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ABSTRACT

In this manuscript, a chitosan cross-linked zeolite molecular sieve (CTS/ZMS) was prepared and
studied as adsorbent for nitrate ion from the ground water having low temperature below 10°C.
Batch equilibration studies indicated that the prepared CTS/ZMS composite had good adsorption
capacity (2.11 mg/g) from neutral water (pH = 7.0) under low temperature (9°C + 1°C) which make
it suitable for treatment of drinking water at low temperature. In batch equilibration method, 1.0 g
of CTS/ZMS composite was able to remove 70.2% of nitrate ion from 100 mL of water containing
30 mg/L of nitrate ions and having a neutral pH of 7 when contacted for 420 min at a temperature of
9°C # 1°C. Thermodynamic studies showed that the adsorption of nitrates was spontaneous, endo-
thermic, and thermodynamically favourable. The kinetic studies indicated that the pseudo-second-
order model fit the experimental data well (R* = 0.989), and it was also observed that adsorption
isotherms can be well-described by Langmuir models (R* = 0.989). The physicochemical charac-
teristics of the CTS/ZMS composites before and after the nitrate adsorption were demonstrated by
Fourier-transform infrared spectroscopy, X-ray diffraction, and X-ray photoelectron spectroscopy
methods. When the solution pH value was lower than the pH,,. = 10.0, the surface active groups
of the CTS/ZMS composites like -OH and -NH, were positively charged (OH;, NH}). Therefore,
electrostatic attraction between NO; and OH;, and/or NHj led to the removal of nitrate from the
contaminated water. Regeneration experiments showed the CTS/ZMS composites could be reused
at least five times without any considerable loss of adsorption capacity by treating with Na,CO,.
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1. Introduction

Pollution of ground water from nitrate ions is a major
environmental concern all over the world, especially in
China. Nitrates are major constituents of agricultural fer-
tilizers as they have high solubility and nutritional value
towards aquatic plants [1]. During rainfall, penetration of
nitrate takes place through the soil elements with subsequent
leakage into the ground water. In the north-eastern parts
of China, the source of drinking water is mainly from the
ground water. However, China’s State of the Environment
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Bulletin pointed out that among 2,833 groundwater testing
sites, the water in 46.9% of the monitored sites were pol-
luted due to nitrate [2]. Higher level of nitrate concentration
in drinking water may lead to various health complications
including eutrophication and infectious diseases, such as
cyanosis and cancer of the alimentary canal [3,4]. In 2016,
the limiting concentration of nitrate ion in the drinking
water was reduced from 20 to 10 mg/L by China’s Standard
of Drinking Water Quality (GB5749-2006) [5]. Therefore,
nitrate removal has become considerably important from
the perspective of human health and environment.
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Water purification plants in China generally use conven-
tional treatment processes such as coagulation-sedimenta-
tion—filtration—disinfection [6]. However, nitrate removal by
these methods is inefficient, especially for ground water as
it is always under low temperature, below 10°C [7]. Various
techniques such as ion-exchange [8], biological denitrifi-
cation [9], electrochemical reduction [10], chemical reduc-
tion [11], and reverse osmosis [12] have been established
for nitrate removal from the surface water or waste water
stream. However, these developed methods for nitrate
removal are not easily scalable for large scale implemen-
tation due to certain disadvantages like large expense,
generation of additional by-products, and incompetency.

Adsorption method is a widely used technique in water
treatment due to simple nature of the process, absence of
by-product and recyclable nature [13,14]. Wide varieties
of adsorbents such as zeolite-based [15], mineral-based
[16], and nanoparticles [17] have been applied for nitrate
removal from water at room temperature [18]. However, as
these adsorbents have certain inherent limitations includ-
ing difficult preparation process, higher cost of the nano-
materials, strong dependence on the pH values, and reduced
efficiency at lower temperature, their practical applications
might be limited. As a consequence, development of an
easily synthesized, technically feasible, and environmen-
tal friendly adsorbent is of prime importance for nitrate
removal [19].

Chitosan (CTS) is the product formed via chitin deacetyl-
ation and is a white amorphous, translucent, water-insoluble
solid. The characteristic structure of chitosan containing
hydroxyl(-OH) and amino(-NH,) groups determines the
properties of chitosan [20]. Due to the protonation of the
amino group in the acidic solution, it can exhibit the charac-
teristics of a cationic flocculant and thus exhibit the ability
for removal of nitrate from the water [21]. However, chitosan
is not acid and alkali resistant and has poor mechanical
strength and hence require a support for process applica-
tions. Zeolite molecular sieve (ZMS) is a kind of synthetic
sodium zeolite, having tetrahedral structure with a Si-Al-Si
framework and a large specific surface area [22]. ZMS, as
a common nanomaterial, has been widely investigated for
water purification [23]. Cross linking of chitosan with ZMS
(CTS/ZMS) can improve acid alkali resistance and mechan-
ical strength. In addition, the CTS/ZMS is cheaper than the
nano-sorbents, simpler to prepare, and is safer to use in
the treatment of drinking water due to the non-toxicity of
the two materials.

Composite adsorbent materials formed via cross linking
of chitosan with different materials have been successfully
applied for the removal of nitrate [15,21,24-28]. However,
there are few literature reports on the application of adsor-
bent for nitrate removal from water at lower temperature
under 10°C. Arora et al. [15] reported the nitrate removal
from cold regions at two different temperatures of 4°C and
20°C using surface modified natural zeolite by chitosan.
The authors concluded that there was no apparent change
in the nitrate removal rate with change in temperature. Hu
et al. [21] studied nitrate removal from the aqueous solu-
tion using granular chitosan-Fe(IIT)-Al(IIT) complex at 15°C
temperature and found that in presence of 150 mg/L nitrate
concentration, the adsorption capacity of the complex was

8.58 mg/g. Teimouri et al. [24] investigated a complex of
chitosan/zeolite/nano-ZrO, for adsorption of nitrate from
water which showed a removal rate of 42.5% for nitrate from
water at 35°C. However, the best results for Hu et al. [21]
and Teimouri et al. [24] were obtained from pH 3.0, and thus
were not suitable for the treatment of drinking water.

Hence, chitosan cross-linked zeolite molecular sieve
(CTS/ZMS) was investigated for its nitrate removal effi-
ciency from low temperature. In order to study the low
temperature nitrate adsorption properties of this adsorbent
material, laboratory tests were carried out at 8°C-10°C tem-
perature range. Various parameters affecting the nitrate
removal efficiency and adsorption capacity of the sorbent
such as adsorbent dosage, contact time, pH value, and
temperature were investigated in detail. Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
X-ray photoelectron spectroscopy (XPS) were used to char-
acterize the adsorption characteristics of the CTS/ZMS par-
ticles. Adsorption kinetics, isotherm, and thermodynamics
tests for nitrate sorption were also studied for the CTS/ZMS
adsorbent.

2. Experimental procedure
2.1. Material

Chitosan with 90% deacetylated was purchased from
Shanghai Sinopharm Group (Shanghai, China). ZMS was
purchased from Shanghai New Molecular Sieve Co., Ltd.,
(Shanghai, China). Potassium nitrate (0.20-0.22 g/L), glu-
taraldehyde (25 vol.%), hydrochloric acid (HCI, 1 mol/L),
acetic acid (4 vol.%), sodium hydroxide (NaOH,1 mol/L),
sodium chloride (NaCl, 1 mol/L), sodium carbonate
(Na,CO,,1 mol/L), sodium bicarbonate (NaHCO,, 1 mol/L),
calcium chloride (CaCl, 1 mol/L) were supplied by
Sinopharm Chemical Reagent Co., Ltd. The purchased
chemicals are analytical reagent grade.

2.2. Preparation of sorbent media

CTS/ZMS adsorbent was prepared as following: Chi-
tosan solution (7 g/L) was prepared by adding chitosan in
acetic acid solution (4 vol.%), configured as chitosan ace-
tate sol. ZMS was washed with deionized water and heated
at 105°C for 2 h, then added to glutaraldehyde (25 vol.%)
for 4 h. These particles of ZMSs with glutaraldehyde were
then added to chitosan acetate sol, the mass ratio (m/m) of
corresponding ZMS to chitosan was 100:7. The composites
were stirred at the speed of 130 rpm for 10 h at tempera-
ture of 30°C to obtain the sorbent media, then added to
distilled water to remove acetic acid and glutaraldehyde,
dried in the oven at 60°C for 5 h [29].

2.3. Characterizations

XRD patterns of CTS/ZMS composites were obtained
with an X-ray diffractometer (Xpent, PANalytical, Nether-
lands). FTIR spectra were obtained on FTIR spectropho-
tometer (Tensor 27, Burker, Germany) with the scanning
range from 4,000 to 400 cm™. XPS (Thermo Fisher, USA)
analyzed the surface chemistry of CTS/ZMS adsorbent



162 Y. Gao et al. / Desalination and Water Treatment 203 (2020) 160-171

materials before and after adsorption of nitrate with the
monochromatic Al Ko X-ray radiation. The zero charge
point of CTS/ZMS composites was studied by batch equilib-
rium techniques described by Chutia et al. [30].

2.4. Adsorption experiment

Batch equilibration studies were carried out to inves-
tigate the adsorption behavior of the sorbent. Simulated
water solution corresponding to 30 mg/L of nitrate con-
centration corresponding to the contaminated groundwa-
ter of Shenyang, Liaoning, China was prepared. The initial
and equilibrium concentration of nitrate were determined
by an ultraviolet-visible spectrophotometer (752, Shanghai
Spectrum Instrument Co., Ltd., China). The water samples
were pretreated by a microporous membrane (pore size
0.45 pum) for removal of the particles and impurities from
water before the nitrate concentration determination.

Effects of the adsorbent dose and contact time on the
nitrate removal of CTS/ZMS adsorbent were studied from
water solution containing nitrate concentration of 30 mg/L
when the pH and the temperature was 7°C + 0.5°C and
9°C + 1°C, respectively.

To study the effect of initial pH on the removal of nitrate
by CTS/ZMS, 1.0 g of the adsorbent was contacted with
100 mL aqueous solution containing 30 mg/L of nitrate.
The initial pH value was adjusted from 4 to 12 with incre-
ment of one unit by 0.1 M HCl or 0.1 M NaOH. Equilibrium
pH of each sample was also measured after 420 min.

Effect of temperature on nitrate removal was studied by
adding 1.0 g of CTS/ZMS adsorbent in 100 mL of solution
at pH 7 containing 30 mg/L nitrate at varying temperatures.
Each sample was measured after reaching equilibrium with
rotating speed of 130 rpm.

The adsorption capacity (mg/g) and nitrate removal
efficiency (%) were calculated as per Egs. (1) and (2),
respectively:
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where g, is the equilibrium adsorption capacity (mg/g), C,
is the initial concentration of nitrate (mg/L), C, is the equi-
librium concentration of nitrate (mg/L), m is the mass of the
adsorbent (g), V is the volume of the solution(L), R is the
nitrate removal efficiency (%) of the CTS/ZMS composite.
The analysis results of the tests were the average values of
three replicates.

2.5. Thermodynamic experiment

To evaluate the thermodynamic feasibility and confirm
the nature of the adsorption process, the three basic ther-
modynamic parameters, standard Gibbs free energy change
(AG®), standard enthalpy change (AH®), and standard
entropy change (AS°) were calculated as the following equa-
tions [31]:
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where R is the universal gas constant having the value of
8.314 J/(mol K) and T is the absolute temperature (K). g, is
the concentration of the adsorbed nitrate (mg/g) and K is
the apparent equilibrium constant.

2.6. Adsorption isotherm experiment

To study the adsorption isotherm, batch experiments
were carried out using varying concentration of nitrate at pH
7 and temperature of 9°C + 1°C. Different concentrations of
nitrate (10-80 mg/L) in 100 mL water samples were treated
with 1.0 g CTS/ZMS for contact time of 420 min in a thermo-
static shaker. Finally, the suspension was passed through a
needle filter (pore size 0.45 pum), and the nitrate concentration
was analyzed.

Langmuir [Eq. (6)] and Freundlich [Eq. (7)] isotherms are
described by the following equations [32,33]:

& — g + L (6)
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where, g, is the amount of adsorption (mg/g) and g, (mg/g)
indicates the maximum adsorption capacity. K, (L/mg) is the
Langmuir isotherm coefficient, 1/n is the Freundlich constant
representing adsorption capacity, and K, [(mg/g)/(mg/L)""] is
the Freundlich constant representing the adsorption intensity.

2.7. Adsorption kinetics experiment

To measure the adsorption kinetics of CTS/ZMS, 1.0 g of
the sorbent was added to 100 mL of water solution containing
30 mg/L of nitrate and stirred at 130 rpm. Samples were taken
after certain time intervals (15, 30, 60, 120, 180, 240, 300, 360,
420, 480, 540, and 600 min) and then nitrate concentration
was analyzed.

The data was modeled using Lagergren pseudo-first-
order kinetic model [Eq. (8)] and pseudo-second-order
kinetic model [Eq. (9)]. A pseudo-first-order model can be
represented as [34]:

k.t

log (g, —q,) =logg, "33 ®)

where g, and g, are the adsorption amounts of nitrate at time
t and at time of equilibrium (mg/g), respectively; k, (1/min)
is the constant of the quasi-first-order kinetic model. The
quasi-second-order kinetic model was based on the assump-
tion that the adsorption rate, is controlled by the chemical
adsorption mechanism, the formula is as follows [35]:
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where k, is the second-order adsorption rate constant

(g/(mg min)).

2.8. Regeneration experiment
2.8.1. Water regeneration

1.0 g of the CTS/ZMS composite saturated with nitrate
was placed in 100 mL of distilled water, and stirred at
130 rpm for 24 h in the room temperature. After completion
of the stirring, the composite was dried at 60°C for 5 h.

2.8.2. Thermal regeneration

1.0 g of the CTS/ZMS composite saturated with nitrate
was placed in an oven and heated at 200°C for 24 h.

2.8.3. Chemical regeneration

1.0 g of the CTS/ZMS composite saturated with nitrate
was placed in 100 mL solution containing HCl, NaOH,
NaCl, Na,CO,, NaHCO,, and CaCl,, respectively, with the
concentration of every chemical being 1 mol/L. After rotat-
ing at a speed of 130 rpm for 24 h at room temperature, the
composite particles were rinsed with deionized water and
dried at 60°C for 5 h.

2.8.4. Adsorption analysis of regeneration

Adsorption capacity (g, mg/g) [Eq. (1)], nitrate removal
efficiency (R, %) (Eq. 2), and regeneration rate (R ,%) was ana-
lyzed for each sample at 9°C + 1°C. Regeneration rate (R ,%)
was calculated as described in Eq. (10):

R =T 100%

en

(10)

where R is the regeneration rate (%), g, is the equilibrium
adsorption capacity of regenerated CTS/ZMS composite
(mg/g), q., is the equilibrium adsorption capacity of the fresh
CTS/ZMS composite (mg/g). The analysis results of the tests
were the average values of three replicates.

3. Results and discussion
3.1. Effect of adsorbent dose

In order to optimize the effect of adsorbent dose (Fig. 1),
in 100 mL water solution of pH 7 + 0.5 containing 30 mg/L
of nitrate at 9°C = 1°C, different doses of CTS/ZMS, that is
0.3,0.5,0.8,1.0, 1.2, and 1.5 g/L were added and equilibrated
for 420 min. The obtained results showed that when the
adsorbent dose was increased from 0.3 to 1.0 g, the nitrate
removal efficiency showed an increasing trend from 26.7%
to 70.2% but thereafter further increase in dosage of CTS/
ZMS to 1.5 g did not result in any increase in the removal
efficiency of nitrate. Hence 1.0 g/100 mL is the optimum
dose rate of CTS/ZMS.
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Fig. 1. Effect of adsorbent dose on nitrate removal.

3.2. Effect of contact time

Fig. 2 shows the effect of contact time on the nitrate
adsorption capacities of the CTS/ZMS particles. Under the
condition of the experiment, nitrate ion removal rate was
increasing at faster rate with increasing contact time up to
180 min. When the reaction was carried out for 420 min, the
adsorption capacity remained almost constant, indicating
that the reaction had reached equilibrium and the optimal
adsorption contact time was 420 min.

3.3. Effect of pH value

The results of the experiments on the effect of varying
pH on the nitrate adsorption of CTS/ZMS are given in Fig.
3. As evident from Fig. 3, there is no significant change in
the nitrate removal efficiency of CTS/ZMS (63.06%-71.3%)
in the studied pH range of 4-10, indicating no significant
effect of pH on the nitrate sorption capacity of CTS/ZMS.
The point of zero charge for CTS/ZMS was obtained at pH
10.0 (Fig. 4). When the solution pH is higher than the point of
zero charge, adsorbent surface becomes negatively charged,
and as a result of electrostatic repulsion with the negatively
charged nitrate ions, no adsorption of nitrate takes place
[36]. The pH of test water being 7 + 0.5, the CTS/ZMS com-
posite have good adsorption capacity for nitrate under neu-
tral conditions.

3.4. Effect of temperature

Temperature effect on the nitrate adsorption by CTS/
ZMS is shown in Fig. 5. As evident from Fig. 5, increasing
temperature led to increasing adsorption capacity as well
as removal efficiency for nitrate. The adsorption capacity
of CTS/ZMS for nitrate at 9°C + 1°C was 2.11 mg/g which
was increased to 2.23 mg/g at 20°C, with the correspond-
ing removal rates being 70.2% and 74.5%, respectively. This
result is different from that reported by Arora et al. [15]
who studied the natural zeolite coated with chitosan (Ch-
Z) to capture nitrate from water at 4°C and 20°C. In order
to further study the effect of temperature, thermodynamic
analysis was also conducted.
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75 2.4 3.5. Thermodynamic studies
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(AH®), and standard entropy change (AS°) were calculated
from the experiments at varying temperatures. The values of
AH® and AS°®, calculated from the van’t Hoff plot of InK vs.
1/T (Fig. 6) are presented in Table 2.

Increase in the values of K with increasing temperature
suggested that high temperature improved the adsorption
of nitrates on the CTS/ZMS. The negative values of AG°
for CTS/ZMS at all the temperatures confirmed that the
adsorption of nitrate was spontaneous and thermodynam-
ically favourable. The values of AS° for CTS/ZMS adsor-
bents was found to be 6.94 x 10 KJ/(K mol). This value
indicated that there was increase in the randomness at the
solid-liquid interface during adsorption of nitrates on the
adsorbent [37]. The values of AH® for CTS/ZMS suggested
that the adsorption of nitrate was endothermic, and this
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Fig. 2. Effect of contact time on nitrate removal.
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Table 1
Comparative evaluation of adsorption capacity of some different adsorbents based on chitosan for nitrate removal
Materials Initial nitrate pH  Dose Temperature Contact  Adsorption  Reference
concentration time capacity
Chitosan-zeolite (Ch-Z) 3,100 mg/L. - 0.4 g/250 mL #C 72 h 37:2mg/g [15]
620 mg/L 20°C 45.8 mg/g [15]
Chitosan-Fe(IIT)-Al(IIT) 150 mg/L 3 5gL 15°C - 858mg/g  [21]
Chitosan/Zeolite/nano ZrO, 20 mg/L 3 0.02 g/L 35°C 60min  42.5% [24]
Chitosan/polystyrene/zinc 10 mg/L 3 0.5g/L - 30min  90% [25]
Chitosan-PEG 10 mg/L 3 0.1g/L Room temperature 50.68 mg/g  [26]
Fe,O 4/Zr02/chitosan 1-1,000 mg/L 3 - - - 89.3 mg/g [27]
Ag—TiOZ/c—AIZOS/Chitosan 100 mg/L 11 0.5g/L - 5 min 74% [28]
Table 2
Thermodynamic parameters for nitrate adsorption on the CTS/ZMS
T (K) K AG® (KJ/mol) AHP® (K]J/mol) AS° [K]J/(K mol)]
278 0.1874 -0.1881
283 0.2356 -0.2407
288 0.2571 -0.2674 1.7296 6.94 x 10
298 0.2922 -0.3091
303 0.3255 -0.3503
fact was supported by the increase in the adsorption with 45 5
increasing temperature.
4.0+ de
—— Ce i
3.6. Adsorption isotherms 337 0
In order to understand the adsorption process of nitrate ~_ 30r 4
by CTS/ZMS, adsorption isotherm experimental results % 25} 30 Q
were treated with the Langmuir and Freundlich isotherm & ;%D
models. Effect of initial concentration of nitrate on the uptake o 2.0 120 é
capacity of CTS/ZMS is given in Fig. 7. When the nitrate 150
concentration of the water sample was increased from 10 to
80 mg/L, adsorption of nitrate on the CTS/ZMS adsorbent 1O} 10
was gradually incrgased atllow temperature (9°C +1°C). The sk
amount of adsorption, g, increased from 0.75 to 3.83 mg/g. |
It can be seen from Fig. 8 and Table 3 that the Langmuir 0.0L—t I I I I I 0

adsorption isotherm model can better describe the adsorp-
tion behavior of nitrate by CTS/ZMS, and the adsorption
process is single-layer. When the adsorption sites on the
adsorbent were all saturated, the adsorption amount didn’t
increase. It is generally considered that when 0.1 <1/n < 0.5,
adsorption is easy to proceed, and in the isothermal
formula, 1/n = 0.492, so the adsorption proceeds readily.

3.7. Adsorption kinetics

Kinetic experiments were conducted to determine the
rate of the nitrate adsorption and the time required to reach
equilibrium. The results from the time dependent nitrate
sorption were treated with both the kinetic models (Fig. 9).
Table 3 shows the kinetic parameters from both the mod-
els. By correlating the kinetic data with the above two rate
models, it was found that the plot of t/q, against time pro-
duced straight line (R* = 0.989), which was more correlated

10 20 30 40 50 60 70 80
Co(mg/L)

Fig. 7. Adsorption capacity for nitrate on CTS/ZMS: initial nitrate
concentration from 10 to 80 mg/L.

than the pseudo-first-order model (R* = 0.925). The results
showed that the adsorption process mainly followed the
quasi-secondary rate model, and the whole process was
controlled by chemical adsorption.

3.8. XRD analysis

Fig. 10 shows the XRD patterns of chitosan (CTS), ZMS,
and CTS/ZMS composite. The peak of CTS at 26 = 11.8°and
19.9° correspond to an amorphous structure of chitosan [38].
The diffraction peaks around 11° and 20° (20) observed for
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Fig. 8. (a) Langmuir and (b) Freundlich adsorption isotherm model.
Table 3
Parameters of kinetic, adsorption isotherm tests
Kinetic parameters Adsorption isotherm parameters
Quasi-first-order Quasi-second-order Langmuir Freundlich
q,(mg/g) k (1/min) R* g, (mg/g) k(g/mgmin) R* K (L/mg) gq,(mg/g) R* K (mg/g)(mg/L)'n 1/n R
2.287 0.0099 0.925 2.382 0.006 0.989 0.072 5.271 0.989 2.291 0.492 0.985
0.5
300 R’=0.989
0.0 -
250
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Fig. 9. Pseudo-first-order kinetic (a) and pseudo-second-order kinetic (b).

(b)
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Fig. 10. XRD patterns of CTS, ZMS, and CTS/ZMS.

chitosan were in agreement with other published results
[39]. From the characteristic peaks of ZMS, the 20 values
at 6.12°, 10.0°, 11.74°, 15.45°, 18.43°, 23.32°, 26.66°, 30.95°,
34.19°, and 37.34° had good agreement with the NaX zeo-
lite crystal structure data file (JCPDS No. 38-0241) in the
instrument library. The intensity of the peak at 26 = 19.9°
increased in the XRD of CTS/ZMS, suggesting that chi-
tosan was intercalated into the ZMS. There were minor
changes in the XRD patterns for CTS/ZMS and ZMS which
indicated that the original ordered structure of ZMS was
not destroyed by CTS [40].

3.9. FTIR analysis

FTIR spectra of the CTS, ZMS, and CTS/ZMS before
and after nitrate adsorption in the scanning range of 4,000
to 400 cm™ are shown in Fig. 11. In the spectrum of the
chitosan (green line), the bands at 3,291 and 1,591 cm™ were
attributed to the stretching vibrations of the -OH group and
-NH, group, respectively, which are the active groups of the
chitosan [41]. In the spectrum of ZMS (black line), the band
at 3,490 cm™ was attributed to the tensile vibration of the
Si—-OH group on the surface of the ZMS skeleton. The strong
bands at 975 and 462 cm™ were caused by -XO, and O-X-O
groups, respectively (X means Si/Al) [24]. These two bands
indicated the basic tetrahedral skeleton of the ZMS. The
FTIR spectra of the CTS/ZMS before adsorption (red line) of
nitrate, showed a typical band at 1,654 cm™ corresponding
to the N-H of the acetyl group. The band at 1,590 cm™ was
attributed to the stretching vibrations of the -NH, group
[41]. The results showed that the functional groups of chi-
tosan were loaded onto the surface of the ZMS. However,
the stretching vibration of the -NH, group vanished after
nitrate adsorption, the band at 1,376 cm™ corresponding to
the N-O bond was observed in the spectrum of CTS/ZMS
after the nitrate adsorption [42], which indicated that the
group of -NH, was related to the nitrate adsorption. After
the adsorption of NO;, the -OH vibration band changed
from 3,490 to 3,315 cm™, which indicated that the -OH
group was also related to the nitrate adsorption. The bands
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Fig. 11. FTIR spectrum of CTS, ZMS, and CTS/ZMS before and
after nitrate adsorption.

of -XO, and O-X-O group did not change before and after
the adsorption of nitrate, indicating that the adsorption of
nitrate did not change the basic structure of the CTS/ZMS.

3.10. XPS analysis

The adsorption mechanism of CTS/ZMS adsorption
particles was studied by using XPS analysis of the com-
posite before and after nitrate removal. The main peaks in
the entire spectrum was observed at 75, 100, 300, 400, and
530 ev corresponding to the Al (2p), Si (2p), C (1s), N (1S5),
and O (Is), respectively. Except for the increase of peak
intensity, there were no significant changes in the whole
spectrum of the CTS/ZMS particles before and after nitrate
adsorption (Fig. 12), which indicated that the adsorption of
nitrate didn't affect the CTS/ZMS original structure, which
was consistent with the FTIR analysis.

Binding energy of an element is related to its effective
charge, different oxidation states. Existence of different elec-
tronic states of the O atoms can be analysed by the O (1 s)
binding energy. As shown in Figs. 13a and b, before nitrate
adsorption, the binding energies corresponding to O (1 s)
were 531.5 and 531.3 eV which represented the X-OH and
—-OH groups, respectively. After nitrate adsorption by the
CTS/ZMS composite, the binding energy of O (1 s) were 531.7
and 531.4 eV with increase of 0.2 and 0.1 eV, respectively [43].
The increasing binding energy of O (1 s) indicated that the
density of electron clouds around the O atom decreased,
which suggested the participation of the O-containing
functional groups in the reaction with nitrate. When the
X-OH and -OH groups participated in the reaction with
nitrate ion, the binding energy of O (1s) increased [44].

The N (1s) spectra before nitrate adsorption exhibited
two peaks at 402.74, and 399.5 ev corresponding to the —
NHCO, and -NH, groups (Fig. 14a). After nitrate adsorp-
tion, new peak at 406.2 eV was observed, corresponding
to the photoelectron peaks of -NOj (Fig. 14b). After nitrate
adsorption, the peak at 399.5 ev corresponding to the -
NH, group disappeared, and the peak of the -NH} group
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Fig. 12. Results of XPS spectrum of CTS/ZMS before (a) and after (b) nitrate adsorption.
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Fig. 13. Results of O (1s) spectrum of CTS/ZMS before (a) and after (b) adsorption.

appeared at 401.1 ev. It indicated that the -NH, group in
the molecular structure of the CTS/ZMS changed to -NH;
during the adsorption reaction, resulting in a change in
the chemical environment of the N element. When —NH}
was electrostatically bonded to the nitrate ion, it led to an
increase in the binding energy of N (1s) [43,44], and the
binding energy was 406.2 ev. The presence of nitrogen ele-
ment in NOj also indicated the electrostatic coupling of
-NH; with the nitrate ions [44]. These results further val-
idated the presence of nitrate adsorbed on the adsorbent,
which was in accordance with the FTIR findings.

Fig. 15 shows the mechanism of nitrate adsorption by
the CTS/ZMS. According to the results of FTIR and XPS,
the removal of nitrate by CTS/ZMS was mainly through the
electrostatic interaction between the -OH and -NH, active
groups and nitrate [24]. Previous studies on the effect of
pH indicated that the point of zero charge was obtained
at pH 10.0 (Fig. 4). When the solution pH value was lower

than the pH,, ., the surface of the CTS/ZMS particles was
positively charged (OH,,, NH;) [31]. Therefore, electro-
static reaction between NO; and OH}, NH; present on the
surface of CTS/ZMS [30,31] led to the adsorption of nitrate.

3.11. Regeneration studies

Good reusability and high adsorption capacity are
very important for any adsorbent, which will signifi-
cantly increase the economic value of the adsorption pro-
cess [19]. The physical regeneration methods like water
and heat regeneration were not efficient and stable due
to long-time drying, and hence require higher costs. The
chemical regeneration method has the advantages of high
regeneration efficiency and low cost, and the adsorbent is
often regenerated by using simple chemical reagents such
as acid, alkali, and salt [45]. For CTS/ZMS composite, vari-
ous regeneration methods like water regeneration, thermal
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Fig. 14. Results of N (1s) spectrum of CTS/ZMS before (a) and after (b) adsorption.

regeneration, and chemical regeneration using NaHCO,/
Na,CO,/HCI/NaCl/CaCl,/NaOH were studied as shown
in Fig. 16a. It was evident that Na,CO, solution could effi-
ciently regenerate CTS/ZMS composite compared to other
methods. Low price and good regeneration performance
made Na,CO, more economical for CTS/ZMS regeneration
[46,47]. The adsorbed capacity of CTS/ZMS after Na,CO,
regeneration was 1.768 mg/g and regeneration rate was
83.7% when exposed to the nitrate solution of 30 mg/L con-
centration, at temperature of 9°C + 1°C, dose of 1 g/100 mL,
and contact time of 420 min. The adsorption particles regen-
erated by HCI (25.33%), NaCl (11.33%), and NaOH (2.0%)

Electrostatic adsorption

Fig. 15. Adsorption mechanism of CTS/ZMS and nitrate.

solutions had relatively low removal rate of nitrate, due to
the irreversible damage on the adsorption sites of CTS/ZMS
caused by CI- and OH, thus resulting in adverse effects on
the adsorption of nitrate [48]. The regenerated adsorbent
was used for five cycles after being regenerated by Na,CO,
solution after each sorption experiment. A comparison of
the regeneration efficiency and adsorption capacity in five
sequential runs is shown in Fig. 16b. After five runs, the
adsorption capacity of the CTS/ZMS was 1.534 mg/g and
regeneration rate was 70.4% (Fig. 16b). This proved that the
adsorbent could be reused several times without any con-
siderable loss of adsorption ability.
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4. Conclusions

In this research, a novel low-cost adsorbent, CTS/ZMS
adsorbent was prepared by using environmental friendly
chitosan (CTS) and ZMS. At temperature of 9°C + 1°C
and pH value of 7.0, the optimal dosage and contact time
for CTS/ZMS adsorbent were 1.0 g/100 mL and 420 min,
respectively. FTIR, XPS studies showed that -NH, and -OH
groups participated in the electrostatic attraction between
the adsorbent and nitrate. The adsorption isotherm and
kinetics followed the Langmuir isotherm model and the
pseudo-second-order model, respectively. Thermodynamic
studies showed the adsorption of nitrate was spontaneous
and endothermic. The CTS/ZMS composites can be reused
at least five times when 1 mol/L Na,CO, solution was used
as a regenerant. The results obtained in this study illus-
trated that CTS/ZMS composite was a promising material
for nitrate removal from low temperature groundwater.
In the future, large scale implementation of this adsorbent
needs to be developed. Also, further study should focus on
optimizing the regeneration process and waste treatment of
chemical regenerants.
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