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ABSTRACT

In this work, chromium removal efficiency from electroplating industry wastewater was stud-
ied by adsorption using TiO,/smectite nanoparticles (NP) synthesized by modification of natu-
ral smectite by colloidal route. The effect on chromium adsorption of adsorbent dose, pH, contact
time, temperature and initial concentration was then determined in batch system. Chromium con-
centration can be reduced to 24 mg/L (70%) under the experimental condition (pH = 2.9, adsorbent
dose = 1.6 g/L, contact time = 75 min, T = 298 K and C, = 80 mg/L) when initial chromium concen-
tration of 80 mg/L is employed. The chromium adsorption on NP was described by the Langmuir
isotherm and the maximum chromium adsorption capacity was found as 35 mg/g. Kinetics data
were best described by the pseudo-second-order model. The thermodynamic studies proved
that the adsorption was exothermic and spontaneous.
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1. Introduction

Nowadays, the increased industrialization generates
multiple metallic pollutants and causes a serious threat on
the environment (air, water and soil) due to the toxicity
generated by those substances [1]. Therefore, the treatment
of the industrial effluents before their discharge into water
bodies is required to minimize the pollution of the water
resource [2].

In particular, heavy metals including cobalt (Co), cad-
mium (Cd), chromium (Cr), lead (Pb) and mercury (Hg),
even in trace amounts, cause harmful effects on aquatic
fauna such as respiratory irritation and hepatic cell destruc-
tion [3-5]. In aquatic environment near industrialized coast-
line areas, these heavy metals can affect fish, mollusks,
tuna [6,7]. Heavy metals are found in wastewater of vari-
ous industries such as surface treatment time allergy and
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electroplating industries [8]. Especially, chromium is a toxic
contaminant, even in very low concentrations. Chromium
in its hexavalent form is the predominant form of chro-
mium species in most water streams and surface water
[9]. Cr(VI) is well known for its health-related issues in
humans including carcinogenic and mutagenic risks [10,11].
Due to very high solubility and mobility of chromium(VI)
ions in ecosystems, chromium(VI) ions are considered the
most toxic when compared to other forms of chromium
salts [12]. Moreover, Cr(VI) is included in the list of the US
Environmental Protection Agency (EPA) as one of the most
toxic heavy metals requiring prioritized control. According
to the World Health Organization (WHO) standards,
the acceptable level of chromium ion in drinking water
is 0.05 mg/L for Cr(VI) and 0.1 mg/L for total Cr [13].

The conventional techniques for the removal of chromi-
um(VI) wastes include precipitation, adsorption, membrane
processes, oxidation and ion exchange [14,15]. However,
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most of these methods results in partial removal of metal
ions, low selectivity, high consumption of reagents, high
operational cost and production of secondary pollutants
[16,17]. Especially, adsorption has distinct advantages which
include selectivity for specific metal, reusability of biomate-
rial, short operation time and low operating cost [18,19].

Bayuo et al. [17] found that the groundnut shell can be
an efficient alternative adsorbent material to remove chro-
mium(VI) from aqueous solution. The influence of operating
conditions such as contact time, pH, adsorbent dose, initial
metal concentrations and temperature was studied. Labied
et al. [20] reported that 62.08% of hexavalent chromium
removal was achieved by activated carbon obtained from
a waste of lignocelluloses material (Ziziphus jujuba cores).

In the present work, separation performance of adsorp-
tion process during the removal of chromium solution by
TiO,/smectite nanoparticles (NP) was evaluated. The effect
of operating parameters such as dose of NP, pH, contact
time, temperature and initial concentration on the adsorp-
tion capacity of NP during the chromium removal was
investigated. Furthermore, adsorption kinetic and iso-
therm studies were undertaken to determine the adsor-
bate removal rate and the maximum adsorption capacity.
Thermodynamic properties, such as enthalpy, entropy and
the free energy were also estimated to provide insight into
the adsorption mechanism during the adsorption removal
of the chromium. These NP are used in different appli-
cations such as membrane separation [15,21-23], hybrid
system and adsorption [24] to treat different effluents.
High performances of these NP encourage their use in the
elimination of heavy metals by adsorption.

2. Experimental procedures
2.1. Materials

The nanoparticles (NP) of TiO,/smectite were synthe-
sized in a previous work via sol-gel method [18]. The NP
powder was obtained by incorporating titanium(IV) iso-
propoxide with in the organo-modified smectite (Fig. 1).
The resulting (NP) have a homogeneous structure with a
uniform distribution of the TiO, nanoparticles and a mean
particle size in the range of 8-12 nm.

2.2. Characterization of NP

The Fourier-transform infrared spectroscopy (FTIR) of
purified smectite, cetyltrimethylammonium bromide modi-
fied smectite (CTAB/Sm) and NP were obtained by using a
PerkinElmer spectrometer to observe the surface functional
groups. The zeta-potentials of the samples were determined
using a zeta sizer. The measurements were conducted in wide
pH range (pH was adjusted with HCl and NaOH aqueous
solutions) in order to identify the surface charge of the NP.
The average pore sizes, surface areas, and pore volumes of NP
were determined using the Brunauer-Emmett-Teller (BET)
method and Micromeritics ASAP 2020 apparatus (France).

2.3. Industrial effluent

The industrial wastewater used in this study is
produced by a Tunisian electroplating industry. The

characterization of the wastewater with initial pH of 2.9
presents chromium concentration of 80 mg/L. Physico-
chemical parameters of raw and treated effluents were
measured according to the standard methods suggested
by American Public Health Association. pH measurement
was done by a pH-meter (ISTEK pH-220L, Japan). The con-
tent of heavy metals was measured by Atomic Absorption
Spectroscopy (AAS) (PerkinElmer A Analyst 200, France).

2.4. Adsorption in a batch system

Adsorption experiments were performed in batch sys-
tem. The effect of the operational parameters, adsorbent
dosage (0.2-2 g/L), contact time (5-120 min) and tempera-
ture (298-303 K) were carried out. All the uptake exper-
iments were conducted using 50 mL of the test solution in
100 mL Erlenmeyer flask on a magnetic shaker at 200 rpm.
After equilibrium, the samples were filtered and the fil-
trate was then analyzed. The percentage of chromium
adsorption was calculated as follows by Eq. (1):

Adsorption(%) = (C’;Cf)

i

%100 (1)

The adsorption capacity of chromium compounds by
NP was determined by Eq. (2):

C.-C
q= €-¢) — Ay @)

where C, and Cf are the initial and final (or equilibrium)
chromium concentrations, respectively. V is the volume

Raw Smectite
ﬂ Dispersed in distilled water (3—4 h)

Sedimentation

Fraction < 2pm
ﬂ Exchanged by NaCl (1M)
Sodium clay Sm-Na™
ﬂ Exchanged bv (CTAB)

Organo clay CTAB-Sm

Titanium source
and calcination at 600°C

Nanoparticles of TiO;/Smectite

(NP)

Fig. 1. Preparation of nanoparticles (NP) nanostructured
materials based on sol-gel method.
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of the chromium solutions (L), and m is the weight of the
adsorbent (g).

3. Results and discussion
3.1. NP characterization

From our previous work [15,21], the FTIR data shows
that the smectite particles are strongly coated with TiO,
nanoparticles. The point of zero charge (pH,,) of the
synthesized NP was found around 1.7 or 1.8. Therefore,
the NP has a negative surface charge in the pH range of
1.7-12. The NP size was determined by BET analysis. The
surface area, average pore size and pore volumes of NP
were 92 m?/g, 8-12 nm and 0.19 cm®/g, respectively. These
values are more important than the results of the puri-
fied smectite that did not exceed 72 m?g [15]. The higher
surface area presents more available active sites [25]. As
a result, raising the surface area can be a workable tactic
for further enhancing adsorption on the NP.

3.2. Adsorption in a batch system
3.2.1. Effect of the NP dose

The effect of the dose of NP on the adsorption of chro-
mium was evaluated by changing the dosage in the range
from 0.2 to 2 g/L while the pH and the initial chromium
concentration were kept constant at 2.9 and 80 mg/L respec-
tively (Fig. 2). The results showed that the adsorption effi-
ciency increased with the increase of the adsorbent dose.
This indicates that the higher the NP dosage, the higher the
number of active adsorption sites. However, the removal
of the chromium remained unchanged when the adsorbent
dose is over 1.6 g/L. This behavior assumes that the adsorp-
tion reaction can reach a dynamic equilibrium, and that the
maximum chromium removal of 70%, was achieved for a
minimum dosage value of 1.6 g/L.

3.2.2. Effect of pH

The performance of Cr(VI) removal is strongly influ-
enced by pH. This parameter is related to the existing of
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Fig. 2. Effect of adsorbent dose (C, = 80 mg/L; V = 50 mL;
pH=2.9; t=75min; T =298 K).
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ionic species of Cr(VI) in the solution and also to the sur-
face charge of the adsorbent. The Cr(VI) form shows dis-
tinct ionic species. It often takes the forms of HCrO; and
Cr,02 when the pH is between 1 and 6.5. CrO?" is the pre-
dominant form when the pH is higher than 6.5 (Fig. 3a)
[26]. Therefore, the study of the effect of this parameter
is very useful to study the mechanism and the interaction
adsorbent-Cr(VI). The Cr(VI) adsorption (%) was investi-
gated in the pH range of 2.9-10 as shown in Fig. 3b. The
adsorption (%) was strongly decreased from 70% to 12.7%
when the pH increased from 2.9 to 10. It is clear that the
adsorption was high at low pH (2.9). This behavior can be
explained by the electrostatic attractions between the posi-
tively charged sites formed under acidic pH condition (H*
predominate) by the protonation of the NP and the pre-
dominate ionic species of Cr(VI) (HCrO;) [27]. However,
the increasing of the pH caused a reduction in the proton-
ation degree of the NP and consequently the NP ability to
interact with Cr(VI) reduced [26,27]. Besides, the -OH in the
NP can act as powerful electron donors and it can cause a
direct reduction for Cr(VI) to Cr(IIl). In this, the negative
charge surface of the NP can interact with the Cr(III) spe-
cies and the hydrolyzed form such as Cr(OH);, Cr,(OH);",
and Cr(OH); [28]. When the pH was over 5, the precipita-
tion of Cr(OH), increased as a result of increasing OH- ions.
This precipitation was not uptake by the acidic functional
groups of the NP [29]. As a result, the adsorption (%) was
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Fig. 3. Distribution of Cr(VI) species in water as a function
of pH level and Cr(VI) concentration (a) and effect of pH
(C,=80mg/L; V=50 mL; t =75 min; T =298 K) (b).
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strongly reduced at higher pH. Therefore, in this study,
the initial industrial wastewater pH of 2.9 was considered
for all the experiments.

3.2.3. Effect of contact time

The adsorption efficiency of the chromium onto NP
as a function of contact time is illustrated in Fig. 4. It is
noticed that the adsorption increases with contact time and
reaches equilibrium within 75 min showing a maximum
efficiency of chromium retention of about 70%. Therefore,
75 min was selected as the period of optimum contact time
for further experiments.

3.2.4. Effect of the temperature

The adsorption of chromium on NP was studied by
varying the temperature from 298 to 308 K at the optimal
adsorbent dose of 1.6 g/L during 75 min as contact time.
According to Fig. 5, chromium removal decreased from
70% to 61% when the temperature increased from 298 to
308 K, leading to a decrease in the adsorption capacity.
The increase of the temperature allows the chromium to
desorbs from the adsorbent surface to the solution, or to
damage the active binding sites in the adsorbent which
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Fig. 4. Effect of contact time (C,
V=50 mL; pH=2.9; T =298 K).

=80 mg/L; m = 1.6 g

0

70
68 - ¢

66 -

g

E ¢

e

5 ]

]

E ¢
60 -
58

296 298 300 302 304 306 308 310
Température (k)

Fig. 5. Effect of temperature (C, = 80 mg/L; m = 1.6 g;
V=50 mL; pH=2.9; t =75 min).

explains the decrease in the retention of chromium [17]. As
a result, the optimum temperature was selected as 298 K for
further adsorption experiments.

3.2.5. Effect of initial Cr(VI) concentration

The effect of initial Cr(VI) concentration (20-120 mg/L)
on the efficiency of the NP adsorbent was investigated
and the adsorption (%) was determined as shown in Fig. 6.
The higher efficiency of adsorption (%) of Cr(VI) ions was
observed at lower concentrations. Specifically, a total reten-
tion was observed for initial concentration between 20 and
40 mg/L. This indicates that for any Cr(VI) solution with a
concentration below 40 mg/L, the NP will retain almost
totally the Cr(VI) ions. Beyond this value, the adsorption (%)
was decreased from 87.3 (at 60 mg/L) to 39 (at 120 mg/L).
This behavior might be explained by the large accessible
active sites of NP available at low concentration, allowing
a total removal of ions [30]. Consequently, 40 mg/L was
considered as the highest possible concentration when a
dose of NP of 1.6 g/L is used.

3.3. Adsorption kinetics

Adsorption kinetic models are utilized to interpret
the experimental data in order to identify the mechanism
controlling the adsorption process. The equilibrium data
were calculated using kinetic models such as pseudo-first-
order, pseudo-second-order and intra particle diffusion
model. The pseudo-first-order model can be expressed as
follows (Eq. (3) [31]):

In(q, -q,)=Ing, k¢ 3)

where g, and g, are the adsorption capacity (mg/g) at time
t (min) and at equilibrium respectively and k,, the rate con-
stant of the model (min™). The adsorption rate constants k,
can be obtained experimentally from the plot of In(g, - g,)
against t (Fig. 7a).

Experimental data were also determined by the
pseudo-second-order kinetic model described by Eq. (4):
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Fig. 6. Effect of initial Cr(VI) concentration (m =
V=50 mL; pH=2.9; t =75 min; T =298 K).
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14 where k, (g/mg-min) is the rate constant of the model and
@ N g, is the maximum adsorption capacity (mg/g) [32]. The
12 values of k, and g, were determined from the slopes and

. ¢ intercept§ of plots Qf t/g, .agair.15t t (Fig. 7b.).

The intra particle diffusion model is usually used for
=08 > identifying the adsorption mechanism for design pur-
i poses. The equation related to this model is expressed by
§.:..s Eq. (5) [33]:

04
¢ 1,05
02 g, =kt~ +C ®)
0 where ¢, is the amount of fluoride ion adsorbed (mg/g)
0 1o 20 30 40 30 60 7 at time t (min), k; is the intraparticle diffusion rate con-
t{min) stant (mg/g-min), which can be calculated from the slope
of the linear plots of g, vs. t°° and C is the intercept (mg/g)
2 (Fig. 7¢).
b 18- All constants of the different models are summarized
16 4 in Table 1. It is clear that the determination coefficient (R?)
obtained from pseudo-second-order model is higher to
z 147 that found from the pseudo-first-order and intra particle
& 129 diffusion model. In addition, the value of g, (g,.,) deter-
£ LA mined from the pseudo-second-order model perfectly
% 0.8 fitted with the experimental values of g, (g, ) showing
. that the removal process chromium by adsorption on NP
;4 | follows the pseudo-second-order kinetic model.
0.2
o , , , , i , | 3.4. Adsorption isotherm models

The determination of the adsorption isotherms is import-
tmin) ant for describing the adsorption mechanism related to

the interaction of the chromium ions on the NP adsorbent

surface. The determination of the adsorption isotherm cor-

34 - responds to the distribution of molecules between the

© . liquid phase and the solid phase when the adsorption
335 1 process reaches an equilibrium state.
In the current work, two sorption isotherm models,
5 Langmuir [34] and Freundlich [35] were studied.
Eszs ¢ Langmuir model is characterized by the unique coat-
L ing layer on sorption surface. It can be defined according to
2 A the following Eq. (6):
315 - @ C 1 C
AN ©
31 . . . . | qe (qmax L) qm
0 2 4 & 8 10
95 (min) The separation factor is expressed by Eq. (7):
Fig. 7. Pseudo-first-order (a), pseudo-second-order (b) and 1
intraparticle diffusion (c) kinetic plot for the removal of R, = (1 TKC ) @)
chromium by NP. Lo
Table 1

Calculated kinetic parameters for pseudo-first-order, pseudo-second-order and intraparticle diffusion for the removal of
chromium by NP

Temperature ¢, Pseudo-first-order Pseudo-second-order Intraparticle diffusion

X) (mg/g)

k, (min™) ¢, (mg/g) R’ k, (g/mgmin) g, (mg/g) R? k; (mg/gmin)  C R
298 35 0.02 3.896 0945  0.325 34.48 0999  0.541 2924 0.953
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where g, the equilibrium chromium concentration on the
adsorbent (mg/g), C, the equilibrium chromium concen-
tration in the solution (mg/L), g . the monolayer adsorp-
tion capacity of the adsorbent (mg/g) and K, the Langmuir
adsorption constant (L/mg). The values of Langmuir con-
stants g and K, were obtained from the slope and inter-
cept of the linear plot of C/q, against C, (Fig. 8a). The
value of R, indicates that when R, is between 0 and 1 the
adsorption is favorable, while R, > 1 represents unfavor-
able adsorption, and R, = 1 represents linear adsorption,
while for R, =0, the procedure of adsorption is irreversible.

The Freundlich isotherm is based on the adsorption
on the heterogeneous surface. The linear form of this iso-
therm can be expressed by Eq. (8) [35]:

logg, =log K, + (1jlog C, 8)
n

where K, an empirical constant (mg/g), indicative of the
adsorption capacity and 1/n an empirical parameter, indic-
ative of the adsorption intensity. The Freundlich isotherm
constants K, and 1/n were obtained from the slopes and
intercepts of the linear plot of logg, vs. logC, (Fig. 8b).

Table 2 summarizes the adsorption constants deter-
mined according to Langmuir and Freundlich models.
It is to notice that the linear equation of Langmuir model
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Fig. 8. Isotherm plots for adsorption of chromium onto
NP (m =1.6 g; V=50 mL; t =75 min; C, = 80 mg/L; T = 298
K: Langmuir (a) and Freundlich (b).

presents higher determination constant (R? = 0.997) than
for the Freundlich model (R? = 0.985). Therefore, Langmuir
model is chosen as the best model to describe the adsorption
of chromium on NP. This model suggests that the retention
of chromium implies the coverage of a monolayer on the
NP surface.

3.5. Adsorption thermodynamics

Temperature is an important parameter affecting the
adsorption capacity of sorbents and the transport/kinetic
process of the chromium adsorption. Three thermodynamic
parameters, including Gibbs free energy change (AG®), stan-
dard enthalpy change (AH®) and standard entropy change
(AS°) of chromium adsorption on NP were determined
by using Egs. (9) and (10) [36]:

AG®=-RTInK, )

Ik, :[AS ]_[AH j
R RT
where R is the universal gas constant (8.314 J/mol-K), T is
the absolute temperature (K) and K, is the adsorption equi-
librium constant. AH® and AS° values can be determined
from the slope and intercept of the Van't Hoff equation

by plotting InK, against 1/T (Fig. 9). The thermodynamic
parameters are summarized in Table 3.

(10)

Table 2
Isotherm model parameters for removal of chromium by NP
(m=1.6g; V=50mL; pH=2.9;t=75min; C =80 mg/L; T=298 K)

Langmuir Freundlich

R? 0.997 R? 0.985
q, (mg/g) 21.73 1/n 0.54
K, (L/mg) 0.103 K, (mg/g) 192
R, 0.108 - -

14 -

1,2 1 &

1 *
[a]
=
£

08 -

06 -

04 . . - . - . . J
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1/t(10°3K)

Fig. 9. Plot of InK, vs. 1/T for estimation of thermodynamic
parameters for adsorption of removal chromium by NP.
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The negative values of AG® at different temperatures
show the spontaneous nature of the adsorption and the
thermodynamically feasible process. The decrease in AG°
values with the increase in temperature indicates the
possibility of the decrease of the chromium retention at
higher temperatures.

The negative AH® (-18.75 kJ/mol) shows that the adsorp-
tion process is exothermic. In addition, the adsorption type,
physical or chemical, can be determined from the magnitude
of enthalpy change. It is conventional that the adsorption
is physical when the magnitude of AH® is less than 84 kJ/
mol. However chemical adsorption is ranging from 84 to
420 kJ/mol [37]. Therefore, in this study the determina-
tion of the AH® value shows a physical adsorption involv-
ing weak interaction forces such as van der Waals. The AS°
parameter was found to be -53.19 J/mol'K. This negative
value suggests reduction in the randomness at the solid/
solution interface during the adsorption process [38].

3.6. Adsorption mechanism

In general, the pH affects the degree of ionization and
specifications of the adsorbate as well as the surface charge
of the adsorbent during adsorption process [17,39]. So the
effect of pH directly impacts the electrostatic interactions
between the adsorbate and adsorbent’s surface.

For the industrial wastewater, at pH 2.9 a large number
of H" ions exist in the solution medium and the dominant

Table 3

Thermodynamic parameters for chromium adsorption onto NP
T (K) AG® (kJ/mol) AH?® (kJ/mol) AS° (J/mol-K)
298 -2.93
303 —-2.501 -18.75 -53.19
308 —-2.409

Table 4

W. Aloulou et al. / Desalination and Water Treatment 281 (2023) 296-304

form of Cr(VI) is HCrO,. Consequently, the surface pro-
tonation of NP leads to the formation of positively charged
sites. These protons interact with chromium atoms by
an electrostatic attraction phenomenon so that HCrO;
is retained on NP [17,20].

4. Discussion

The performances of NP for chromium removal were
compared with others nanoparticles reported in the liter-
ature (Table 4). Zou et al. [40] synthesized and tested chi-
tosan/attapulgite composites for the removal of Cr(III)
from aqueous solution. The maximum adsorption capacity
was 65.37 mg/g with adsorbent dosage of 0.2 g/L at pH 5
and a temperature of 45°C. The chromium adsorption was
described by Langmuir isotherm and intraparticle diffusion
model. Wang et al. [41] prepared chitosan-Al-pillared mont-
morillonite nanocomposite to remove Cr(VI). They reported
that the maximum adsorption capacity of chromium was
15.68 mg/g for pH 6.38 and ambient temperature. On the
other hand, the kinetic results indicate that the adsorption
of chromium follows the pseudo-second-order model and
that the adsorption isotherm is described by the Langmuir
model.

Alemu et al. [14] used vesicular basalt volcanic rock
to remove Cr(VI). It was reported that the maximum
removal achieved at pH 2 was of 79.20 mg/kg at an ini-
tial concentration of 5.0 mg/L and adsorbent dosage of
50 g/L. The study of adsorption isotherms shows in this
case that the pseudo-second-order kinetic model and the
Freundlich isotherm model best describe the adsorption
process [14].

Another strategy was developed by Kumar et al. [42] by
synthesizing Na-montmorillonite/cellulose nanocompos-
ite as adsorbent. The application of this nanocomposite for
the removal of Cr(VI) from industrial wastewater showed
an adsorption capacity of chromium of 22.3 mg/g at the pH
range 3.8-5.5. The removal kinetics was found to follow the

Water treatment for removal Cr(VI) from different inorganic contaminants over clay-polymers nanocomposites (NCs) adsorbents

Adsorbent Temperature pH Adsorption  Type of Isotherm  Kinetics model References
°C) capacity solution model

Nanoparticles (NP) 25 29 35 (mg/g) Industrial ~ Langmuir Pseudo-second-order  This study
wastewater

Chitosan/attapulgite 45 5 65.37 (mg/g) Aqueous Langmuir Intraparticle diffusion [37]
solution

Chitosan-Al-pillared 25 6.38 15.68 (mg/g) Aqueous Langmuir Pseudo-second-order  [38]

montmorillonite solution

Na-montmorillonite/ - 3.8-5.5 223 (mg/g) Aqueous Langmuir Pseudo-second-order  [39]

cellulose solution

Vesicular basalt 25 2 79.20 mg/kg  Aqueous Freundlich Pseudo-second-order  [14]

volcanic rock solution

Activated carbon 25 2 7246 mg/L  Aqueous Langmuir Intraparticle diffusion [23]
solution

Oxalate modified weak 20 5 201.30 mg/L  Aqueous Freundlich Pseudo-first-order [24]

basic resin (I0@D301) solution




W. Aloulou et al. / Desalination and Water Treatment 281 (2023) 296-304

pseudo-second-order and the maximum amount adsorbed
was best simulated by the Langmuir isotherm model [42].

5. Conclusion

In this work, the potential of NP nanoparticles for the
removal of chromium from aqueous solutions was studied.
The effect on chromium removal efficiency by NP of the
different parameters, such as adsorbent dose, pH, contact
time, temperature and initial concentration, was investi-
gated. It was found that the adsorption mechanism followed
the Langmuir isotherm model. The monolayer adsorption
capacity of NP was of 35 mg/g, adsorbent dose = 1.6 g/L,
pH = 2.9, contact time =75 min, T =298 K and C, = 80 mg/L.
The kinetic study of the equilibrium data showed that
the removal of chromium ions followed best the pseudo-
second-order model. The thermodynamic study indicated
the feasibility, exothermic and spontaneous adsorption
of chromium onto NP at 298-308 K. Compared to other
nanocomposites, NP is a promising material for chromium
removal from industrial wastewaters.
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