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Abstract

The present research highlights the use of a montmorillonite clay to remove p-nitrophenol (PNP) from aqueous
solution. The montmorillonite clay was characterized using powder X-ray diffraction, Fourier-transformed infrared
spectroscopy, scanning electron microscopy, X-ray fluorescence, Brunauer-Emmett-Teller analyses, and zero point
charge in order to establish the adsorption behavior-properties relationship. The physiochemical parameters like pH,
initial PNP concentration, and adsorbent dose as well as their binary interaction effects on the PNP adsorption yield
were statistically optimized using response surface methodology. As a result, 99.5% removal of PNP was obtained
under the optimal conditions of pH 2, adsorbent dose of 2 g/l, and PNP concentration of 20 mg/l. The interaction
between adsorbent dose and initial concentration was the most influencing interaction on the PNP removal
efficiency. The mass transfer of PNP at the solution/adsorbent interface was described using pseudo-first-order and
intraparticle diffusion. Langmuir isotherm well fitted the experimental equilibrium data with a satisfactory maximum
adsorption capacity of 122.09 mg/g. The PNP adsorption process was thermodynamically spontaneous and endother-
mic. The regeneration study showed that the montmorillonite clay exhibited an excellent recycling capability.
Overall, the montmorillonite clay is very attractive as an efficient, low-cost, eco-friendly, and recyclable adsorbent
for the remediation of hazardous phenolic compounds in industrial effluents.
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Introduction

During the last century, the growth of industrial and human
activities gave rise to several disagreeable environmental im-
balances, including huge pollution of soils (Markus and
McBratney 2001), air (Maisonet et al. 2004), rivers (Gao
et al. 2008), and sea (Vikas and Dwarakish 2015), which in
some cases became little better hazardous for the fauna and the
flora as well as human health (Kim et al. 2013). The problems
of river contamination affect not only the public health but also
the interests of farmers, landowners, and fishermen as well as
underground water which are the biggest sources of drinking
water. For this reason, the attention has recurrently been fo-
cused on the need for satisfactory methods of preventing or
reducing pollution in drinking water to assure a good quality
for domestic and agricultural purposes. To do that, many re-
ports have been started to diagnostic this problem understand-
ing the hazards of the many pollutants. The phenols and their
derivatives (especially 4- or p-nitrophenol) are the most pollut-
ants of natural water, which are listed as the priority pollutants
by the US EPA (Yang et al. 2016). The p-nitrophenol (PNP) is
very present in industrial effluents as an intermediate reagent in
pharmaceutical, pesticides, and dyes (Zbair et al. 2019; Praveen
Kumar et al. 2018; Cairns and Yarker 2008) industries, even
though PNP is extremely poisonous and non-biodegradable in
the environment. Therefore, the removal of hazardous phenolic
compounds from industrial effluents before such waters are
discharged is a great urgent environmental challenge.

In this context, various conventional processes like reduc-
tion (Kadam and Tilve 2015), advanced oxidation (Rodrigues
et al. 2018a, 2018b; Barka et al. 2013; Qourzal et al. 2012),
adsorption (Ait Ahsaine et al. 2018; Zbair et al. 2018; Bakas
et al. 2014), biological degradation (Tomar and Chakraborty
2018), and membrane filtration (Maghami and Abdelrasoul
2018; Abdelrasoul et al. 2017) methods were widely used for
wastewater decontamination. The adsorption using activated
carbons as adsorbent materials is one of the most efficient sep-
aration technologies for treating the contaminated effluents
(Leite et al. 2018; Wong et al. 2018). Nevertheless, the activat-
ed carbon has a relatively high cost and regeneration limitations
after use (Lee and Choi 2018), which requires the use of cost-
effective and easily recyclable adsorbents. In recent times, var-
ious types of mineral and organic materials such as zeolite
(Pham et al. 2016), alumina (Aazza et al. 2017), Mansonia
sawdust (Ofomaja and Unuabonah 2013), and Brazilian peat
(Jaerger et al. 2015) were tested as alternative adsorbents in the
treatment of effluents containing phenolic contaminants.

Natural clays are colloids characterized by a high surface
area, large complexation capacity, excellent mechano-
chemical stability, high fineness of grain, and porous structure
(Churchman et al. 2006). The clay exhibits a heterogeneous
chemical composition with higher mineral matter (alumina
and silica as major phases) and lower organic matter contents
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(Uddin 2017). In addition, the clays possess a layered struc-
ture resulting from the aluminum octahedral sheets [AI(OH);]
alternate with silica tetrahedral sheets (SiO,4) (Bentahar et al.
2016). These properties promoted the sequestration of pollut-
ant molecules on the clay surfaces. Compared with other com-
mercially available adsorbents, the use of clay materials as
adsorbents provides numerous practical advantages including
abundant availability, low-cost, highest affinity toward pollut-
ants, and environmental friendless (Uddin 2017). For these
reasons, an extensive attention has been given to the applica-
tion of natural or modified clays as alternative adsorbents to
remove water pollutants (Uddin 2017; Bentahar et al. 2016;
Kausar et al. 2018; Chicinas et al. 2018; Shaban et al. 2018;
Adeyemo et al. 2017). Moreover, several modification pro-
cesses of clays (e.g., chemical, magnetic, mechano-chemical,
and organo-modification) have been used successfully to in-
crease their adsorption capacities towards a given pollutant
(Ngulube et al. 2018; Ouachtak et al. 2018). Undoubtedly,
the functionalization of up-scaled natural clays for industry
needs intensive operational expenses. Hence, pristine natural
clay is needed for sustainable wastewater remediation.

To our best knowledge, no study has been conducted on the
removal of PNP by montmorillonite clay and the investigation
of'its adsorption mechanism, optimization of the physiochem-
ical parameters by statistical analysis, and regeneration. Thus,
the present study would serve as an important contribution to
filling this knowledge gap and a novel perspective for further
research interest on the PNP removal using natural mineral
resources. Furthermore, the use of montmorillonite clay as
natural adsorbent without any pretreatment may be an ecolog-
ically and economically attractive alternative for wastewater
treatment. Herein, in this study, we report the use of montmo-
rillonite clay as environmentally friendly adsorbent for PNP
removal from aqueous solution. So, we have characterized
this material using different techniques. The pH of zero point
charge (pHzpc) was also defined. The adsorption experiments
were done by varying the influencing conditions like pH, con-
tact time, initial PNP concentration, adsorbent mass, temper-
ature, and coexisting anions. Besides, the statistical optimiza-
tion of key physicochemical factors as well as their binary
combination effects on the PNP adsorption process was per-
formed by using response surface methodology. The iso-
therms, kinetics, thermodynamics, and regeneration investiga-
tions of the montmorillonite clay were also undertaken.

Materials and methods
Chemicals and reagents
The montmorillonite clay used in the present work was natural-

ly collected from the rural region of Fez (Morocco) and was
powdered to particles of size less than 50 um. The
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montmorillonite clay was prepared by washing several times
with distilled water to clean the soluble matter, then followed by
filtration and drying in the oven. The resulting powder was used
without any chemical pretreatment for future adsorption tests.

Chemicals

p-Nitrophenol (PNP), hydrochloric acid (HCI), sodium hy-
droxide (NaOH), sodium sulfate (Na,SQOj,), sodium bicarbon-
ate (NaHCO3), disodium phosphate (Na,HPQO,), and sodium
chloride (NaCl) were purchased from Sigma Aldrich and were
used without further purification. A stock PNP solution of
1000 mg/l was prepared by dissolving 1 g of PNP in
1000 ml of distilled water. The PNP solutions for batch ad-
sorption experiments were prepared by consecutive dilution of
the stock solution.

Characterization techniques

Powder X-ray diffraction (XRD) patterns were conducted
using a Siemens D5000 diffractometer using Cu-K o« radiation
(Cu-koc = 1.5418 A) with the scanning step of 0.04° speed of
XRD analysis of 5 s/step. Fourier transform infrared (FTIR)
spectra were measured using a Thermo Scientific Nicolet iS10
spectrometer with the resolution of 4 cm ™', in the range of
400-4000 cm . The scanning electron microscopy (SEM)
micrographs were conducted on an FEI FEG 450 microscope
operating at 120 kV and equipped with a microanalyzer
(EDAX). X-ray fluorescence measurements were performed
using an EDX-720 spectrometer equipped with an energy dis-
persive system for mineralogical composition determination
of the montmorillonite clay. The textural properties were de-
termined by N, adsorption-desorption technique using a 3Flex
instrument at 196 °C. The specific surface, pore volume, and
pore size distribution were calculated with the Brunauer—
Emmett—Teller (BET) and Barrett—Joyner—Halenda (BJH)
methods, respectively. Prior to N, sorption, all samples were
degassed at 250 °C for 8 h under N, flow to remove the
physisorbed moisture.

Adsorption experiments

Adsorption tests were conducted using a batch system.
Typically, a predetermined amount of adsorbent was included
into the 50 ml of PNP solution at desired initial concentra-
tions. The effects of initial pH (2—12), adsorbent dose (250—
3000 mg/1), contact time (0—240 min), initial concentration of
PNP (20-500 mg/1), and temperature (20-50 °C) were studied
on the PNP removal by montmorillonite clay. The solution pH
was adjusted by using HCI (1 M) and NaOH (1 M). In all of
the adsorption experiments, the mixture was separated
through a 0.45-um membrane filter. The equilibrium concen-
tration of PNP was analyzed using a UV-vis

spectrophotometer (UV2300) at the maximum adsorption
wavelengths of 317 nm at acidic pH and 400 nm at alkaline
pH. The removal efficiency and adsorption capacity at equi-
librium were calculated as follows:

(CO_Ce)
0

g (me/g) = (Co-Co) x @)

%Removal = x 100 (1)

where Cj and C, are the initial and equilibrium concentrations
of PNP in mg/l, respectively. m (g) is the amount of adsorbent
and V (1) is the volume of solution.

Experimental optimization

To reduce both time and costs of experimentation, statistical
analysis using experimental design is beneficial. The optimi-
zation of the chosen experimental factors for achieving max-
imum PNP removal was investigated using an orthogonal 2°-
factorial central composite design according to Box and
Hunter (1957). In accordance with the preliminary experi-
ments, three experimental variables, namely, PNP initial con-
centration (20-500 mg/l), pH (2—11), and adsorbent dose
(100-2000 mg/l), were selected as design variables, while
the evaluated response was PNP removal efficiency. During
all experiments, the contact time and temperature were
remained constants at 120 min and 25 °C, respectively.
Formally, the coding of the process variables involved in the
PNP adsorption was done as expressed in the following equa-
tion (Kasiri and Khataee 2012):

XX,

X;
AX;

(3)

In Eq. (3), X; is the dimensionless real value of a process
variable, X, is the center point of X;, and AX; is the variation of
step quantity.

Table 1 illustrates real and coded values of the considered
process factors and corresponding experimental responses.
The statistical modeling of the PNP adsorption onto montmo-
rillonite clay was executed by using Design Expert® (Version
8.0.4.1) package. The fitness of the experimental data was
achieved using a quadratic polynomial regression model
(Zhang et al. 2009; Jung et al. 2011) as formalized in Eq. (4):
N 3 3
Y:OLO‘FAZ OtiXi+Az OtﬁXiz+ Zainin (4)

i=1 i=1 i<j

In the above equation, Yis the response of the PNP adsorp-
tion yield by montmorillonite clay; X; presents the experimen-
tal process variables; v, j, i, and oy are the values of
model regression constants.
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Table 1 Design matrix for the

central composite designs Variables Coded variable level
- 1.68 -1 0 1 1.68
X:pH 2 38 6.5 92 11
X>: initial concentration (mg/1) 20 109.17 255 400.83 500
X;: adsorbent dose (g/1) 0.1 0.48 1.05 1.61 2
Run X X, X3 % PNP removal
1 -1 -1 -1 3741
2 1 -1 -1 14.86
3 -1 1 -1 19.05
4 1 1 -1 10.74
5 -1 -1 1 84.75
6 1 -1 1 56.31
7 -1 1 1 43.92
8 1 1 1 22.76
9 —1.68 0 0 42.87
10 1.68 0 0 18.64
11 0 —1.68 0 91.87
12 0 1.68 0 22.48
13 0 0 —1.68 7.15
14 0 0 1.68 67.28
15 0 0 0 40.69
16 0 0 0 41.26
17 0 0 0 40.89
18 0 0 0 40.23
19 0 0 0 41.11
20 0 0 0 4091

The confirmation of significance and adequacy of the
above-presented model is mainly based on the values of the
correlation coefficient (R?) and lack of fit obtained from the
analysis of variance (ANOVA). The P value was used to
check the importance of selected experimental variables on
the PNP adsorption process. For this, a confidence level great-
er than 95% is required to confirm the significance of each
parameter. Design Expert Software was used to generate the
three-dimensional plots and contour plots as well as evalua-
tion of the mutual interactive between the two factors on the
response values. Moreover, the identification of the optimum
region was based on the main parameters in the overlay plot
(Liu and Chiou 2005).

Desorption and reuse

The regeneration experiments were carried out in a 250-ml
glass conical flask by adding 0.3 g of montmorillonite clay
to 200 ml of aqueous solution containing PNP (20 mg/l) at
room temperature under constant stirring for 2 h. Then, the
mixture was filtered and the obtained solid (PNP loaded mont-
morillonite clay) was stirred with 10 ml of 1 M NaOH as
desorbent solution for 2 h to desorb the PNP molecules from
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the montmorillonite clay surface. The regenerated montmoril-
lonite clay was rinsed with a NaCl solution (wt 5%) and dis-
tilled water until the filtrate pH reached 7 to remove the resid-
ual NaOH on the adsorbent surface (Yang et al. 2015). Finally,
the adsorbent was dried at 80 °C for 3 h and then used in the
subsequent adsorption experiment. This procedure was re-
peated four times. To take into account the loss of montmoril-
lonite clay after each reusability test, the volume of PNP so-
lution needs to be decreased proportionally.

Results and discussion
Characterization of the adsorbent
Powder X-ray diffraction analysis

The phase and crystallinity of the montmorillonite clay were
determined using powder XRD measurement (Fig. 1). The
XRD pattern clearly displayed a typical montmorillonite clay
reflection at 20 = 6.68°, which corresponds to its basal spacing
(doo1) of 1.32 nm; this characteristic peak is assigned to the (0
0 1) plane in a good agreement with a reference pattern for
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montmorillonite (JCPDS card No. 13-0135). The diffraction
peaks at 20 = 19.61, 27.92, 35.09, and 60.25° were corre-
sponding to the main mineral component of montmorillonite
(Stankovi¢ et al. 2011). The diffraction peaks at 20 = 26.69
and 51.12° were ascribed to the impurity of quartz, and 26 =
30.15° to the impurity of calcite (Stankovi¢ et al. 2011).

FT-IR spectroscopy analysis

The FT-IR spectrum of the montmorillonite clay was shown in
Fig. 2. The broad bonds at 3618 and 3448 cm ™" are assigned to
the —OH stretching vibration of the structural hydroxyl groups
in the montmorillonite clay and the water molecules present in
the interlayer, respectively. The bond present at 1643 cm™ " is
attributed to bending vibration of the adsorbed water. The
strong band at 1010 cm ™' is associated with Si-O stretching
vibrations, which indicates that there are a large number of
silanol (SiOH) groups on montmorillonite clay surfaces (Hu
et al. 2012). In addition, bands at 455 and 655 cm”! can be
assigned to Si-O-Mg and Si—O-Al, respectively (Hadjltaief
et al. 2014). One more band at 1458 cm ™' is assigned to the
Vco vibrations of C—O bonds from the complexed CO;* anion
(asymmetric stretching vibration of surface-associated carbon-
ate species) (Bentahar et al. 2016; Ghorbel-Abid et al. 2010).

Morphological and elementary analysis

The overall morphologies of the montmorillonite clay were
examined by SEM analysis. Figure 3a exhibits the SEM mi-
crographs. Moreover, the external surface shown in Fig. 3b
and c of the clay is quasi-smooth assembled by montmorillon-
ite clay aggregated sheets. It was clear, using the histogram
(Fig. 3d), that the maximum grain size was less than 50 pm,
which confirms that the preparation of montmorillonite clay
was well done. The morphology of the montmorillonite clay
could cause a large surface arca and more active sites for
effective adsorption.

As a part of a mineralogical analysis, the EDS analysis was
carried out in different regions of the surface of the montmo-
rillonite clay sample (Fig. 3e). The EDS spectrum discloses
that montmorillonite clay was mainly contained of O K (93.32
wt%), C K (14.75 wt%), Ca K (7.46 wt%), Si K (6.46 wt%),
and Mg K (5.36 wt%), as well as Na, Al, and Fe K with 1.24,
1.04, and 0.37 wt%, respectively.

The X-ray fluorescence analysis was performed to confirm
the mineralogical composition. As shown in Fig. 4, the sample
is mainly composed of SiO, (51.084%), MgO (19.057%), and
Al,O3 (9.866%). Other associated oxides (such as Fe,Os,
NaO, K,0, Ca0O, TiO,, and MnO) are present with a low
amount (3.480, 2.340, 1.890, 1.502, 0.523, and 0.066%, re-
spectively). This result is in agreement with the EDS analysis.
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Fig. 1 Powder X-ray diffraction of montmorillonite clay
Specific surface area and pore size distribution

In order to determine the textural properties and characterize
the porous nature of the montmorillonite clay, the nitrogen
sorption analysis was carried out. Table 2 displays the obtained
results. As one can see, according to [TUPAC classification
(Sing 1985), the observed isotherm is of type IV with an H3-
type hysteresis loop, belongs to mesoporous materials, which
have slit-shaped pores. The nitrogen adsorption/desorption iso-
therm at 77 K of montmorillonite clay sample is shown in Fig.
Sa. In the initial portion of the isotherm, adsorption is limited by
the formation of a thin layer on pore walls. The relative pressure
P/P° = 0.45 corresponds to the beginning of capillary conden-
sation in the thinnest pores. The specific surface area, deter-
mined from isotherms using the BET equation, was found
equal to SBET = 84.75 m*/g. The pore volume was determined
from the N, desorption branch using the BJH method. The pore
volume of the montmorillonite clay was found to be 0.045 cm®/
g. As shown in Fig. 5b, the pore size distributions are concen-
trated at about 37.7 A, which confirm that the montmorillonite
clay is mesoporous with uniform porosity.
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Fig. 2 FT-IR spectra of montmorillonite clay in the range of 400-4000
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Adsorption studies
Effect of physicochemical parameters

The adsorption yield of PNP was investigated by ranging the
adsorbent dosage from 0.25 to 3.00 g/l. As depicted in Fig. 6,
the change in adsorbent dose from 0.25 to 1.5 g/l caused to
increase in the percentage of PNP removal from 31.63 to
95.57%. This adsorption behavior is attributed to the increase

in contact surface area of montmorillonite clay and the avail-
ability of vacant active sites. The additional increase of adsor-
bent dose, beyond 1.5 g/l, does not allow any significant effect
in the PNP removal efficiency. Thus, 1.5 g/l of montmorillon-
ite clay was considered as the optimum adsorbent dose for the
further experiments.

The effect of contact time on the PNP removal by mont-
morillonite clay was investigated in the time range of 0—240
min to determine the equilibrium time of the adsorption

(d) 16 < Mean: 22.15 pm
14 Max: 47 pm
Min: 4.33 ym
124
€
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[*}
o 84
£
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o
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§ [ ]
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] Element  Lines.
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] Carbon  K-Serie 11.78 9.44 1475
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Fig. 3 a, b, ¢ SEM images of montmorillonite clay, grain size distribution (d), and EDS analysis (e)
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process. The results are illustrated in Fig. 7. As observed,
the PNP removal efficiency was increased rapidly at the
early stages of solid/liquid contact, indicating that the ad-
sorption sites are accessible at the beginning. The equilibri-
um of the PNP adsorption on the montmorillonite clay was
reached after 120 min. The saturation of active sites is ob-
served as the adsorption did not significantly change as we
increased the time.

The effect of initial PNP concentration on the adsorption
capacity of the montmorillonite clay was investigated by vary-
ing the initial PNP concentration in the range of 20—500 mg/1.
Figure 8 shows that the adsorption capacity increases with
increasing initial concentration. This phenomenon may result
from the increase in the driving force between the solution and
adsorbent surface which signifies the collision favorability
between PNP molecules and adsorption sites of the montmo-
rillonite clay (Li etal. 2018; Liu et al. 2018; Angar etal. 2017).
Thus, the higher initial PNP concentration allows a significant
decrease in the mass transfer resistance at the solution/
adsorbent interface.

The industrial effluents commonly consist of various inor-
ganic ions. So, it is important to investigate the effect of
coexisting ions on the PNP adsorption from aqueous solu-
tions. The PNP adsorption experiments were carried out by
adding different concentrations (0—0.5 mol/l) of NaCl,
Na,SO4, NaHCOs3, and Na,HPO, into the PNP solutions.
The effect of coexisting anions on the PNP removal efficiency
is depicted in Fig. 9. It can be seen that the PNP adsorption is
not significantly affected by the presence of sulfate and chlo-
ride ions. Moreover, a slight decrease in removal efficiency
was observed. Similar behavior was found in the removal of
fluoride by kaolinite clay (Nabbou et al. 2018). In contrast, the
removal efficiency of PNP has been notably decreased in the
presence of HCO5;™ and HPO,*". In addition, the adverse ef-
fect of HCO5~ and HPO,” increases with increasing their
concentrations. This may be due to the competition between

Feos @ T T
MnO E
Tio2 y
CaO e
k20 [
sio2 |

Al203 |
MgoO |
Na20 ]

o 10 20 30 40 50

Percentage (%)

Elements

Fig. 4 Mineralogical composition of montmorillonite clay by X-ray
fluorescence

Table 2  Details of N, adsorption-desorption of the montmorillonite
clay

Single point surface area at p/p° = 0.265558855 85.13 m?/g
BET surface area 84.75 m*/g
BJH pore size 37.7A

BJH pore volume 0.045 cm®/g

PNP and HCO; and HPO,* ions for the same adsorption
sites of the montmorillonite clay (Nabbou et al. 2018). The
effect of coexisting anions depends on the affinity of each
anion for the montmorillonite clay surface. The affinity of
anions can be ordered as HPO,> > HCO; > SO,* > CI".
The effect of pH is studied in the range of 2—12. It is well
established that adsorption is pH dependent: The pH affects
the ionization state of adsorbate and the surface charge of the
adsorbent. As reported by Prahas et al. (2008), the zero point
charge (pHzpc) value of the montmorillonite clay was deter-
mined. Typically, 0.15 g of montmorillonite clay was intro-
duced in a series of 100-ml Erlenmeyer flask filled with 50 ml
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Fig. 5 a N, adsorption-desorption isotherm and b BJH pore size distri-
bution of montmorillonite clay
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Fig. 6 Effect of adsorbent dose on the PNP adsorption onto
montmorillonite clay (conditions Cy = 20 mg/l, # = 120 min, pH 5.8,
and 7'=20 °C)

of NaCl aqueous solution (with concentration of 0.01 mol/l) as
the electrolytic medium. The initial pH (pH;) was adjusted
from 1 to 12 using NaOH or HCl solutions. Then, the mixtures
were agitated for 48 h at 25 °C. Afterward, the final pH (pHy)
of the solution was measured and plotted as a function of the
pH;. Finally, the value of pHzpc was determined as the point
where pH; and pHy are equal.

From Fig. 10a, it is notable that the PNP removal effi-
ciency reaches a high level (> 95%) and slightly decreases
with the increase of pH in acidic medium. In contrast, the
PNP adsorption significantly decreased with the increase
in pH from 6 to 12. To understand this adsorption behav-
ior, the pH,,. of the adsorbent material was determined
and was found to be 7.6 as shown in Fig. 10a (inset). For
pH < pH,;, the maximum removal of PNP may be caused
by the attraction electrostatic forces between the positive-
ly charged surface (protonation of hydroxide groups as —

OH,™) of montmorillonite clay and the partially negative
charge carried by nucleophilic groups of the PNP mole-
cules (-NO, and —OH groups) (Ngulube et al. 2018). For
pH > pH,,., the PNP molecules exist as deprotonated
from (p-nitrophenolate anion) at pH > pK, = 7.15; this
creates an electrostatic repulsions between the negatively
charges PNP molecules and the montmorillonite clay sur-
face (deprotonation of Si—~OH and Al-OH functional
groups as Si—O— and Al-O-, respectively) (Kara et al.
2003).

Based on the above discussion, the PNP removal mecha-
nism by montmorillonite clay was schematized in Fig. 10b.
The PNP molecule possesses two nucleophilic attack sites
suggesting that the PNP might be absorbed on the montmo-
rillonite clay surface through two pathways: i) -NO, or ii) —
OH groups. For identifying more favorable functional group
for the nucleophilic attack, the molecular electrostatic poten-
tial (MEP) of PNP was calculated using density functional
theory (DFT) at B3LYP/6-31G(d) basis set implemented in
Gaussian 09 software package (Frisch 2009; Laabd et al.
2017). As shown in Fig. 10b (inset), the MEP of PNP mole-
cule indicates that the nitro group presents the highest negative
charge density (red color) compared with the hydroxyl group.
This thereby leads to the conclusion that the adsorbent-
adsorbate electrostatic attraction is stronger for the nitro group
than for the hydroxyl group of PNP.

To assess the stability and the PNP adsorption process,
the montmorillonite clay was analyzed using FTIR and
XRD before and after PNP removal. The FTIR spectra
of montmorillonite clay in the range of 1200 to1800
cm ' before and after adsorption of PNP are presented
in Fig. S1. After PNP adsorption, the new peak at 1431
cm ' is observed corresponding to N=O stretching band,

Fig. 7 Effect of contact time on 100 1 o L - =
the removal efficiency of PNP by - - e
the montmorillonite clay
(conditions Cy = 20 mg/l, pH 5.8,
adsorbent dose = 1.5 g/l, and T'= 80 - time ——omin
20°C) 121 ——10 min
——20 mi
-~ 1.0 4 m!n
— 604 =] —— 30 min
[ () —— 45 mi
> ~ 084 in
2 8 —— 60 min
& C 06 —— 90 min
2 40 4 g —— 120 min
o 041 —— 150 min
2 y 180 min
< 027 —— 240 min
20
0.0
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Wavelength (nm)
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Fig. 8 Effect of initial concentration on adsorption capacity of the PNP

onto montmorillonite clay (conditions # = 120 min, pH 5.8, adsorbent
dose = 1.5 g/l, and 7' =20 °C)

which indicates that PNP was successfully adsorbed on
montmorillonite clay material. Also, it was observed that
the peak at 1485 cm ™' disappeared; this can be explained
by the removal of carbonate impurities attached to the
surface of the material due to water rinsing (Peng et al.
2016). Furthermore, it should be noticed that the PNP can
be adsorbed on the surface or/and in the interlayer space
of montmorillonite clay. The powder X-ray analysis in a
small angle of montmorillonite clay before and after PNP
adsorption was carried and shown in Fig. S2. The charac-
teristic peak previously observed at 6.06° (dyo; plan) has
not shifted, which confirmed that there is no intercalation
of montmorillonite clay due to PNP. In addition, the shape
of this peak was slightly changed probably due the water
swelling process. Based on these findings, we confirm
that PNP was adsorbed only on the external active sites
of montmorillonite clay.

Adsorption kinetic

The experimental kinetic data of the PNP adsorption on the
montmorillonite clay were analyzed by the pseudo-first-order
and pseudo-second-order models (Lagergren 1898; Ho 2006;
El-Said and El-Sadaawy 2018). The nonlinear regression anal-
ysis of the kinetic data is presented in Fig. 11a and the obtained
kinetic parameters are tabulated in Table 3. Where ¢, (mg/g)
and ¢, (mg/g) are respectively the adsorbed amounts of PNP at
equilibrium and time ¢ (min), &, (minﬁl), and k, (g/mg min) are
the first-order and second-order rate constants, respectively.
Based on the results and by comparing the R? factor, the kinet-
ics of the PNP removal by montmorillonite clay is in well
agreement with the pseudo-first-order model. Furthermore,
the theoretical adsorbed quantity (¢.; = 12.99 mg/g) is consis-
tent with the experimental findings (g cxp = 12.80 mg/g).

The Weber—Morris intraparticle diffusion was used to de-
scribe the mass transfer process of PNP at the solution/
adsorbent interface (Gusmao et al. 2013). Table 3 capitalizes
the linear formula of the intraparticle diffusion where k;,, (mg/
g min'?) represents the constant of the intraparticle diffusion.
As shown in Fig. 11b, the plot of the intraparticle diffusion
model was characterized by a multi-linear character. This
multi-linearity indicates that the PNP adsorption mechanism
occurs in two distinct stages. The first portion of the plot is due
to the diffusion of PNP molecules from the solution to the
external surface of montmorillonite clay. The second linear
portion was attributed to the intraparticle diffusion and gradual
adsorption stage. Moreover, the comparison of the
intraparticle diffusion rate constants showed that the k. is
higher than k;,;; which indicated that the rate of intraparticle
diffusion decreases in the second stage of the adsorption pro-
cess. This mass transfer behavior may be due to the pore
blockage and steric repulsive barrier induced by adsorbed
PNP on the montmorillonite clay surface.

Fig. 9 Effect of coexisting anions 100 -
on the PNP adsorption onto >
montmorillonite clay (conditions ¢
=120 min, Cy = 20 mg/l, pH 5.8,
adsorbent dose = 1.5 g/l, and 7'= 80 1
20 °C)
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Fig. 10 a Effect of pH on the
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Equilibrium modeling

Table 4 summarizes the Langmuir and Freundlich experimen-
tal constants. O, (mg/g), K (I/g), Kr ((mg/g)(l/mg)l/“f), and
ngare the maximum uptake capacity, the equilibrium constant
of Langmuir isotherm, and the constants of the Freundlich
isotherm, respectively. The nonlinear fitting of the mathemat-
ical models to the equilibrium data based on the Langmuir and
Freundlich isotherm curves is displayed in Fig. 12. According
to the high correlation coefficient (R?) and as tabulated in
Table 4, the Langmuir model well fits the experimental data.
Furthermore, the value of Freundlich constant n; was in the
range of 0—10, which reveals a favorable PNP adsorption on
the montmorillonite clay. The n¢ value is < 1, which means

@ Springer

that the montmorillonite clay surface heterogeneity is less im-
portant. In other words, the PNP is distributed homogeneously
in monolayer coverage on the surface of montmorillonite clay.
The maximum uptake capacity of montmorillonite clay is
122.09 mg/g. In comparison with other adsorbents reported
in the literature (Table 5), the montmorillonite clay is a cost-
effective, eco-friendly, and abundant natural material, which is
very attractive as alternative adsorbent for efficient removal of
PNP from contaminated waters.

Thermodynamic study

The effect of temperature on the PNP removal by mont-
morillonite clay was explored over the range of 20-50
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Fig. 11 a Pseudo-first-order, pseudo-second-order, and b intraparticle
diffusion plots for PNP adsorption on the montmorillonite clay

°C. Based on the obtained experimental data, the ther-
modynamic parameters like free energy (AG®), enthalpy
(AH°®), and entropy (AS°) were graphically determined
in concordance with Eq. (5) (Milonji¢ 2007; Rodrigues
et al. 2018a, 2018b).

In(pKy) AH°+AS° )
n =4 —
phd RT ' R
Table 3 Kinetic model parameters for PNP adsorption on the
montmorillonite clay
Kinetic models Equations Parameters
Pseudo-first-order q, = qe(l—e’k") qe.1 (mg/g) 12.99
ki (min") 0.028
R 0.995
Pseudo-second-order ¢, = lqu:ktz - ge1 (Mg/g) 15.39
k (g/mg min) 0.002
R 0.988
Intraparticle q:= kt? + C King1 (Mg/g min'?)  1.380
diffusion

kine> (mg/g min*?)  0.093

Ky is the distribution equilibrium constant defined by the
following equation:

Ki=2 (6)

where T (in K), R (8.314 J mol ' K™"), and p (mg/l) are the
absolute temperature, universal gas constant, and water den-
sity, respectively.

Table 6 presents the values of various thermodynamic pa-
rameters. The feasibility and the spontaneous nature of the
removal of PNP are inferred by the negative values of overall
AG°. Additionally, as we increase the temperature, the free
energy becomes lower, suggesting that the PNP adsorption is
more energetically favorable to occur at higher temperatures
(Laabd et al. 2017). The positive value of AH® is a sign that
the removal process is endothermic in nature. In addition, the
predominance of physisorption mechanism is well established
as the value of AHP (13.161 kJ/mol) is lower than 40 kJ/mol
(Subbaiah and Kim 2016). The positive value of AS® proved a
good affinity between the PNP molecules and montmorillon-
ite clay surface. Furthermore, the degree of freedom (or disor-
der) of the adsorbed PNP increased at the solution-adsorbent
interface during the adsorption process (Laabd et al. 2017).

Statistical design and optimization

In the previous part of the present work, the influence of each
physiochemical parameter was successfully examined to eval-
uate the kinetics, equilibrium, thermodynamic, and mecha-
nism of PNP adsorption by the montmorillonite clay.
Response surface modeling is a powerful tool to get extra
information on the binary interactions of different selected
parameters; this tool allows a statistical modeling of the PNP
removal. To this end, a central composite was designed with
20 adsorption tests to assess the binary combination influ-
ences of pH, initial PNP concentration, and adsorbent dosage
on the PNP removal performance as a response. The mathe-
matical quadratic polynomial model used is as follows:

Table 4 [Isotherm parameters for PNP adsorption on the
montmorillonite clay

Isotherm Equations Parameters

models

Langmuir q. = % m 122.09

(mg/g)

K 0.042
)ig 0.977

Freundlich q. = K¢Cl/me K; 22.59
ng 0.293
)ig 0.917
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Fig. 12 The nonlinear fitting of Langmuir and Freundlich isotherms for
PNP adsorption on the montmorillonite clay

Y (adsorption performance )
=41.0273—-8.87539.X1—15.6375X, 4+ 16.6075X
+2.69X1X,—2.3425X 1 X3—6.4875X,X3—4.73815X?
+4.60273X3-2.45419X3
(7)
The predicted responses versus those obtained exper-

imentally show a good correlation, suggesting the

Table 5 Comparison of the maximum adsorption capacities of various
adsorbent materials for PNP removal

Adsorbents Gm (mg/g) Ref.

Brazilian peat 23.39 Jaerger et al. (2015)
QCD-MMT composite 24.56 Zeng and Zeng (2017)
Kaolin 7.74 Ahmedzeki et al. (2013)
Zeolite 10.83

Na-ZS26/SA 27.1 Ely et al. 2011)
AC/SA 196.6

Na-ZS26 43.7

Na-mont/SA 26.4 Ely et al. (2009)

SA 15.0

Na-mont 54.2

BDHP-Mt 81.3 Xue et al. (2013)
BDP-Mt 76.9

MM 3.28 Sennour et al. (2009)
MMA 174.8

Mansonia sawdust 21.3 Ofomaja (2011)
Carrot dross based AC 125.0 Fisal et al. (2011)
Carbon nanospheres 42.1 Lazo-Cannata et al. (2011)
p-DMAC;4 49.75 Erdem et al. (2009)
p-DMA 17.64

Oxidized MWCNTs 41.10 Shen et al. (2009)
Montmorillonite clay 122.1 Present study

@ Springer

Table 6 Thermodynamic parameters for adsorption of PNP on the
montmorillonite clay

AH° (k) AS° AG° (kJ/mol)

mol) (J/mol K)

13.161 124.54 293 K 303K 313K 323K
—23.330 —24.575 -—25.821 —27.067

usefulness of predicated model to optimize the PNP
adsorption process (Zhang et al. 2009). After that, the
next setup was the investigation of the model adequacy
using linear regression analyses (R?), F values, and sig-
nificant probabilities generated from analysis of variance
(ANOVA).

As evidenced in Table 7, a statistical probability below
0.0001 and a low F value (26.93) were observed. This
indicates the significance of the proposed model as well
as the effectiveness of a predictive model to optimize the
adsorption process based on an insignificant lack-of-fit
value. Furthermore, probability less than 0.05 was used
to assess the significance of each model. Thus, three lin-
ear terms (X7, X5, and X3), one interaction term (X>.X3),
and two quadratic terms (X? and X3 ) have significant
influence on the response. The positive sign of the coef-
ficients of linear term X3 (adsorbent dose), interactive
term X;X, (between pH and initial PNP concentration),
and quadratic term X3 (initial PNP concentration) syner-
gistically affects the PNP adsorption performance. In con-
trast, the other model terms represent an antagonistic
effect.

The high values of correlation and adjusted coefficients R*
(closer to 1) suggest that the developed model is appropriate to
give a better prediction (with low standard deviation) of the
PNP removal performance (Fig. 13). The value of adjusted R
reveals that 92.47% of the total variation of PNP removal
performance was ascribed to the individual selected factors.
On the other hand, only 7.53% of the total variation cannot be
represented by the proposed mathematical model. Overall,
these results allow concluding that the developed model is
an efficacious tool for analysis and optimization of the PNP
adsorption process.

According to the predicted model, the graphical pre-
sentations of the three-dimensional response surfaces
and corresponding two-dimensional contour plots (Fig.
14) were generated using Design Expert software. These
diagrams were employed to investigate the significance of
binary interactions between different tested variables (pH,
initial PNP concentration, and adsorbent dosage) as a
function of the PNP removal yield by montmorillonite
clay (Jung et al. 2011). Figure 14a and b illustrates the
influence of pH and initial PNP concentration on the ad-
sorption performance. The response surface plot revealed
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Table 7 ANOVA for the removal
efficiency of PNP by Source Sum of squares  Degree of Mean Fvalue  Probability (Prob >
montmorillonite clay freedom Square F)

Model 9406.15 9 1045.13 26.93 < 0.0001

X,-pH 1075.78 1 1075.78 27.72 0.0004

X>-Co 3339.54 1 3339.55 86.06 < 0.0001

X;-adsorbent 3766.68 1 3766.68 97.07 <0.0001

dose

XX 57.89 1 57.89 1.49 0.2499

XX 43.90 1 43.90 1.13 0.3125

XX 336.70 1 336.70 8.68 0.0146

X 323.53 1 323.53 8.34 0.0162

X° 305.31 1 305.31 7.87 0.0186

X2 86.80 1 86.80 224 0.1656

Residual 388.034 10 38.80

Lack-of-fit 387.38 5 77.48 595.17 < 0.0001

Pure error 0.65 5 0.13

Cor total 9794.18 19

R-square = 0.961, Adj R-squared = 0.925, Pred R-squared = 0.6990, Adeq precision = 19.28

that the variation of PNP adsorption efficiency was in-
versely proportional with pH and initial PNP concentra-
tion over the ranges of 2—11 and 20-500 mg/l, respective-
ly. As optimum point, 90% of PNP was removed at pH of
2 for initial PNP concentration of 20 mg/l. Figure 14c¢ and
d presents the effect of interaction between initial PNP
concentration and adsorbent dosage on the PNP adsorp-
tion yield. As we can read from the three-dimensional
plot, the adsorptive removal of PNP was gradually in-
creased when the initial concentration decreased (500 to
20 mg/l) and the adsorbent dosage increased (0.1 to 2.0
g/1). Thus, 99.5% of PNP was adsorbed at 20 mg/l of PNP

and 2.0 g/l of montmorillonite clay. For the mutual influ-
ence of pH and adsorbent dose on the adsorption of PNP,
the removal yield increases with enhancement in adsor-
bent dose of 0.1-2.0 g/l (Fig. 14e and f). The maximum
of PNP adsorption was found to be 70% at pH 2 and 2.0
g/l of montmorillonite clay. As a result of the statistical
modeling, the binary interaction between initial concen-
tration and adsorbent dosage possesses high significant
impact on the PNP adsorption onto montmorillonite clay.
Also, the predicted maximum PNP adsorption was up to
99.5% after 120 min of solid/liquid contact at 2.0 g/l of
montmorillonite clay, pH 2, and 20 mg/l of PNP.

Fig. 13 The experimental results 100.00 —|
versus predicted data PNP '
removal efficiency
80.00 —
=
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£
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°
«
)
&
5 40.00
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¥
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Fig. 14 Three-dimensional response surfaces and two-dimensional contour plots for interactive effects of PNP initial concentration and pH (a and b),
PNP initial concentration and adsorbent dose (¢ and d), and adsorbent dose and pH (e and f) on the PNP removal efficiency

Desorption and regeneration

The reliable application of an adsorbent material is essen-
tially related to its regeneration and repetitive use. This
property can substantially reduce the operating costs for
wastewater treatment and the prevention of solid waste
accumulation. In agreement with the above-described ad-
sorption mechanism, the regeneration tests of montmoril-
lonite clay were assessed under alkaline condition, which
is favored for desorption of PNP. The adsorption-

@ Springer

desorption cycle was redone four times to examine the
regeneration behavior of the montmorillonite clay for
PNP. As illustrated in Fig. 15, only 10.33% of the PNP
removal efficiency was lost after four regeneration cycles.
Thereby, the montmorillonite clay possessed a good re-
generation and easy reusability. This lowest adsorption
efficiency decline may be explained by the fact that the
flushing by NaOH could not fully desorbs the PNP loaded
onto the adsorbent surface during the desorption
experiments.
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Conclusion

The removal of PNP by montmorillonite clay from aqueous
solutions was carried out in a batch system. The effects of
various physiochemical parameters on the adsorption effi-
ciency were experimentally investigated. The statistical op-
timization of PNP adsorption process was done by using
response surface methodology. The optimum PNP removal
efficiency (99.5%) was obtained by setting the adsorption
experiment with pH at 2, adsorbent dosage at 2 g/, PNP
concentration at 20 mg/l, contact time at 120 min, and tem-
perature at 25 °C. Also, the statistical modeling proves that
the interaction between PNP concentration and adsorbent
mass significantly affects the PNP adsorption efficiency.
The pseudo-first-order model describes adequately the ki-
netic data. The intraparticle diffusion model suggests that
the mass transfer behavior at the solution/adsorbent inter-
face mainly involves two successive phenomena: external
film diffusion and intraparticle diffusion. Langmuir iso-
therm provides the good correlation for the equilibrium data
with a maximum uptake capacity of 122.09 mg/g. The ther-
modynamic study allowed concluding that the PNP adsorp-
tion process was endothermic, feasible, and physisorption
in nature. The regeneration tests suggested that the mont-
morillonite clay exhibits good reusability. As a matter of
fact, the montmorillonite clay is a promising natural adsor-
bent to efficiently remove the PNP and eventually other
hazardous pollutants from contaminated waters.
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