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ABSTRACT

A Si-Al porous clay mineral material W (PCMW) as raw material for ceramic was prepared from
two kinds of natural clay minerals. The waste of PCMW could be used as an adsorbent to remove
nitrate (NO,-N) from groundwater. The characteristics of PCMW were determined by surface area,
pore volume, scanning electron microscopy, X-ray fluorescence, powder X-ray diffraction, pH .,
Fourier transform infrared spectroscopy, and zeta potential analyses. The optimum values of the
effective parameters, such as the contact time (96-120 h), pH (<6.0), initial concentrations of NO,-N
(25-40 mg/L), PCMW dosage (0.5-2 g), particle size of PCMW (1-3 mm), and temperature (288-
303 K), were determined. The pseudo-first-order kinetic model and the Langmuir isotherm effec-
tively described the adsorption process; the maximum adsorption capacity of PCMW as calculated
from this model was 5.14-5.30 mg/g. Intraparticle diffusion and liquid film diffusion could affect
the adsorption process. Kinetic models, isotherm models, and thermodynamic calculations demon-
strated that the adsorption of NO,-N onto PCMW was a kinetically controlled, spontaneous, and
endothermic monolayer physical process. The results of this study suggest that PCMW is suitable as
a recyclable adsorbent material for the adsorption of NO,-N from groundwater.

Keywords: Si—Al clay mineral porous material; Groundwater; Nitrate; Waste reuse; Adsorption kinetics;

Adsorption isotherms

1. Introduction

Unreasonable disposal of industrial wastewater and
sewage, the presence of garbage and excrement, and the
excessive application of chemical fertilizers have caused
widespread nitrate (NO,-N) contamination of groundwa-
ter to varying degrees [1-4]. In China, 37% of groundwater
was met the Class V specifications of the quality standard
for groundwater (GB/T 14848-93), which seriously threatens
the environmental safety of groundwater drinking water
sources and increases environmental risks [5]. Although
NO,-N is a relatively nontoxic substance, excessive amounts
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of NO,-N in groundwater can harm human health through
organ damage, liver damage, and methemoglobinemia and
even can trigger cancer via long-term intake of an overdose
of NO~-N [6-8].

The common methods to remove NO,-N from ground-
water are permeable reactive barrier (PRB) [9,10], membrane
separation technique [11,12], biological [13,14], electrochem-
ical [15,16], and adsorption [17,18]. All these methods have
limitations, such as producing toxic byproducts and sec-
ondary waste, especially nitrite [19-21], which require con-
tinuous monitoring of the growth of microorganisms and
a constant supply of energy or organic substrates [22-24].
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In practical applications, the adsorption method seems to be
one of the most favored wastewater treatment techniques
due to its low cost, easy operation, strong practicability, and
high efficiency.

The adsorption materials used to remove NO-N
included modified attapulgite [6], ion exchange resin [25],
modified activated carbon [26], zeolite [27,28], clay [29-31],
etc. Natural clay minerals in their pristine form can act as
adsorbents, which are inexpensive, have a large surface area,
exhibit swelling, participate in ion exchange in aqueous
systems, and have no toxic effects in ecosystems. Ceramics
are mostly produced using natural materials that con-
tain a high content of clay minerals; hence ceramic wastes
can theoretically be used as adsorbents. According to the
China Building Ceramics and Sanitary Association, China’s
ceramic production totaled 10.146 billion m? in 2018, and an
increasing amount of ceramic wastes are being discharged
with the rapid development of the ceramic industry, which
causes adverse environmental impacts [32,33]. To realize
the recycling of ceramic wastes, it is necessary to explore
innovative ways of reusing ceramic wastes. It has been
reported that ceramic wastes can be used to treat wastewa-
ter [34], but investigations on the adsorption of NO,-N by
ceramic wastes are rarely reported.

The present research was performed to prepare a Si-Al
porous clay mineral material W (PCMW) as a raw material
for ceramics from two kinds of natural clay minerals. The
adsorption of NO,-N as a model pollutant in groundwa-
ter onto PCMW waste was then evaluated. The structure of
PCMW was characterized by scanning electron microscopy
(SEM), X-ray fluorescence (XRF), powder X-ray diffraction
(XRD), pH,,, Fourier transform infrared spectroscopy
(FTIR), and zeta potential analyses. The effects of some basic
parameters, such as the contact time, pH, initial concentra-
tions of NO,-N, PCMW dosage, the particle size of PCMW,
and temperature, on the loading of NO,-N onto PCMW
were investigated. In addition, the equilibrium adsorption
data were fitted to isotherm models and kinetic models for
the determination of constants related to the adsorption
phenomena. Thermodynamic studies and ion exchange
experiments were also conducted to determine the type
of adsorption process. The regeneration and reusability of
the adsorbent were also evaluated.

2. Materials and methods
2.1. Adsorbents preparation

PCMW was synthesized from two natural clays, in which
the contents of muscovite were 28.1 and 16.9 wt.%, quartz
were 15.4 and 104 wt.%, potash feldspar were 1.3 and
0.6 wt.%, kaolinite were 55.2 and 72.1 wt.%, respectively. The
two natural clays were uniformly mixed in a mixing machine
at a mass ratio of 2:7; then, water was added to obtain a uni-
form mixture. The mixture was aged at room temperature.
After drying, the mixture was placed in an electric furnace
for firing, the firing temperature of which was 800°C with a
heating ramp rate of 40°C/s; the firing atmosphere was an
oxidizing environment, and the firing time was 8 h. Finally,
the mixture was naturally cooled to room temperature to
obtain a Si—Al porous clay mineral material.

2.2. Characterization methods

Several techniques were employed for the characteri-
zation of PCMW. The basic parameters of porous structure
include surface area, pore diameter, pore capacity, and pore
distribution were characterized by N, adsorption—-desorp-
tion isotherms at 77.35 K using MicroActive for ASAP 2460
(Micromeritics, USA). The specific surface area and pore
volume were determined by the Brunauer—-Emmett-Teller
method. Micropore surface area and limiting micropore
volume were the Dubinin—-Astakhov methods. The sur-
face morphologies of PCMW were investigated using SEM,
operating at an accelerating voltage of 30 kV for photo-
micrographs (SU8020, HITACH]I, Japan), and the samples
were initially placed in a vacuum chamber for coating with
a thin layer (few nanometers) of gold (Au). The chemical
compositions of PCMW were tested by means of XRF by
SEA1000S/A (NSK LTD, Japan). XRD experiments were
performed with Cu-Ka radiation operating at 40 mA and
40 kV between 10° and 90° (20) with a step size of 0.02°
using ZSXPrimus II (Rigaku Corporation, Japan) and iden-
tified using JCPDS files. The contents of PCMW were deter-
mined by using the relative intensity ratio (RIR) method.
FTIR characterizations were carried out between 400 and
4,000 cm™ by Nicolet FTIR-iS10 (Thermo Fisher Scientific,
USA) using KBr pellet technique. The pH at which the sur-
face charge is zero, known as the zero point charge pH, |
is determined using the batch equilibration technique that
described in other research [35]. Forty milliliters of KNO,
solutions (0.01 mol/L) were placed in closed Erlenmeyer
flasks; the initial pH (pH,) of each solution was adjusted in
the range from 2 to 14 by adding HCI or NaOH solution
(concentration 0.1 mol/L). Then, 0.2 g of PCMW was added
and the final pH (pH) was measured after 96 h at room
temperature in a shaking table. The pH ,  was pH, vs. pH,
crosses the line at pH, = pH.. Zeta potential was conducted
by Zetasizer Nano ZS 90 (Malvern Instruments, UK). Ten
milligrams PCMW which was ground to 5 um was added
into 10 mL deionized water and stirred it on a magnetic
mixer for 30 min at room temperature. The zeta potential
was tested in a range of 2-12 pH. Quality control of all tech-
niques were performed by repeating the detection/experi-
ments three times and average data was used.

2.3. Batch adsorption experiments

Batch experiments consisted of the respective effect of
contact time, pH, initial concentrations of NO,-N, PCMW
dosage, the particle size of PCMW, and temperature on
NO,-N from groundwater by PCMW. All batch adsorption
experiments were performed in 250 mL Erlenmeyer flask
containing 200 mL NO,-N with PCMW specific dosage and
shanking at 150 rpm using a shaking table. For the effect
of the initial aqueous pH solution varied between 4 and
10, the initial concentration of NO,-N and PCMW dosage
were respectively fixed to 20 mg/L and 1 g with the parti-
cle size of 1-2 mm. The pH adjustment was done by using
0.1 M HCI and NaOH solutions and the added volume for
pH adjustment did not exceed 1% of the solution volume.
Seven initial concentrations of NO,-N were chosen, 5, 10,
15, 20, 25, 30, and 40 mg/L, respectively, and each flask was
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kept in 1 g of PCMW, the particle size of 1-2 mm and pH of
6.0. The impacts of the dosage of PCMW and particle size
of PCMW were determined for a 20 mg/L initial concentra-
tion of NO,-N at pH 6.0 while the tested PCMW dosage
varied from 0.2 to 4 g and the particle size of PCMW was
2-3,1-2, 0.5-1, or 0-0.5 mm. Finally, to investigate the ther-
modynamics of adsorption, experiments were carried out
at 15°C, 20°C, 25°C, and 30°C with a 20 mg/L initial concen-
tration of NO,-N, pH 6.0 and 1 g of PCMW with a 1-2 mm
particle size. The contact time was checked at 4, 8, 24, 48,
72,96, and 120 h. The NO,-N concentration in groundwater
was determined by the spectrophotometric method carried
out with a UV-vis spectrophotometer at 420 nm (photoLab
7600, WTW, Germany). Quality control testing included
experiments with blanks and duplicates. Each experiment
was made at least in triplicate.

At a giving time (t), the amount of adsorbed NO,-N onto
PCMW, Q, (mg/g), was calculated through the following
equation:

Q=—7—" )

where C, (mg/L) and C, (mg/L) are respectively the initial
and equilibrium concentration at time ¢ the concentration of
NO,-N in groundwater, V (L) is the volume of the ground-
water, and M (g) is the mass of PCMW.

2.4. Co-existing ions experiment

Based on the class V requirement of quality standard
for groundwater (GB/T 14848-93), NO; (0.1 mg/L), CI-
(350 mg/L), F~ (2 mg/L), HCO; (200 mg/L), COZ (200 mg/L),
SO (350 mg/L), NH} (0.5 mg/L), Fe** (1.50 mg/L), Mn*
(1 mg/L) was added to 200 mL deionized water with 30 mg/L
NO,-N, respectively. The contents of NO,-N were measured
after 72 h under the conditions pH 6.0, 2 g PCMW with
1-2 mm particle size, room temperature, 150 rmp.

2.5. Leaching and regeneration experiment

The adsorbed PCMW was added to 200 mL deionized
water for 150 rpm, 25°C, and 24 h, then PCMW was moved
to 20 mg/L NO,-N, NO,-N content in groundwater was
measured after shaking at 150 rpm, pH 6.0, 25°C for 120 h.
The stability of PCMW was evaluated in several consecutive
experiments by repeating adsorption and leaching experi-
ments. The removal rates after each adsorption experiment
were measured. At a giving number of times (1), the removal
rate (%) of NO,-N was calculated through the following
equation:

Removal rate (%) = % x100 2)
0

where C, (mg/L) and C, (mg/L) are, respectively, the initial
and at a giving number of times the concentrations of NO,-N
in groundwater.

2.6. Adsorption kinetics and isotherm models

As shown in Table 1, the five adsorption kinetic mod-
els (pseudo-first-order, pseudo-second-order, Elovich,
intra-particle diffusion, and liquid film diffusion models)
and five isothermal models (Langmuir, Freundlich, Dubinin—
Radushkevich, Temkin, and Toth models) were used to
evaluate the kinetic and isotherm models for adsorption of
NO,-N onto PCMW.

3. Results and discussion
3.1. Factors affecting the adsorption of NO,~N onto PCMW
3.1.1. Effects of pH and zeta potentials

The pH of groundwater is an important parameter in the
adsorption process due to its effects on the ion concentra-
tion on the surface, solubility of the solute, degree of ion-
ization, and functional groups of the adsorbent [36,37]. It is
observed that the adsorption capacity of PCMW decreased
with increasing pH, which may be explained based on
pH,,, =627 and pH = 6.41 (Fig. 1). pH _ is an import-
ant parameter for explaining the attraction of ions on the
adsorbent surface during the adsorption process. The sur-
face charge of PCMW was positive below pH __, thereby
attracting NO,-N. The zeta potential of PCMW changed
from positive to negative at the isoelectric point, where
the zeta potential of the surface of PCMW is zero. The zeta
potential of PCMW decreased with increasing pH, and the
adsorption capacity decreased from 4.64 mg/g at pH 4 to
2.25 mg/g at pH 10. The zeta potentials were positive less
than pH  =6.41 (pH at the isoelectric point charge), and the
positively charged surface could provide the driving force
for the electrostatic interaction with NO,-N. Therefore, as
the pH of the aqueous solution increased, the competition
for adsorption/exchange sites on the surface intensified and
was not conducive to adsorption/electrostatic attraction [38].
Increasing pH decreased the adsorption capacity, which was
caused by an increase of the electrostatic repulsion between
the surface charges of PCMW and NO-N in groundwater.

3.1.2. Effects of the initial concentration of NO,~N and
contact time

The effect of the initial NO,-N concentration is shown
in Fig. 2, the trends for each initial concentration were simi-
lar. The adsorption capacity of PCMW increased over time,
reaching a maximum after 120 h of contact time and then
tending toward a constant value. The adsorption capac-
ity of PCMW (1.70-3.89-4.49 mg/g) increased with the
increasing initial NO,-N concentration (5-20-40 mg/L),
and the increase of the adsorption capacity slowed with the
increasing initial NO,-N concentration, which indicated
the gradual steps to the saturation of the adsorbent with
NO,-N molecules. As the driving force increased with the
initial NO,-N concentration, adsorption needed to over-
come more mass transfer resistance between the solute
phase and adsorbent phase [39]. The adsorption was easy
and fast in the initial stage, in which NO,-N was adsorbed
on the external surface area of PCMW. Then the external
surface was saturated, blocking the adsorptive sites; NO,-N
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Table 1
Adsorption isotherm and kinetic models used in this study

Models name

Equations

Pseudo-first-order

Pseudo-second-order

Kinetic models Elovich

Intra-particle diffusion

Liquid film diffusion

Langmuir

Freundlich

Dubinin-Radushkevich

Isotherm models

Temkin

Toth

Q,=Q, (1 - exp(—KJ))

K,Q%

Qt — ZQL

1+K,Qt

1 1
Q= (bjln ab + [bjln t
Q= K;‘\/Z +C;
In(1-F)=-Kt,F = 9
QL’

QL, — QmKLCe /RL — 1

1+K,C, 1+K,C,

1
Qe = KFCen
2
[RT ln[l + 1]]

Q=Qexp|~——

RT
Q.= E1m(1<Tece)
Q — QmKToCO

e 1
(1+(k.C) )/

where Q, (mg/g) is the adsorption capacity at time t, Q, (mg/g) is the adsorption capacity at equilibrium time, K, (1/h) is the rate constant of
pseudo-first-order, t (min) is the time; K, (1/h) is the rate constant of pseudo-second-order; a is the rate constant of chemisorption, b is the
constant of the surface coverage related to the activation energy for chemisorption; K, (mg min®?/g) is the intra-particle diffusion rate constant,

C, (mg/g) is a constant; K, is the adsorption rate constant.

Where Q, (mg/g)is the adsorption capacity at equilibrium time; Q, (mg/g) is the maximum adsorption capacity, K, (L/mg) is the Langmuir
constant, C, (mg/L) is the equilibrium concentration, R, is the separation constant, C, (mg/L)is the initial concentration; K, ((mg/g)/(mg/dm?)"/)
and 7 are the Freundlich constants; Q, (mg/g) is the maximum adsorption capacity, R (8.314 J/mol K) is the gas constant, T (K) is the adsolute
temperature, E (kJ/mol) is energy of adsorption; b, is the Temkin constant, K, (L/mg) is the equilibrium bond constant related to the maximum

energy of bond; K is the Toth constant.

entered the pores and adsorbed on the internal surface of
PCMW, which took a long time.

3.1.3. Effect of the PCMW dosage

The adsorption capacity of PCMW and the removal rate
of NO,-N increased with the increase of the PCMW dos-
age from 0.5 to1.5 g. The removal rate of NO,~N no longer
increased and the adsorption capacity of PCMW decreased
significantly when the PCMW dosage increased from 1.5 to
4.0 g (Fig. 3). These results indicate that the best PCMW dos-
age for adsorption was 1.5 g, preventing the use of excess
adsorbent. These phenomena could be attributed to an

increased number of active surface sites for NO,-N adsorp-
tion. When the PCMW dosage was greater than 2.0 g, the
increase of the PCMW dosage at a constant concentration
of NO,-N reduced the complete surface area of PCMW and
caused the accumulation of active sites of PCMW, which
limited the accessibility of other NO,-N adsorbed to the sur-
face [40,41]. Therefore, the removal rate of NO,-N remained
unchanged after a significant enhancement.

3.1.4. Effect of particle size of PCMW

Fig. 4 shows the effect of the particle size of PCMW
on NO,-N adsorption. The adsorption capacity of PCMW
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Table 2

Adsorption parameters of the kinetic models

Experiment

Pseudo-first-order

Pseudo-second-order

Elovich

Intra-particle diffusion

Liquid film diffusion

Co (mg/L)
Q,(exp) (mg/g)
K, x 10° (1/h)
Q,(cal) (mg/g)
RZ

K, x 10° (1/h)
Q,(cal) (mg/g)
RZ

a

b

RZ

K, (mg min*/g)
RZ

K, x10°

RZ

1.71
10.61
227
0.992
1.12
3.49
0.993
0.10
2.25
0.931
0.17
0.993
17.91
0.980

2.67
11.02
3.65
0.999
1.25
5.80
0.999
0.15
1.32
0.968
0.29
0.994
19.41
0.981

15
3.36
13.85
4.19
0.999
1.43
6.43
0.997
0.20
1.02
0.952
0.37
0.992
21.12
0.985

20
3.89
14.51
4.72
0.999
1.48
7.15
0.996
0.24
0.90
0.954
0.42
0.994
21.23
0.988

15
412
15.54
4.85
0.999
1.57
7.18
0.999
0.26
0.86
0.961
0.44
0.996
21.54
0.991

30
431
16.46
497
0.999
1.67
7.28
0.999
0.27
0.82
0.964
0.46
0.96
21.97
0.992

40
4.49
18.82
5.14
0.998
1.90
7.44
0.995
0.30
0.75
0.967
0.50
0.981
24.88
0.989
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increased with increasing particle size but hardly changed
after the particle size was 1-2 mm. The total surface area
of PCMW was composed of the internal and external sur-
face areas covering the pores and channels of the materials,
while the external surface area only represented a small part
of the total surface area. The external surface area exposed
to NO,-N increased as the particle size decreased; thus, the
initial adsorption rate increased. However, with the satura-
tion of the adsorption sites, the internal part became more
effective for adsorption. However, the surface area only
slightly increased when the particle size decreased, while
the internal surface area did not have much influence.
The number of adsorption sites remained almost unchanged
as the particle size increased from 1 to 2 mm; therefore, the
equilibrium adsorption capacity did not change with the
increase in particle size.

3.1.5. Effect of co-existing ions on adsorption

Other ions, such as NO,, CI, F, HCO;, CO%, SOz,
NH;, Fe*, and Mn”*, coexist with NO,-N in groundwater
and have a destructive influence on the NO,-N adsorption
process. All of these ions had a negative impact on NO,-N
removal, the most adverse of all the coexisting ions was
SOZ, followed by COZ, and HCO; (Fig. 5). The other nega-
tive ions and the positive ions had slightly negative effects
on NO,-N removal. The equivalences of the divalent anions
SO} and CO; were higher than that of the monovalent
anion NO,-N because the greater charge the anions carried
in the electrostatic interaction, the stronger the adsorption
at the opposite charge point on the surface of the adsorbent
[42]. Therefore, PCMW had a greater tendency to adsorb the
divalent anions than NO,-N. In addition, HCO; competed
with NO,-N to be trapped by PCMW and subsequently
reduced the NO,-N removal rate.

3.2. Adsorption characteristics of NO,~N onto PCMW
3.2.1. Adsorption kinetics

To further investigate the adsorption behavior, the adsorp-
tion kinetics were studied because they not only described
the adsorption rate but also indicated the mechanism of
the adsorption process. The pseudo-first-order model was
mostly adapted for the weakest concentrations of the aque-
ous solution. The pseudo-second-order model assumes that
chemisorption is dominant and controls the adsorption as a
rate-limiting step, and the intraparticle diffusion model was
used to identify the diffusion mechanism. The equilibrium
adsorption capacities of PCMW), as functions of the different
initial NO,-N concentrations, are presented in Fig. 2. Since
adsorption did not continue after 120 h, the pseudo-first and
pseudo-second-order models were fitted within 0 to 120 h.
Fig. 6 shows the Elovich, liquid film diffusion, and intraparti-
cle diffusion models, and the results of all the kinetic models
are shown in Table 2.

The correlation coefficient (R?) and comparison of the
difference between the equilibrium adsorption capacity of
the test value Q (exp) and the calculated value Q (cal) in
the fitting results show that the pseudo-first-order model
was the best-fit model for NO,~N adsorption onto PCMW
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(R*>0.99; the difference between Q (exp) and Q (cal):14.48
is —43.36%). The R? values of the Elovich model were 0.93—
0.99; the applicability of this model also suggests that the
adsorption process was based on the physical characteris-
tics of the adsorbent system. Combining with the results
presented above, the adsorption process involved elec-
trons exchanged between the adsorbent and the adsorbate,
and NO-N was attached to surface of PCMW via physical
bonds, such as van der Waals forces and electrostatic inter-
actions [43,44]. All the adsorption rate constants, K, K, K,
and K,, increased with the increasing initial concentration,
whereas the degree of the rate constants first increased and
then decreased with the initial concentration. At the early
stage of adsorption, the curves for the intraparticle diffusion
model did not pass through the origin, while the liquid film
diffusion models were well fitted to the experimental data
(R?>0.98). Therefore, both intraparticle diffusion and liquid
film diffusion were the rate-controlling steps; both were the
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major limitations for the adsorption of NO,-N onto PCMW
[45,46]. It can be speculated that four steps are involved in
the adsorption process: step 1, NO,-N was transported from
the aqueous solution to the external layer of PCMW, which
was a nonlimiting step; step 2, NO,-N diffused across the
external film surrounding PCMW; step 3, NO,-N diffused
into the pores of PCMW; and step 4, NO,-N adsorbed onto
the external and internal surface of PCMW due to physical
interactions.

3.2.2. Adsorption isotherms

The adsorption isotherm related to the adsorption of
molecules on a solid surface to its concentration above
the solid surface at a constant temperature and also indi-
cated the efficiency of the adsorbent in the adsorption pro-
cess. The equilibrium adsorption capacities as functions

Table 3
Adsorption parameters of the isotherms models

of the different temperatures are presented in Fig. 7. This
figure shows five fitting curves for the isotherm mod-
els, and the parameters of the models are shown in
Table 3. The R? values of the five isotherms were ranked as
follows: Langmuir (0.995-0.999) > Dubinin-Radushkevich
(0.990-0.998) > Temkin (0.973-0.995) > Freundlich (0.909-
0.944) > Toth (0.887-0.920). The Dubinin—-Radushkevich
isotherm typically describes an adsorption mechanism
with a Gaussian energy distribution onto a heteroge-
neous surface, which is used as a criterion to distinguish
between physisorption (E < 8 kJ/mol) and chemisorption
(E > 8 kJ/mol) [47]. E = 3.92-5.30, which indicated that the
adsorption of NO,-N onto PCMW was via physisorption,
consistent with the results of the adsorption kinetics. The
Toth and Temkin isotherms were suitable to characterize
the multilayer adsorption; thus, the adsorption of NO,-N
onto PCMW was monolayer adsorption, and there was a

T (K)
Q(exp) (mg/g)

K, x 10° (L/mg)

Q (cal) (mg/g)

RZ

K, ((mg/g)/(mg/dm?)"")
Freundlich N

RZ

Q(cal) (mg/g)

E (kJ/mol)

RZ

b, x 1073

K, x 10° (L/mg)

RZ

Q,(cal) (mg/g)

K, x 10°

RZ

Experiment

Langmuir

Dubinin-Radushkevich

Temkin

Toth

283 288 298 303
1.47 2.89 3.90 4.48
35.69 46.62 51.56 60.43
1.76 3.16 4.54 5.30
0.999 0.995 0.997 0.995
0.24 0.69 0.86 1.03
1.99 245 2.33 2.40
0.944 0.909 0.929 0.933
1.80 3.40 4.66 5.30
3.92 5.15 5.02 5.30
0.996 0.998 0.995 0.990
4.524 2.640 1.956 1.782
459.08 699.63 633.9 685.2
0.995 0.973 0.984 0.983
1.35 2.66 3.64 418
51.49 63.33 58.53 58.76
0.920 0.887 0.896 0.894
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Fig. 7. Adsorption isotherms of NO,-N onto PCMW at different temperatures, Langmuir, and Freundlich (a) and Dubinin-Radush-

kevich, Temkin, and Toth (b).

uniform distribution of NO,-N on the surface of PCMW
[49]. The adsorption isotherm of the adsorption of NO,-N
onto PCMW was the L-type isotherm, and the slope did not
increase with the increase of the initial NO,~-N concentra-
tion, indicating a high relative affinity of PCMW to NO,-N
at a low NO,-N concentration. The values of n from the
Freundlich isotherm were from 1.99 to 2.40, which were >1,
indicating that the adsorption of NO,-N onto PCMW was
favorable [50]. According to the Langmuir and Dubinin—
Radushkevich isotherms, the maximum adsorption capac-
ity for both was 5.30 mg/g at 303 K.

3.2.3. Effect of temperature and the thermodynamic study

The adsorption capacity of PCMW increased with the
increasing initial concentrations, and the increasing tempera-
tures showed the endothermic feature of NO-N adsorption
onto PCMW (Fig. 8). The enhancement of NO,-N adsorption
with increasing temperature was essentially caused by the
increase of surface activity [51]. At low temperatures, increas-
ing the temperature accelerated the adsorption rate and
increased the adsorption capacity. The adsorption of NO,-N
onto PCMW was endothermic according to AH°> 0 (Table 4),
so the increasing temperature accelerated the increasing rate
of adsorption capacity when the adsorption equilibrium was
about to be reached.

454 —®—5Smg/L >
—e— 10mg/L /<
404 A 15mg/L ,/‘
—v— 20mg/L :/'
351 —e—25mg/lL N
—4—30mg/L
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W 3 .
£ //
] /
®
[ |
15 4 o
‘ /l
1.0 A X n
°
0.5 - .
T T T T
280 285 290 295 300 305

T (K

Fig. 8. Effect of temperatures on adsorption.

entropy AS° (kJ/mol K). The thermodynamic equilibrium
constant K and other thermodynamic parameters were deter-
mined from the following equations:

Insights regarding the adsorption mechanism can be AG®=-RTInK_ ®
interpreted from the thermodynamic parameters namely
Gibbs free energy AG® (k]/mol), enthalpy AH® (kJ/mol), and  AG®=AH°-TAS° 4)
Table 4
Thermodynamic parameters for the (IC) adsorption onto AC
AG® (KJ/mol) AH° AS° E
C, (mg/L) ‘
283K 288 K 298 K 303K (kJ/mol) (kJ/mol-K) (kJ/mol)
5 -7.33 -7.94 -9.25 -9.89 28.89 0.128 20.40
20 -7.79 -8.35 -9.46 -10.01 23.62 0.111 25.54
40 -8.38 -8.84 -9.75 -10.20 17.37 0.091 34.37
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mk - A% A1 )
"R RT
InK = InA - 22 (6)
RT

where R (8.314 J/mol K) is the universal gas constant, K_is
the equilibrium constant which was from Langmuir, K is
the rate constant which was from pseudo-first-order mod-
els, A is the Arrhenius constant, E, (kJ/mol) is the activation
energy. Three concentrations of 5, 20, and 40 mg/L were
selected to fit in the range of 283-303 K, the values of AG®,
AH®, AS°, and E, could be determined by plotting InK_ and
InK vs. 1/T which were linear (Fig. 9), and the results were
given in Table 4.

A negative AG® indicates a spontaneous and feasible
process in nature, and the values of AG® decreased with
increasing temperature and initial concentrations of NO,—
N, pinpointing a favorable adsorption process at a higher
temperature. In particular, AH® was less than 40 kJ/mol
since the forces involved in the physical adsorption were
weak. The forces involved in the chemical adsorption were
stronger than those involved in the physical adsorption,
so the AH® of chemical adsorption was 40-100 kJ/mol [52].
The AH® values were 17.37-28.89 kJ/mol, indicating that the
adsorption of NO,-N onto PCMW was physical adsorp-
tion. The positive value of AS° showed the increased ran-
domness at the solid-liquid interface during the adsorption
process. The magnitude of E, also gave an indication of
whether the type of adsorption was a physical or chemical
process. E, of physical adsorption is 540 kJ/mol, whereas
40-800 kJ/mol is characteristic of chemical adsorption
[53]. The values of E  were found to be 20.40-34.37 kJ/mol,
implying physical adsorption as well.

3.3. Characterization of PCMW and removal mechanism
3.3.1. XRF analysis and basic parameters of PCMW

The chemical components of PCMW by XRF analysis
were: 54.10 wt.% SiO,, 32.14 wt.% Al,O,, 7.74 wt.% Fe,0O,

42
(a)
4.0
3.8
w36
=
34
3.2 1
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e 20mg/L [
301 4 40mg/L
T T T T T T
0.00330 0.00335 0.00340 0.00345 0.00350 0.00355
UTKY

259

3.13 wt.% KO, 141 wt% Ti,O, 0.41 wt.% CaO, 0.37 wt.%
MgO, 0.15 wt.% Na,O, and 0.55 wt.% impurities. The adsorp-
tion/desorption isotherms recorded on PCMW adsorption
revealed a characteristic tight hysteresis loop at high relative
pressures (Fig. 10), p/p, = 0.94, which pointed to the presence
of mesopores [37]. The specific surface area (S,.,) of PCMW
was 63.52 m?/g, the total pore volume was 0.25 cm®/g and the
average pore size was 4.06 nm. PCMW had a good affinity
for NO,-N as S, and pore volume were large. Investigation
of the pore size distribution using Barrett-Joyner-Halenda
(BJH) analysis showed that the pore size distribution was
5.12-6.92 nm, in the mesopore range 5-50 nm. Due to the
small NO,-N ionic radius, PCMW were conducive to NO,-N
penetration into the internal [38].

3.3.2. SEM analysis

SEM images of PCMW before and after adsorption
are shown in Fig. 11. The apparent mesoporous structure
of PCMW could be observed on the surface and inside of

1.6
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Fig. 10. Nitrogen adsorption—desorption isotherms for PCMW.
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Fig. 9. Thermodynamic curve for adsorption of NO,-N on PCMW, AH® and AS° (a) and E, (b).
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Fig. 11. SEM of PCMW before and after adsorption, before adsorption (a) and after adsorption (b).

PCMW. The mean diameter of the pores was approximately
10 nm, which was highly consistent with the BJH pore
size of PCMW. Due to the porous, irregular, and uneven
structure of the material, NO,-N could be easily captured
by the active sites of PCMW, allowing the adsorption sys-
tem to reach equilibrium with a relatively large adsorption
capacity when aqueous solution diffused into the inte-
rior of PCMW. A difference in the surface of PCMW was
observed, in which irregular protrusions and a heteroge-
neous morphology appeared on the solid surface after
adsorption, which were attributed to the swelling effects of
the clay minerals during the process.

3.3.3. XRD analysis

Fig. 12 shows the XRD profiles of PCMW before and
after adsorption. Through XRD measurements and the RIR
method, PCMW before adsorption was shown to be com-
posed of quartz (56.3 wt.%), mullite (34.6 wt.%), moganite
(5.1 wt.%), sillimanite (2.5 wt.%), and impurities (1.5 wt.%).
After adsorption, the main characteristic peak shift was

—— PCMW before adsorption  ——— PCMW after adsorption
*
* Quartz
Y Mullite
Q Moganite
< Sillimanite
= <
= * Y 0
Z v QY Y
] *
=
o VV N4
W 4 50 * &
T T T T T T T T T
0 20 40 60 80 100
26 (%)

Fig. 12. XRD patterns of PCMW before and after adsorption.

within 1 A. Hence, little change of the XRD patterns of
PCMW occurred during adsorption.

3.3.4. FTIR analysis

FTIR revealed the type of molecular interactions
between NO,-N and PCMW. This study was also con-
ducted to evaluate the roles of the functional groups on the
surface of PCMW in the adsorption process. FTIR spectra
of PCMW before and after the adsorption are presented in
Fig. 13. The bands at 2,369.74 and 2,368.26 cm™ were due
to the stretching vibration of Si-H, and the bands in the
1,089.15 cm™ region correspond to the stretching vibration
of Si-O. The appearance of a strong bending vibrational
band (after adsorption) at 1,384.22 cm™ was ascribed to the
stretching vibration of the N-O bond, which represented
the occurrence of NO,-N adsorption on PCMW [38]. The
adsorption band for -NH, at 896.29 shifted to 896.78 cm™
after adsorption and its intensity decreased [54], which
indicated that NO-N interacted with amine groups
through electrostatic interactions during the adsorption

163017

Transmittance (%)

—— PCMW before adsorption
—— PCMW after adsorption 4599

1089.15

T T T T T T T T T T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wave number (cm™)

Fig. 13. FTIR spectra of PCMW before and after adsorption.
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process (Eq. 7). Additionally, the adsorption bands for
the bending vibrations of AI-OH-Mg at 797.94 shifted to
798.42 cm™ [53], the stretching vibration of Fe-O at 552.53
shifted to 552.05 cm™ [36], and the stretching vibration
and bending vibration of Si-O-Al at 459.96 shifted to
463.33 cm™ [37,55], which indicated that NO,-N adsorbed
onto PCMW via electrostatic interactions. Meanwhile, the
bands at 3,448.25 cm™ were due to stretching of O-H, while
the 1,630.17 cm™ was due to the bending of O-H, which
might be caused by the water molecules coordinated to
PCMW, causing the overlap of a hydroxyl group from the
adsorption of water [56]. The intensity of the stretching of
O-H decreased and the intensity of the bending of O-H
increased after adsorption, which implied that the sur-
rounding environment of hydroxyl groups and water mol-
ecules changed after adsorption and that there was nearly
no water in the interlayer space, indicating the inclusion
of NO,-N onto PCMW [37]. Hence, it could be concluded
that the water adsorption process on PCMW and the
electrostatic interactions between NO,-N and O-H could
also contribute to the NO,-N adsorption process.

~NH, + NO; + H* = -NH;~NO; @)

3.4. Regeneration of PCMW

To evaluate the stability and availability of PCMW, it
was reused in six consecutive experiments. The values of
AG® were found to be less than 5 J/mol, which indicated
that the adsorbent PCMW was easily regenerated [57]. As
Fig. 14 shows, the NO,-N removal rates slightly decreased
with the successive cycles. After the second cycle, the
removal rate was 89.34%, and the other cycles were similar
to that of cycle 3. The results indicated that cyclic use of
PCMW is feasible.

3.5. Comparison of PCMW with other adsorbents

The adsorption capacities of various adsorbents toward
NO,-N as reported in other studies are presented in
Table 5. Comparing the results showed that PCMW was a
better adsorbent for NO,-N compared to other adsorbents.
Therefore, it could be safely concluded that the PCMW

Removal rate (%)

96.69
89.34
78.84

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 cycle 6

Fig. 14. Regeneration cycles of PCMW.

Table 5
Comparison of adsorption capacity of PCMW to NO,-N with
other adsorbents

Adsorbents Q... (mg/g) pH References
Biochars 0.79 <7 [58]
Sediments 1.75 6 [38]

Ion exchange resin 3.17 7 [19]
Sepiolite 3.46 5.6 [59]

Metal impregnated ~ 3.89 7.5 [50]

alumina

PCMW 4.49 6 In this study
Corn stalks 13.61 6.8 [60]

has considerable potential for the removal of NO,-N from
groundwater.

4. Conclusions

A Si-Al porous clay mineral material W (PCMW) was
prepared and characterized as quartz/mullite. PCMW had a
high nitrate (NO,-N) removal performance as an adsorbent.
The adsorption process could be described by the Langmuir
isotherm and pseudo-first-order kinetic model, and both
intraparticle diffusion and liquid film diffusion could affect
the adsorption process. In addition, the Toth and Temkin
models indicated a monolayer and uniform distribution of
NO,-N on the internal and external surfaces of PCMW. The
pseudo-first-order kinetic model, Elovich model, Dubinin—
Radushkevich isotherm, AH® and E, from the thermodynamic
analysis, zeta potential measurements, and FTIR spectra
demonstrated that the adsorption of NO,-N onto PCMW was
physical adsorption. The maximum removal rate of NO,-N
and maximum adsorption capacity of monolayer adsorption
were 96.69% and 4.49 mg/g, respectively. Thermodynamic
analysis proved that the adsorption of NO,~N onto PCMW
was spontaneous and endothermic. PCMW is composed of
natural clay minerals, making it an environmentally benign,
useful, recyclable, and economical adsorbent for the efficient
adsorption of NO,~-N from groundwater.
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