0.998
Ag (%) 0.021 0.057 0.012 0.018 0.015
Elovich: B 1.61 0.179 0.1021 0.0494 0.0227
qr = %ln(oc x f) + %ln(t) R? 0.61146 0.669 0.7568 0.893 0.9274
Aq (%) 0.652 5.185 7.611 9.4339 16.689
Intraparticle diffusion: K3 0.015 0.037 0.743 1.536 0.313
g = Ksvt+C C 18.7 46.3 79.12 114.85 223.68
R? 0.909 0.81 0.646 0.705 0.73
Ag (%) 0.018 0.081 2.557 4.040 0.491
Experimental date 17.85 46.2 90.08 138.01 227.7
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Fig. 7. Pseudo-second-order kinetic plot for the adsorption
of SDBS onto ZnMgNiAl-COs.

pseudo-first-order and Elovich equations, respectively,
(figures not shown) are of low R” values, as shown in
Table 2. Moreover, this table shows a large difference
between the experimental and calculated adsorption
capacity values Aq(%), indicating a poor pseudo-first
order and Elovich fit to the experimental data. High
R? values are obtained for the linear plot of t/g; vs. t
(Fig. 7) for pseudo-second-order equation, as shown in
Table 2. It can be seen that the pseudo-second-order
kinetic model better represented the adsorption kinet-
ics and there are well agreements between the experi-
mental and calculated adsorption capacity values Aq
(%) (Table 2). This suggests that the adsorption of
SDBS on ZnMgNiAl-CO; follows second-order
kinetics. A similar result was reported by Taffarel and
Rubio [37] for the adsorption of SDBS on modified
natural zeolite with CTAB. From Fig. 6, nonlinear
forms of pseudo-second-order kinetic model studied
at different conditions also showed the better fit than
pseudo-first-order and Elovich kinetic model, indicat-
ing the adsorption of SDBS was due to chemisorption.
Also from Fig. 6, the results suggested that pseudo-
first-order and Elovich models would be applicable
only over the initial stage of the adsorption process.
The values of rate constant K, decrease with increas-
ing initial concentration of SDBS. The reason for that
behavior could be attributed to the high competition
for the adsorption surface sites at high concentration
which led to higher sorption rates. The initial adsorp-
tion rates can be calculated from the pseudo-second-
order model by the following equation: & = Kpg2, and
the results are shown in Table 2. The result noticed
that initial adsorption rate increased with elevating
the initial SDBS concentration and maximum value
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was obtained at 100 mg/L concentration and then
decreased after that.

3.6. Adsorption mechanism

Adsorption kinetics is usually controlled by differ-
ent mechanisms. The intraparticle diffusion theory
[38] is derived from Fick’s law assumes that the diffu-
sion of the liquid film surrounding the adsorbent is
negligible, and intraparticle diffusion is the only rate
controlling step of the adsorption process. Eq. (8)
shows the mathematical expression used to study this
phenomenon.

g = KsVt+C (8)

where K3 (mg/g min'/?) is the intraparticle diffusion
rate constant and C is the value of the intercept of the
plot of g; against t'/2.

The pseudo-first-order and pseudo-second-order
kinetic model cannot identify the diffusion mecha-
nism, and then the kinetic data were analyzed by
using the intraparticle diffusion model. According to
this model, the plot of uptake g;, vs. the square root of
time, '/2, should be linear if the intraparticle diffusion
is involved in the adsorption, and if these lines pass
through the origin, then intraparticle diffusion is the
rate controlling step, otherwise this indicates that two
or more steps occur in the adsorption process. The
plots shown in Fig. 8 presented multilinearity, indicat-
ing that three steps took place. As can be seen in

260
240 _Co(mg/L)
*
220-. 5238
200F A 100
180 F v 200
160-‘ 400
§ 140 |
g 120 b <
6_-100-
80 |
60 |
40 |
20 F
0.I....I....I....I....I....I....I....I....I..
2 4 6 8 10 12 14 16 18
timeo's(mino's)

Fig. 8. The Weber-Morris plot of the kinetic data for
SDBS adsorption onto ZnMgNiAl-CO; at different
concentrations.
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Fig. 8, the first sharper step was not observed and
completed before 10 min, which may be considered as
the external surface adsorption. The second step
described the gradual adsorption from 10 to 50 min,
where intraparticle diffusion was rate controlling. The
third step was attributed to the final equilibrium stage,
in which intraparticle diffusion started to slow down
due to the decrease in SDBS concentration in solution.
The slope of the second step characterized the rate
parameter corresponding to the intraparticle diffusion,
and the intercept was proportional to the boundary
layer thickness. Fig. 8 also shows the linear plots of
the second and the third stages did not pass through
the origin. It shows that intraparticle diffusion was
not the only rate limiting mechanism in the adsorption
process. Some other mechanism along with intraparti-
cle diffusion is also involved.

The R? values (Table 2) for this model were lower
compared to those obtained from pseudo-first-order,
pseudo-second-order and Elovich models. Also, there
was high deviation between the calculated and experi-
mental values Aq (%). The C intercept values gave an
idea of the boundary layer thickness, i.e. the larger the
intercept, the greater the effect of the boundary layer.
The values of intercept C (Table 2) provide informa-
tion about the thickness of the boundary layer and the
external mass transfer resistance. The constant C was
found to increase from 18.7 to 223.7 with increase in
SDBS amount from 50 to 400 mg/L. The intraparticle
diffusion rate constant, K3 value was in the range of
0.015-1.536 mg/g min'’/2.

3.7. Adsorption isotherm

Adsorption isotherm can describe how adsorbates
interact with adsorbents in an adsorption system.

200 e T
PRSI A L@ S K
o ~
150
o
g 100 | ,’/N @® Experimental points
£ o ) '
) q Non linear fit
c | --- Langmuir, R?=0,931
50 ¢ Freundlich, R*=0,845
e | Sips, R’=0,946
® ---- Toth, R?=0,932
of8
L 1 1 1 ! ! ! !
0 20 40 60 80 100 120 140 160

C (mglL)

Fig. 9. SDBS adsorption isotherm onto ZnMgNiAI-COs.
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Adsorption isotherm for surfactant retention by
ZnMgNiAl-CO; is presented in Fig. 9. This isotherm
indicates that surfactant has a high affinity for
ZnMgNiAl-CO; surface, particularly at low surfactant
concentrations. Isotherm was a characteristic of typical
L-type adsorption reaction that represented a system
where the adsorbate was strongly attracted by the
adsorbent, generally by ion-ion exchange interactions
that reached a saturation value represented by “the
plateau” of the isotherm [39]. The L-type ion-exchange
isotherms have been reported by other authors for the
adsorption of many organic [7,8], inorganic [40-42],
dyes [43,44], and surfactant [45] anions on LDHs. The
analysis requires equilibrium to better understand the
adsorption process. In this paper, the Langmuir,
Freundlich, Sips, and Toth models were applied and
the nonlinear equations were listed as following.

3.7.1. Langmuir isotherm

The Langmuir adsorption isotherm has been
successfully applied to many pollutant adsorption
processes and has been the most widely used sorption
isotherm for the sorption of a solute from a liquid
solution [46]. The saturated monolayer isotherm can
be represented as:

quLCe

=———— 9

9 =11 K.C. )

For the Langmuir isotherm, an equilibrium parameter,

Ry, is the essential characteristics of this isotherm,
which can be expressed as follows:

1

= 178G (10)

L

where C, is the equilibrium concentration (mg/L), ge
is the amount of SDBS adsorbed onto ZnMgNiAl-CO;
(mg/g), gm is g. for a complete monolayer (mg/g), a
constant related to sorption capacity, and Kj, is a con-
stant related to the affinity of the binding sites and
energy of adsorption (L/mg). Cy is the highest initial
solute concentration, and Ry, indicates the type of iso-
therm to be reversible (R; = 0), favorable (0 < Ry < 1),
linear (R, = 1), or unfavorable (Ry > 1).c

3.7.2. Freundlich isotherm

Freundlich isotherm is an empirical equation
describing adsorption onto a heterogeneous surface.
The Freundlich isotherm is commonly presented as:
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qe = KFCi/n (11)
where Kg and n are the Freundlich constants related
to the adsorption capacity and adsorption intensity of
the adsorbent, respectively [47].

3.7.3. Sips isotherm

The Sips isotherm is a combination of Langmuir
and Freundlich isotherms; it suggests that the equilib-
rium data follow the Freundlich curve at lower initial
solute concentration, but it follows the Langmuir trend
at higher solute concentration [48]. It is given as:

- QSKsCi/m

fe 1+ KsC}e/m (42
where g is the solid phase sorbate concentration in
equilibrium (mg/g), C. is the liquid phase sorbate
concentration in equilibrium (mg/L), g5 (mg/g) is the
Sips maximum uptake of SDBS per unit mass of
ZnMgNiAl-CO;, Ks (L/mg), 1/m is the Sips constant
related to energy of adsorption, parameter m could be
regarded as the Sips parameter characterizing the
system heterogeneity, Cy is the highest initial solute
concentration (L/g).

3.7.4. Toth isotherm

The Toth model is an improvement of the
Freundlich and Langmuir equations [31]. The equation
describes well the adsorption behavior under sub-
critical conditions of several adsorbates.

QrKTCe
[1+ (KpCe)™]H/me

Je = (13)

where g. (mg/g) is the equilibrium amount of adsor-
bate by the solid, C. (mg/L) is the equilibrium concen-
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tration of adsorbate, g7 (mg/g) and Ky (L/mg) are the
Toth constants, representing the monolayer adsorption
capacity and the energy of adsorption, respectively,
and mr is an empirical constant.

Nonlinear regression is used to determine the
best-fitting isotherm, and the applicability of isotherm
equations is compared by judging the correlation
coefficients R®. The calculated constants of the four
isotherm equations along with R values are presented
in Table 3. This table shows that the Sips isotherm
gave the best correlation with R* value of 0.937 at
25°C. This may due to the ability of Sips isotherm to
predict wide adsorbate concentration ranges. From
Table 3, it can be noticed that for the Langmuir iso-
therm, the value of Ry is 0.018 for temperature of
398 K, indicate the favorability of SDBS adsorption on
ZnMgNiAl-COj;. The results of Table 3 show that the
Langmuir isotherm correlates the data with R* value
higher than that of Freundlich and Toth isotherm,
which reflects the monolayer adsorption. In this study,
maximum SDBS adsorption capacity of 191.7 mg/g is

9.8 |-
9.6 |-
94 |
u

< 9.2

P |

o

9.0

8.8 |
m R°=0.885

0.00301 0.00308 0.00315 0.00322 0.00329 0.00336
(1IT) (1/K)

8.6 |

Fig. 10. Van't Hoff plot for the adsorption of SDBS onto
ZnMgNiAl-COs;.

Table 3

Freundlich, Langmuir, Sips, and Toth parameters for the SDBS adsorption

Langmuir Freundlich Sips Toth

gm (mg/g) 212.6 Im (Mg/g) 191.7 Im (mg/g) 246.9
Ky 0.16 Kg 55.86 Ks 0.063 Kr (dm®/mg) 0.102
Ry, 0.018 n 3.58 M 0.521 mr 1.12
R? 0.931 R? 0.845 R? 0.946 R? 0.932
Aq (%) 21.52 Aq (%) 32.29 Aq (%) 19.1 Aq (%) 2141
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Table 4
Thermodynamics adsorption parameters for SDBS on ZnMgNiAl-CO;
AG (kJ/mol)
AH (kJ/mol) AS (kJ/mol) 299 309 319 329
7.8 0.102 —22.64 —23.66 —24.69 —25.71

reported (Table 3), as calculated from Sips isotherm
fitting, which is in accordance with the experimental
value.

3.8. Adsorption thermodynamics

The thermodynamic parameters such as change in
Gibbs free energy (AG®), enthalpy (AH®), and entropy
(AS") were estimated to evaluate the feasibility and
nature of the adsorption reaction. Experiments were
carried out using 50 mg/L of SDBS solutions and
50 mg of adsorbent ZnMgNiAl-CO; at temperatures
26, 36, 46, and 56 + 1°C. The Gibbs free energy change
of the process is related to the equilibrium constant
(Kc = (1,000 g./C,) by the following equation (Eq. (14))
[49,50].

AG = —RT In K¢ (14)
From thermodynamics, the Gibbs free energy change
is also related to enthalpy change and entropy change

at constant temperature by the following equation
(Eq. (15)).

AG = AH —TAS (15)
The values of AH® and AS° were calculated from the
slope and intercept of the plots of InK4 vs. 1/T

Table 5
Adsorption capacities of different adsorbents used for
removal of SDBS

Adsorbent Jmax (Mg g_l) References
Activated carbons 260-470 [51]
Organophilic bentonite 150 [52]
Alumina 19.8 [53]
Modified natural zeolithe 30.7 [37]
PANI doped with CuCl, 323 [54]
PANI doped with ZnCl, 29.5 [54]
Zn-Mg-Ni-Al-CO; 191.7 This study

(Fig. 10). The calculated values of AH®, AS®, and AG”
are listed in Table 4. The obtained values for Gibbs
free energy change AG® are —22.64, —23.66, —24.69, and
—25.71 kJ/mol for SDBS adsorption on ZnMgNiAl-
CO; at 299, 309, 319, and 329 K, respectively. The
negative AG° values indicate thermodynamically
spontaneous nature of the adsorption. The positive
enthalpy change (AH") values for the SDBS adsorption
reaction indicate the endothermic nature of the
present reaction. Low positive enthalpy change
(AH® < 40 kJ/mol) also indicated the physical sorption
of SDBS onto ZnMgNiAl-CO; surface. The positive
entropy change (AS®) for this reaction (Table 4) has
also indicated the increase in number of species at the
solid-liquid interface and hence the randomness in
the interface which is presumably due to the release
of aqua molecules when the aquated SDBS is adsorbed
on the surface of the adsorbent.

4. Conclusion

The results obtained in this study suggest that
ZnMgNiAl-CO; is very efficient sorbent for anionic
surfactant and showed a higher adsorption capacity
toward SDBS at low concentrations. Three adsorp-
tion kinetic models were tested and the pseudo-
second-order model fit the experimental data well.
The intraparticle diffusion study yielded two or
three linear regions, which suggested that surfactant
adsorption involves more than one kinetic stage.
The Sips model fit the experimental data well,
suggesting that the adsorption occurs in a mono-
layer. The maximum adsorption capacity for the
adsorption of SDBS onto ZnMgNiAl-CO; was found
to be 191.7 mg/g. The negative value of AG® at dif-
ferent temperatures indicated spontaneity and the
positive value of AH® showed the endothermic
nature of SDBS adsorption. Comparing our prepared
uncalcined LDHs with other low-cost adsorbents
(Table 5), we think that the material is very
competitive. The best-fit adsorption isotherm was
achieved with this material particularly promising
for the removal of anionic surfactant in industrial
wastewater treatment.
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