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ABSTRACT

In this study, ZnAlFe-CO, layered double hydroxide (LDH), with a Zn to (Al+Fe) molar ratio of 2 and
an Al to Fe molar ratio of 1:1, was successfully synthesized and its calcined product (ZnAlFe-C) was
obtained. The prepared adsorbents ZnAlFe-CO, and ZnAlFe-C were characterized by FTIR, XRD,
TGA/DTA and BET textural analysis. Batch sorption studies were conducted to investigate adsorp-
tion of diclofenac from water onto both adsorbents. The results show that ZnAlFe-C can be used as
an effective adsorbent and its sorption capacity is higher than that of ZnAlFe-CO,The adsorption
processes can be well described by the pseudo-second- order kinetic model. The adsorption data are
fitted well with the Langmuir isotherm equation. The maximum adsorption capacity is 641.48 mg/g.
The thermodynamic parameters were calculated. The negative AG® and AH’ indicate that the adsorp-
tion processes are spontaneous and exothermic in nature.
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1. Introduction

The contamination of aquatic systems by pharmaceuti-
cals and personal care products (PPCPs) is widely reported
and represents a growing concern and risk for the environ-
ment and human health [1,2]. For instance, the diclofenac
(DIC), one of the most common and representative PPCPs,
is widely used in human medical care; it enters the aquatic
environment through human excretions [3]. The removal
efficiency in wastewater treatment plants (WWTPs) is very
low for diclofenac and leads to surface water contamination
[3/4]. Diclofenac and its metabolites are commonly detected
in many countries at concentrations up to p g L™ range in
sewage effluents, surface waters, and even in ground water
and drinking water [4,5]. The removal of diclofenac from
water resources is of vital concern to researchers worldwide.

From the literature, a number of procedures such as
photodegradation [6], coagulation—flocculation [7], bio-
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degradation [8], chlorination [9], advanced oxidation pro-
cesses (AOPs) and ozonation [10,11] have been used for
the removal of pharmaceutical contaminants from water.
However, these methods have certain disadvantages such
as high capital cost and operational costs. As an alternative,
the adsorption technique can be applied to remove these
kinds of effluents. Adsorption offers significant advantages
over traditional treatment methods especially environ-
mental point of view [12,13]. Although activated carbon is
widely used as an adsorbent owing to its excellent adsorp-
tion abilities, its high price limits usage.

Layered double hydroxides (LDHs), commonly
known as anionic clays or hydrotalcite-like compounds,
are composed of positively charged brucite-like sheets
and negatively charged anions in the hydrated interlayer
regions. They can be represented by this general formula,

[M{I_XMT(OH)Z]H (A”’ )ﬁ mH,0, where M" and M™ are
divalent metal cations ( Mg*, Zn*, Ni *, Cu *, Ca *, etc.)

1944-3994 / 1944-3986 © 2017 Desalination Publications. All rights reserved.



76 M.M Rafique et al. / Desalination and Water Treatment 83 (2017) 75-85

and trivalent metal cations (AI**, Fe*, Ga®*, Cr¥*, etc.),
respectively. A™ denotes exchangeable interlayer anion
with negative charge n, m is the number of interlayer water
and x is defined as the M™/ (M"+M") ratio [14]. During con-
trolled thermal decomposition, LDH progressively suffers
the loss of physisorbed and interlayer water, decomposition
of interlayer anions, and dehydroxylation of brucite-like
sheets [15]. The calcination of these LDHs (CLDHs) pro-
duces non stoichiometric mixed metal oxides as intermedi-
ates, which are characterized by high specific surface areas,
high anion exchange capacities, strong Lewis basic sites (O*
species), flexible interlayer space and homogeneous disper-
sion of metal cations [16]. Rehydration of CLDHs leads to
the reconstruction of the original layered structure, which
is described as a “memory effect” [17]. As a kind of prom-
ising adsorbents, CLDHs have been widely used for the
removal of contaminant anions in wastewaters, even better
than their LDH precursors [16,17]. In our previous works,
we demonstrated that CLDHs provided a good adsorption
potential for the removal of 2.4.5-TCP [18], orange methyl
[19], anionic dye Biebrich scarlet [20], CO oxidation [21] and
Cr VI [22].

Here, we report on the preparation of LDHs, with Zn
as divalent cation, and Al and Fe as trivalent ones fol-
lowing the coprecipitation method. Despite the fact that
most of the previous studies have been carried out with
systems with only one divalent and one trivalent cation,
we have included here a system with one divalent (Zn)
and two trivalent cations (Al, Fe) in the brucite-like layers.
The choice of the metal ions is based on the fact that the
trivalent cations AI** and Fe®* are non-toxic, stable, cheap,
friendly to the environment in comparison with other tri-
valent cations (Ni, Co, Mn, Cr). As the ionic radii of Al*®
(0.50 A) and Fe*?(0.64 A) are similar than that of zinc ion
(0.74 A) (Table 1) [14], these ions are accommodated in the
holes of close packed configuration of OH groups in the
brucite-like layers.

The present study aims to evaluate the potential adsorp-
tion capacity of DIC onto ZnAlFe-C in an aqueous medium
as a function of various adsorption parameters, such as pH,
contact time, initial concentration, adsorbent dosage and
coexisting ions. The equilibrium isotherm and kinetic model
of the adsorption process were also studied to evaluate the
viability and effectiveness of the process. According to the
literature review, there are not many studies focused on the

Table 1
Tonic radius of divalent and trivalent cations involved in LDHs
materials

MIIL Tonic radius (A) MIII Tonic radius (A)
Mg 0.65 Al 0.50
Cu 0.69 Ga 0.62
Ni 0.72 Ni 0.62
Co 0.74 Co 0.63
Zn 0.74 Fe 0.64
Fe 0.76 Mn 0.66
Mn 0.80 Cr 0.69
Ca 0.98 In 0.81

elimination of emerging contaminants like diclofenac (DIC)
by ZnAlFe LDH.

2. Experimental
2.1. Materials

Reagent grade (99%) NaCl, HCI, NaOH, AICL-9H,0O,
ZnCl,-6H,0, FeCl,-9H,0 were supplied by Sigma-Aldrich.
The adsorbate diclofenac sodium (abbreviated as DIC)
(water solubility > 2000 mg/L, pKa = 4.1, molecular weight
= 318.14, boiling point = 412°C) was also purchased from
Sigma-Aldrich.

2.2. Synthesis of ZnAlFe-layered double hydroxide

ZnAlFe-CO, with Zn*?/(Al**+Fe*) molar ratio of 2 was
prepared by coprecipitation at a fixed pH 10 + 0.5, following
the method described by Reichle [23]. A metal salt solution
containing ZnCl,-6H,0 (44.97 g), AICL,-9H,0 (19.92 g) and
FeCl,-9H,0 (13.37 g) was added drop wise to a vigorously
stirred NaOH 2 M, Na,CO,1 M aqueous solution. The result-
ing slurry was kept at 65°C for 24 h, centrifuged, washed
with deionized water until obtaining a Cl- free ZnAlFe-CO.,.
Finally, the product was dried for 18 h at 80°C, ground and
passed through a 100-mesh sieve. A fraction of the resulting
material (ZnAlFe-CO,) was calcined in a muffle furnace at
500°C for 5h; the solid obtained was denominated ZnAl-
Fe-C. The calcined product was directly characterized and
investigated in adsorption experiments.

2.3. Characterization of samples

X-ray diffraction (XRD) analysis of the LDH samples
was conducted using a Philips ®X-Pert diffractometer with
Cu Ka radiation. The software used was XPOWDER®.

FTIR study was carried out using a FTIR spectropho-
tometer JASCO 6200, with a software SPECTRA MAN-
AGER v2. FTIR spectra were recorded in the range of
400-4000 cm™ at 0.5 cm™ resolution using KBr pellets.

Thermogravimetric analyses were performed on a
METTLER TOLEDO mod. TGA/DSC1 with a FRS5 sensor
and a microbalance Mettler-Toledo GMBH (precision 0. 1
pg). Samples were heated in a platinum crucible between
10 and 950°C at a heating rate of 10°C/min under a stream
of nitrogen.

Nitrogen gas adsorption-desorption isotherms were
measured using a Micromeritics Tristar 3000 instrument
at 77K. The measurements were made after degassing the
samples under vacuum at 200°C for 3h. The specific sur-
face areas were determined according to the BET method
at the relative pressure in the range 0.05-0.35 [24]. The
total pore volumes of micro and mesopores were directly
determined from the nitrogen adsorption at P/P, = 0.98.
The pore size distribution is calculated using the Barret-
Joyner-Haleda (BJH) method using the desorption iso-
therm [25].

The point of zero charge (pH ) of LDHs used for the
adsorption is determined using solid to liquid ratio of
1:1.000. For this, 0.1 mg of LDHs is added to 100 mL of water
with varying pH from 4 to 12 and stirring for 24 h. The final
pH value is plotted against initial pH of the solution [19].
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2.4. Adsorption experiments

It should be noted that the kinetic study for ZnAlFe-CO,
was not included in this work due to the lower adsorption
capacity of this material compared to that of ZnAlFe-C.

The effect of pH on DIC adsorption onto ZnAlFe-C was
studied under initial solution pHs ranging from 4 to 10. The
initial DIC concentration in the studied solutions was 50
mg/L and the quantity of ZnAlFe-C was 50 mg. The vol-
ume and agitation speed were 50 mL and 200 rpm, respec-
tively. All studies were performed by stirring the mixtures
at 25 + 1°C. The initial solution pH was adjusted with HCl
or NaOH.

The effect of adsorbent dosage was performed at pH 6.7
and room temperature 25 + 1°C for 3 h. The initial DIC con-
centration was 50 mg/L and the adsorbent dosage range of
ZnAlFe-C was 5-200 mg.

The effect of the ionic strength was evaluated by vary-
ing the concentration of the ionic solutions (NaCl, KNO,,
Na,SO,, K,PO, and Na,CO,) from 0 to 1000 mg/L. Every
solution was mixed with 50 mL of 50 mg/L DIC solution
and 50 mg of ZnAlFe-C at pH =6.7 and T =25 + 1°C.

Kinetic batch tests were carried out with 1000 mg/L
of the DIC stock solution diluted to 5-600 mg/L. For this,
a known amount of ZnAlFe-C (20 mg) was dispersed in
20 mL of DIC solution at pH = 6.7 and T = 25 + 1°C. After
each contact time, a sample was taken and centrifuged. The
amount of DIC adsorbed was derived from the initial and
final concentrations of DIC in the liquid phases.

For the adsorption isotherm, 20 mL of a DIC solu-
tion with initial concentrations ranging from 5 to 1000
mg/L was mixed with a constant amount of ZnAlFe-C
(20 mg). The dispersions were shaken at a temperature
of 25 + 1°C, a free pH (i.e. pH > pKa (DIC)) and under an
agitation speed of 200 rpm. To reach equilibrium, the dis-
persions were maintained at a constant pH for 3 h. After
completing each adsorption experiment, the solid phase
was separated from the liquid phase by centrifugation at
5000 rpm for 15 min. The equilibrium supernatant lig-
uid concentrations were determined at the wavelength
of maximum absorption (276 nm) using a Shimadzu UV-
Vis 1700 spectrometer. The amounts adsorbed at equilib-
rium (g,) and at any time (g,) were calculated using the
following equation:

0. :[M}xv 1)

m

where gq,, (mg/g) is the adsorbed quantity at equilibrium
(g) or at any time (q[) C, (mg/L) is the initial DIC concen-
tration, C,, (mg/g) is the DIC concentration at equilibrium
(C) or any time (C,), V(L) is the volume of the solution, and
m(g) is the mass of the ZnAlFe-C adsorbent.

For the regeneration study, a portion of 100 mg
ZnAlFe-C adsorbent was placed in 100 mL of 100 mg/L
diclofenac solution and shaken for 3 h at room temperature.
After adsorption, the sample (ZnAlFe-CDIC) was filtered,
washed with water and then dried at 50°C. To desorb the
DIC, the ZnAlFe-CDIC sample was treated for 3 h using
ethanol, then, the sample (ZnAlFe-C) was separated by fil-
tration, washed and dried. The latter sample (ZnAlFe-C)
was then subjected repeatedly to successive adsorption-de-
sorption cycles.

3. Results and discussion

3.1. Characterizations of adsorbents

The XRD patterns of ZnAlFe-CO,, ZnAlFe-C and ZnAl-
Fe-CDIC (after adsorption of DIC) are shown in Fig. 1. As
can be seen, before calcination, the synthesized ZnAlFe-CO,
(Fig. 1a), shows typical hydrotalcite (HTCQO,) structure with
sharp and symmetric reflections for (003), (006) as well as
wide and asymmetric reflections for (012), (015) and (018)
planes. All of these reflections are the characteristic of
hydrotalcite-like compounds [14]. For this material, the
interlayer space (d) calculated from the Bragg equation (14 =
2d sin6) is 7.42 A, which can be assigned to the intercalation
of carbonate ions between the inorganic lamellae [26,27].
After calcination, the characteristic reflections of LDH dis-
appeared and the hydrotalcite phase was transformed into
an amorphous structure, due to dehydration and decarbon-
ation according to the modification that appears in Fig. 1b.
Only a few diffused peaks observed at 31.62° (2.82 A) and
35.11° (2.55 A) are attributed to mixed oxides [28]. However,
reconstruction of the layered structure (Fig. 1c) has been
observed to take place after diclofenac adsorptlon giving
a material with a basal spacing of 7.5 A by the “memory
effect” of CLDHs [29]. The basal spacing of d, is almost
the same of that of the LDH precursor, which indicates that
there are a few DIC anions between the interlayer, due to
the strong interaction between CO,* and the layers. XRD
patterns indicate a little increase m basal spacing from d
=742 A to 7.5 A. Therefore, the DIC adsorption occurred
mainly on the external surface of the material.

The FTIR spectra of ZnAlFe-CO,, ZnAlFe-CDIC and
DIC are depicted in Fig. 2. The spectrum of the ZnAlFe-CO,
(Fig. 2a) shows characteristic bands of hydrotalcite-like
phases with CO, as the counter anion [29]. The bands at
3,456 and 1,649 cm™ are attributed respectively to the O-H
stretching and bending vibrations of hydroxyl groups and
water molecules [30]. The band observed around 1,353 cm™!
is assigned to a vibrational mode of the CO,* anions [31].
The absorption bands below 1,000 cm™ are interpreted as
the lattice vibration mode of M-O and M-OH with M repre-
senting Zn, Al or Fe [32-34]. FTIR spectrum of DIC (Fig. 2c)
shows one peak at 746 cm™, attributed to C—Cl stretching
and absorption bands at 1,453 and 1,283 cm™ resulted from
C-N stretching. The peaks at 1,504 and 1,576 cm™ resulted

d009=2,594

d015=2,29A  ¢018=19A
d003=7,5 A

\

d006=3,77A
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d009=259A|  d015=229A 4510_1 oA

d006=3,75A

(a)

10 20 30 40 50 60
2 0 (degrees)

Fig. 1. X-ray diffractograms of the ZnAlFe-CO, (a), ZnAlFe-C (b)
and ZnAlFe-CDIC (c).
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Fig. 2. FTIR spectra of the ZnAlFe-CO, (a), ZnAlFe-CDIC (b)
and DIC ().

from C=C and C=O stretching of the carboxylate func-
tional group, respectively [35]. The FTIR spectrum of the
ZnAlFe-CDIC in Fig. 2b exhibits new absorption bands at
1,576 cm™ and 1,504 cm™ corresponding to the asymmet-
ric and symmetric stretching vibrations of the carboxylate
group (COO") of diclofenac. These bands confirm that the
DIC molecules are adsorbed onto the material.

The differential thermal analysis (DTA) and thermo-
gravimetric analysis (TGA) curves are shown in Fig. 3.
DTA thermogram of the ZnAlFe-CO, present in Fig. 3a dis-
plays two prominent endothermic peaks (at 186°C and at
234°C), both assigned to the elimination of water and CO,,
respectively [29]. Two weight loss stages were observed
for ZnAlFe-CO, in the TGA curve; coinciding with the two
endothermic peaks in the DTA profiles. The first weight loss
at 186°C was ascribed to the loss of physically adsorbed and
interlayer water. The second one in the temperature range
from 200 to 400°C could be attributed to removal of car-
bonate anions in the interlayer and water molecules from
condensation of hydroxyl groups from brucite-like layers
[33], leading , thus, to the destruction of hydrotalcite struc-
ture and the formation of an amorphous metastable mixed
oxides M"M™O_[34]. The total weight loss of the pure sam-
ples in the temperature range up to 600°C is approximately
28%, which corresponds to the sum of water and carbon-
ate contents. Fig. 3b shows three weight losses for ZnAl-
Fe-CDIC at 80, 193 and 533°C. The weight loss 3% from 30
to 100°C is due to the removal of surface physisorbed water
molecules. The second weight loss 10% in the range of 100-
250°C corresponds to the removal of water molecules from
the intercalated structure. The last weight loss (533°C) is
mainly attributed to the decomposition of the intercalated
DIC ions under air atmosphere, accompanying with the
formation of mixed oxides [35].

The N, adsorption-desorption isotherms of ZnAlFe-CO,
and ZnAlFe-C are presented in Fig. 4. The inset shows
the pore size distributions (PSD) determined by the Bar-
ret-Joyner-Halenda (BJH) analysis using the adsorption
data. The isotherms of these samples are typical of meso-
porous structures and are classified as type II on the basis of
TUPAC recommendations. These isotherms also exhibit an
H3 type hysteresis at high relative pressure, which is typ-
ical for aggregates of plate-like particles giving rise to slit-
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Fig. 3. TGA and DTA results of the ZnAlFe-CO, (a) and ZnAl-
Fe-CDIC (b).

shaped pores [36]. This kind of hysteresis is typical for the
presence of open large pores, which allow easy diffusion of
the reactants through the materials. As seen from the inset
in Fig. 4, the PSD curves are quite broad and monomodal
with small mesopores. The peak pores are located at ca. 80
A and 120 A for ZnAlFe-CO, and ZnAlFe-C, respectively.
The smaller mesopores reflect the presence of pores within
nanosheets, while larger mesopores can be associated to the
pores formed between stacked nanosheets [36]. The spe-
cific surface area of the ZnAlFe-CO, increased from 53.2 to
79.0 m?/ g and the pore volume from 0.32 to 0.49 cm?®/g by
heating at 500°C. The removal of water and carbon dioxide
during calcination can lead to the formation of channels and
pores [37], which are accessible to the nitrogen molecules
and could increase the specific surface area of ZnAlFe-C.
The point of zero charge (pHpzc) of the adsorbent was
determined by the pH drift method. A plot of the final pH
(pH,) against initial pH (pH,) was done (figure not shown).
The pHpzc value obtained for ZnAlFe-CO, was 7.3 and 7.5
for ZnAlFe-C. Under the pHzpc, the surface of ZnAlFe-C
was positively charged and thus a high efficacy in removing
negatively charged species from aqueous solution. While
this material acquires a negative charge when solution pH
is above the pH

PZC*
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Fig. 4. N, adsorption/desorption isotherms of ZnAlFe-CO,
and ZnAlFe-C. Inset shows the pore size distribution of the
materials.

3.2. Diclofenac adsorption results
3.2.1. Effect of initial pH

Solution pH not only affects the surface charge of
adsorbent but also influences the pollutant species in
solution by controlling their electrostatic interaction. The
variation of adsorption onto the ZnAlFe-C was investi-
gated in a pH range 4-10 using HCI or NaOH. The effect
of pH on DIC removal was studied with an adsorption
time of 180 min, which was found to be enough to ensure
the equilibrium. Fig. 5 shows the effect of the solution pH
on the removal efficiency of DIC by the ZnAlFe-C. The
inset shows the final pH against initial pH. The removal
of diclofenac decreased rapidly with increasing pH. The
isoelectric point (pHpzc) of the ZnAlFe-C was measured
to be 7.5, indicating that the adsorbent surface was nega-
tively charged at pH above 7.5. Since the pKa of DIC was
4.1, more anionic DIC species were present in the solution
with increasing pH. Therefore, the electrostatic repulsion
between DIC and ZnAlFe-C increased with increasing
solution pH, leading to a rapid decrease of the removal
efficiency. In addition, the competitive adsorption of OH"
ions can also result in a decrease in adsorption capacity.
Similar results have been previously reported for the sorp-
tion of DIC from aqueous solutions by carbon nanotubes/
alumina hybrid (CNTS/ALO,) [38,39].

3.2.2. Dosage effect of the adsorbent

Adsorbent dose is an important parameter in the
determination of adsorption capacity. The results (Fig. 6.)
show that the removal percentage increases with increas-
ing adsorbent dose up to 50 mg and g, amount adsorbed
(mg/g) decreases with an increase in adsorbent dose from
5 to 200 mg. This can be interpreted as an increase in the
adsorbent specific surface area and a porous structure of
ZnAlFe-C providing more adsorptions sites that result in a
higher removal percentage [40].
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Fig. 5. Effect of the pH for the equilibrium adsorption data of
DIC on the ZnAlFe-C.
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Fig. 6. Dosage effect on adsorption of DIC on ZnAlFe-C.

3.2.3. Effects of co-existing anions

In practice, natural water contains multiple anions, which
can compete for adsorption sites and lead to the reduction of
diclofenac removal. The effect of co-existing anions like, CI-,
NO;, CO7, SO, PO}, was studied and the results are shown
in Fig. 7. It was observed that the DIC adsorption capacity
decreased significantly when other anions co-existed, espe-
cially when, CO7, SO,?, PO/ were present. The effect of co-ex-
isting anions on DIC adsorption decreased in the order: CO7
> PO} > SO > ClI' > NO,. This effect towards adsorption
may be due to their affinity towards ZnAlFe-C. It has been
reported [19,20] that the adsorptive tendency of multicharge
anions is higher than that of monovalent anions. Therefore
the anion with higher charge density has greater effect on
DIC adsorption onto ZnAlFe-C [41].

3.2.4. Effect of concentration on ZnAlFe-C

The effect of DIC initial concentrations (5-600 mg/L)
on ZnAlFe-C is presented in Fig. 8. The adsorption uptake
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of DIC gradually increases when the concentration
increases. It is evident from the figure that the DIC removal
was rapid in the initial stages of contact time and reached
already equilibrium after 120 min for all concentrations.
The rapid adsorption at the initial contact time can be
attributed to the abundant availability of active sites on
the adsorbent surfaces. After occupancy of these sites, the
adsorption became less efficient. The superior adsorption
capacity at high initial concentration is perhaps due to the
generation of significant driving forces caused by a pres-
sure gradient [42].

3.2.5. Kinetic study

To investigate the mechanism of diclofenac adsorption,
two kinetic models were considered, pseudo-first-order,
and pseudo-second-order models. Those models were the
most commonly used to describe the adsorption of organic

50

Amount adsorbed, ge(mg/g)
3 g
T T

-
o
T

0 200 400 600 800 1000
Salt concentration, C (mg/L)

Fig. 7. Effect of coexisting ion (ClI, NO;, SO;?, PO}, CO?) on the

adsorption performance of ZnAlFe-C (pH = 6.7, m =50 mg, V =
50 mL, C, =50 mg/L, T = 25+1°C).

Table 2

and inorganic pollutants onto solid adsorbents. The non-
linear form of Lagergren pseudo-first-order model can be
expressed as

g, =9.(1—exp™) )

where g, and g, are the adsorption capacities at equilibrium
and at time ¢ (min), respectively, and k, (L/min) is the rate
constant of first-order adsorption.

The nonlinear form of pseudo-second-order kinetic
model can be expressed as [44]:

2
g =1 ©)
1+qk,t
where k, (g/mg-min) is the rate constant for the second-or-
der kinetic model.

The pseudo-first-order and pseudo-second-order
kinetic parameters determined along with the determina-
tion of coefficient (R?) are presented in Table 2. The R? can
be determined by the following equation [42]:

n

z(qt.exp.n = t.catn )2

— @

Z(qf.exp,n - qt,exp,n )2

n=1

where ¢, , and g, , are the experimental adsorption
capacity at time t and the calculated adsorption capacity
at time t from the models, respectively, n is the number
of observations.

According to Table 2 and the nonlinear fitted plots
presented in Fig. 8, the adsorption kinetics of DIC onto
ZnAlFe-C is better described by the pseudo second-order
kinetic model than the pseudo first-order one at all initial
concentrations because of the high R? values. Additionally,
the experimental values of adsorption capacity (q,,,) are
very close to the calculated values of adsorption capacity
(q.,)- Several authors showed the successful application
of pseudo-second-order model for the representation of
experimental kinetics data of DIC adsorption on different
adsorbents [45-47].

Kinetic non-linear models parameters for DIC adsorption by ZnAlFe-C

Pseudo-first order

Pseudo-second order

C (mg/L) Dorp k*10+ q,

5 2.5 1.55 2.7
10 54 6.3 49
15 13.2 53 12.6
20 16.6 39 16.0
50 47.2 11.3 45.3
100 96.9 2.3 97.2
200 197.2 5.6 192.5
400 401.0 16.1 398.9
600 538.9 4.0 548.0

R? k,*10% q, R?

0.993 39 35 0.994
0918 184 54 0973
0.949 59 139 0.987
0972 3.0 18.1 0.990
0,987 43 484 0.991
0,972 0.2 1181 0.978
0,987 04 2119 0.989
0,991 09 4156 0997
0,982 0.08 624.2 0.970

k, (min™), k, (g/mg-min), g, (mg/g), 4., (mg/g).
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Fig. 8. Kinetic adsorption data for Diclofenac onto the ZnAlFe-C
at concentration (5-600 mg/ L) (pH = 6.7, m = 50 mg, V = 50 mL,
T =25+1°C).

3.2.6. Adsorption mechanism

Intraparticle diffusion is a transport process involving
movement of species from the solution bulk to the solid
phase. In a well stirred batch adsorption system, the intra-
particle diffusion model is used to describe the adsorp-
tion process occurring on a porous adsorbent. A plot that
expresses the amount of adsorbate adsorbed, g, (mg g™)
as a function of the square root of the time, gives the rate
constant by calculating the plot slope. This model can be
described by the following equation [48]:

gy = kgt +C )

where k,, (mg-g™ h%) and C are diffusion coefficient and
intraparticle diffusion constant, respectively. C is directly
proportional to the thickness of the boundary layer.

According to this model, the plots (Fig. 9) are nonlinear
for the whole range of studied concentrations, indicating
that intraparticle diffusion is not the only rate-limiting step,
but an other process may also be involved in the adsorption
process. Two different sharp stages are clearly observed in
Fig. 9. The first stage, including the adsorption period from
0 to 60 min (/2 < 8.0), describes the instant adsorption stage
where DIC adsorption rate is high because of a large surface
area and a low competition between the diclofenac mole-
cules. The second part, ranging from 60 to 250 min (8.0 <
12) < 16), is attributed to the low adsorption stage caused
by the low concentration gradients, producing the equilib-
rium condition. The values of k,, were determined from the
slopes of the linear plots and presented in Table 3.

The Film diffusion model was also used in this study to
investigate if transport of DIC from the liquid phase up to
the solid phase boundary also plays a role in the adsorption
process equation [49]:

—ln[l—iJ:KMt (6)
q

e

where K, is the liquid film diffusion constant. Table 3
summarizes the intraparticle diffusion and film diffusion

o 5mg/lk © 10mg/L & 15mg/L — 20 mg/L

600

< 50mg/L > 100mg/L ¢ 200mg/L © 600 mg/iL

o e

B 550 |-
(=]

Amount adsorbed, gtim

— - ~n (2o w (4] B Yy a1

(4] o [4)] (=] (4] [=) (4] [=] [ [=)
(=] (=] o (=] (=] o o o o o

o

0 2 4 6 8 10 12 14 16
Time "*(min %)

Fig. 9. Intraparticle diffusion model of the adsorption of Di-
clofenac onto ZnAlFe-C.

parameters for DIC adsorption on ZnAlFe-C at different
initial DIC concentrations. The adsorption process follows

the film mechanism when the plots of In| 1 A st (tig-
ure not shown) at different initial concentrations are linear
or non linear but do not pass through the origin, thereby
explaining the influence of film diffusion mechanism on the
adsorption rate. Likewise, by comparing the data presented
in Table 3, the R?values for the intraparticle diffusion were
higher than those of the film diffusion model. This obser-
vation suggested that intraparticle diffusion mainly con-
trolled the rate of DIC adsorption on ZnAlFe-C under the
studied conditions.

3.2.7. Adsorption isotherm

Adsorption isotherms describe how adsorbates
interact with adsorbents in an adsorption system. More-
over, by isotherm analysis, the adsorption capacity of
the adsorbent, which is an important parameter in the
industrial design for adsorption process, was predicted.
Adsorption isotherm for DIC retention by ZnAlFe-C is
presented in Fig. 10. This isotherm indicates that DIC has
a high affinity for ZnAlFe-C surface, particularly at low
concentrations. Isotherm was characteristic of a typical
L-type adsorption reaction that represented a system
where the adsorbate was strongly attracted by the adsor-
bent. The sorption (g,) increased with increasing equilib-
rium concentration (C)), and gradually approached the
maximum sorption capacities with a DIC equilibrium
concentration of 250 mg/L. In this study, Langmuir
(Eq. (7)) [50], Freundlich (Eq. (8)) [51] and Sips (Eq. (9))
[52] isotherm models were used to describe the adsorp-
tion isotherm and to study the relationship between the
amounts of DIC adsorbed (g,) and its equilibrium concen-
tration in the solution at 25°C.

_ 1. KC

7
9 1+K,C, @
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Table 3
Intraparticle diffusion and film diffusion parameters

DIC con. (mg/L) Intraparticle diffusion model

Film diffusion model

Parameters Step 1 Step2
K,*10% R2 K,*10*" R? K,*10% R?
5 2.3 0.907 1.13 0.859 5.7 0.893
10 5.7 0.905 1.02 0.891 20.0 0.956
15 14.5 0.941 222 0.842 12.0 0.857
20 18.0 0.975 2.8 0.768 9.7 0.818
50 55.7 0.809 29 0.608 11.7 0.643
100 104.3 0.919 13.7 0.959 7.0 0.780
200 242.3 0.971 13.1 0.792 94 0.640
600 718.3 0.955 21.3 0.636 74 0.580
k, (mg/g min®?), kfd (min™)
Table 4
el Freundlich, Langmuir and Sips parameters for the DIC
adsorption
. 500 |-
(%]
E Langmuir Freundlich Sips
T q (mg/g) 6414 K, 708  q.(mg/g) 5943
g s00 L K*10+ 13
g . K,*10+ 391 1/n 0.37 m 0.69
E 200 - @ @ FExperimental points R? 0919 R? 0.850 R? 0915
3 . —— Langmuir, R*=0,919
gWore Freundlich, R’=0,850
- - - Sips, R’=0,915 applicability was based on a comparison of the determina-
o0k tion coefficient (R?). The best isotherm model is identified
o 100 200 200 e 200 through the value of R* given by the following equation:

Equilibrium concentration (mg/L)

Fig. 10. Equilibrium adsorption data for Diclofenac onto ZnAl-
Fe-C (pH =6.7, m =50 mg, V =50 mL, T = 25+1°C).

1

q.=K.Cr ®)
1
SKSC@TM

g =t ©)
1+K.Cr

where g, (mg-g™) and C, (mg-L™) represent, respectively, the
amount of DIC adsorbed and DIC concentration at equi-
librium. q , K, q, K are the Langmuir and Sips constants
indicating the maximum monolayer capacity of solid and
strength or affinity of solid toward the sorbing species DIC,
respectively. On the other hand, the K .and 1/n represent the
Freundlich constants, referring to the maximum sorption
capacity and adsorption intensity, respectively, 1/m is Sips
constant related to energy of adsorption, parameter m could
be regarded as the Sips parameter characterizing the system
heterogeneity.

Adsorption isotherm data were fitted to the above-men-
tioned isotherm equations by nonlinear regression analysis,
using Microcal origin (8) software. The isotherm equation

n

z(qe/exp,n - qe,ml,n )2

R (10)

n

> (4ecn ~eopr).

n=1

The calculated constants of the three isotherm equa-
tions, along with R? values, are presented in Table 4. The
table indicates that the Langmuir equation gives the best
satisfactory fitting to the adsorption isotherms of the DIC
adsorption onto the ZnAlFe-C sample with higher correla-
tion coefficient (0.919) than those related to Sips (0.915)
and Freundlich (0.850) models, indicating the homogenous
nature of the surface and the formation of a monolayer of
DIC on the surface of the adsorbent. The Langmuir max-
imum adsorption capacity was 641.4, 8 mg/g. It is worth
noting that Sips isotherm model might be useful to fit the
data for obtaining a high determination coefficient (R’>=
0.915), but this model does not describe the DIC adsorp-
tion on ZnAlFe-C as closely as the Langmuir model.
However, the calculated value of the Freundlich model
parameter 1/n, which is in the interval from 0 to 1, sug-
gests that the adsorption of DIC onto ZnAlFe-C is favor-
able. The result obtained coincides with the works carried
out by previous researchers, which reported that the Lang-
muir model provided a better fit than the Freundlich and
Sips models for diclofenac adsorption on various adsor-
bents, such as functionalized silica-based porous materials
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Table 5

Comparison of monolayer equilibrium capacity for DIC with other adsorbents
Adsorbents C, (mg/L) q,(mg/g) Ref.
ZnAlFe 5-1000 mg/L 6414 This study
Activated carbon from olive stones 5-60 mg/L 11.0 55
Pillared clay 50-1000 mg/L 100 56
Granular carbon nanotubes/alumina hybrid (CNTs/ALO,) 2.47 mg/L-29.6 mg/L 107 38
Organo-K10 montmorillonite 10-500 mg/L 55.5 47
Activated carbon from COCOA SHELL 10-300 mg/L 63 57
Zeolite modified with cetylpyridinium chloride 50-500 mg/L 160 58
Activated carbon (commercial) 1-140 mg/L 76 5
UiO-66 1-140 mg/L 189 5
18%SO,H-UiO-66 1-140 mg/L 263 5
Modified diatomite 1-4 mg/mL 390.02 59
MIEX resin 10-60 mg/L 322.31 41

[53], activated carbon [46], and organo-K10 montmorillon-  Taple 6

ite [47]. The adsorption capacity of DIC in this study was
compared to other sorbents and reported in Table 5. The
adsorption capacity is higher than those accounted by sev-
eral adsorbents. According to these results, we presume
that ZnAlFe-C is a promising material for the removal of
contaminants in wastewaters.

3.2.8. Effect of temperature on adsorption and
thermodynamic studies

The effect of temperature of the DIC adsorption on the
ZnAlFe-C was investigated under isothermal conditions in
the temperature range 25-55°C. The DIC adsorption capac-
ity onto ZnAlFe-C decreases with increasing temperature,
suggesting that the adsorption reaction is exothermic. The
change in standard free energy (AG°®), enthalpy (AH°) and
entropy (AS°) of adsorption were calculated using Eqs. (11)
and (12) (Van’t Hoff equation):

AG® = —RTInK. (11)
A0 0

ik =—AH A (12)
RT ' R

where R is the gas constant, T the temperature in Kand K_is
the equilibrium constant (L/mg). The slope and intercept of
the Van’t Hoff plot (Fig. not shown) is equal to ~AH®/R and
AS°/R, respectively. Thermodynamic parameters obtained
are summarized in Table 6. The AG® values at different
temperatures are negative and decrease with an increase
in temperature, indicating that the adsorption process is
spontaneous and inversely proportional to the temperature.
Negative values of AH® indicate the exothermic nature of
the process. The standard enthalpy change, lower than the
value of 40 k] /mol, indicates the physical nature of adsorp-
tion. The negative value of AS° suggests that the adsorption
process involves an associative mechanism and that there is
no significant change occurring in the internal structures of
the adsorbent during the adsorption process.

Thermodynamics adsorption parameters for DIC on ZnAlFe-CO,

AH (kJ/mol) AS (J/mol) AG (k]J/mol)
-32.3 -41.5 283 296 303 313
-20.53 -1999 -1970 -19.28

3.2.9. Adsorbent recycling

The adsorption-desorption cycles were investigated
to determine the reusability of the sample for the adsorp-
tive removal of diclofenac from aquatic environment. The
ZnAlFe-C sample was recycled and used as a regenerated
adsorbent for five regeneration cycles (Fig. 11). The adsorp-
tion percentage decreases during the five adsorption/
desorption cycles. The decrease of the adsorption values
can be explained by the progressive loss of crystallinity
during the recovery of the precursor material as well as the
remaining of certain amounts of diclofenac molecules in the
regenerated material [54]. However, the decrease was not
too significant, demonstrating the high reusability of the
sample, which ascertains its applicability for the removal of
diclofenac sodium from aquatic environment.

3.2.10. Suggested adsorption mechanism

The adsorption mechanism was determined by XRD
and FTIR analysis. According to the FTIR spectra of the
ZnAlFe-CDIC after diclofenac adsorption (Fig. 2), the
band at 3,456 cm™ was shifted to 3,426 cm™, indicating the
interaction of diclofenac anions with the hydroxyl groups
on adsorbent. New peaks appeared at 1,576, 1,504 and
1,453 cm™ can be ascribed to carboxylate group (COO")
of diclofenac [35], indicating that diclofenac anions were
effectively adsorbed by the adsorbent, implying that some
interactions occurred in the process of diclofenac adsorp-
tion by the ZnAlFe-C. Furthermore, the XRD pattern of
ZnAlFe-CDIC (Fig. 2c) shows characteristic peaks of the
original ZnAlFe-CO, (Fig. 2a) with a loss in the relative
intensity. This effect is due to a decrease in crystallinity,
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% of diclofenac adsorbed

3
Number of cycles

Fig. 11. The results of regeneration test for the adsorption of DIC
onto ZnAlFe-C.

caused by the calcination and rehydration of the material.
The same observations were reported by Zaghouane et al.
[18,19]. Therefore, according to the adsorption experiments
and characterization analyses, the removal mechanism of
diclofenac ions by ZnAlFe-C is presumed mainly to the
so-called “memory effect” [14,15] in which the ZnAlFe-C
is rehydrated and the anions of diclofenac are intercalated
into the interlayer of the material.

4. Conclusion

The results obtained in this study suggest that ZnAl-
Fe-C is a very efficient anionic adsorbent for diclofenac
sorbent and show a high adsorption capacity towards this
contaminant. Two adsorption kinetic models were tested
and the pseudo second-order model fitted the experimen-
tal data adequately. Moreover, the intraparticle diffusion
study yielded two linear regions, which suggested that the
DIC adsorption involves more than one kinetic stage. The
experimental result fits the Langmuir isotherm model well,
which suggests that the adsorption process is monolayer.
Furthermore, the maximum adsorption capacity for the
adsorption of DIC onto ZnAlFe-C was found to be 641.4
mg/g. Owing to its lower price compared to activated car-
bon , the satisfactorily adsorption results obtained show a
promising material for the removal of anionic contaminants
in industrial wastewater treatment.
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