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Abstract: Excessive concentrations of nitrate (NO3-N) in water lead to the deterioration of water
quality, reducing biodiversity and destroying ecosystems. Therefore, the present study investigated
NO3-N removal from simulated wastewater by nanoscale zero-valent iron-supported ordered meso-
porous Zr-Ce-SBA-15 composites (nZV1/Zr-Ce-SBA-15) assisted by response surface methodology
(RSM), an artificial neural network combined with a genetic algorithm (ANN-GA) and a radial basis
neural network (RBF). The successful support of nZVI on Zr-Ce-SBA-15 was confirmed using XRD,
FTIR, TEM, SEM-EDS, N, adsorption and XPS, which indicated ordered mesoporous materials. The
results showed that ANN-GA was better than the RSM for optimizing the conditions of NO3-N
removal and the RBF neural network further confirmed the reliability of the ANN-GA model. The re-
moval rate of NO3-N by the composites reached 95.71% under the optimized experimental conditions
(initial pH of 4.89, contact time = of 62.27 min, initial NO3-N concentration of 74.84 mg/L and temper-
ature of 24.77 °C). The process of NO3-N adsorption onto Zr-Ce-SBA-15 composites was followed by
the Langmuir model (maximum adsorption capacity of 45.24 mg/g), pseudo-second-order kinetics,
and was spontaneous, endothermic and entropy driven. The yield of N, can be improved after nZVI
was supported on Zr-Ce-SBA-15, and the composites exhibited a strong renewability in the short
term within three cycles. The resolution of Fe?* experiments confirmed that nZVI/Zr-Ce-SBA-15 was
simultaneously undergoing adsorption and catalysis in the process of NO3-N removal. Our study
suggests that the ordered mesoporous nZVI/Zr-Ce-SBA-15 composites are a promising material for
simultaneously performing NO3-N removal and improving the selectivity of Nj, which provides a
theoretical reference for NO3-N remediation from wastewater.

Keywords: nitrate; nZVI/Zr-Ce-SBA-15; response surface methodology; artificial neural network
combined with genetic algorithm; radial basis neural network

1. Introduction

Excessive concentrations of nitrate (NO3-N) entering rivers and lakes can stimulate the
growth of algae, resulting in the deterioration of water quality, reduction in biodiversity and
degradation of the ecosystem [1,2]. Although many countries have made efforts to reduce
NO3-N emissions to the environment, it is still one of the most serious environmental issues
faced across the world [3]. In particular, its concentration in approximately 35% of well
water in Tuscany in Italy exceeded 50 mg/L [4]. According to a groundwater survey in
Alabama (America), NO3-N levels in most parts of the central and northeast areas of the
state were greater than 63 mg/L, and even exceeded 112 mg/L in some areas [5]. Similarly,
in the vast rural and suburban areas of China, many people drink seriously polluted well
water for a long time without knowing its harm [6]. NO3-N is of lower toxicity, while it
can be reduced to nitrite after entering the human body, and the toxicity of nitrite can be
11 times higher than NO3-N [7]. The main biological effect of nitrite is to oxidize normal
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hemoglobin into a type that does not have the ability to deliver oxygen, reducing the ability of
hemoglobin to deliver oxygen to methemoglobin. When A concentration of methemoglobin
of more than 10% of the normal hemoglobin concentration will lead to methemoglobin disease
(such as Verticillium wilt). The clinical symptoms include skin cyanosis, dizziness, nausea,
accelerated heartbeat, dyspnea, fatigue, abdominal pain, and diarrhea. Higher concentrations
will cause asphyxia and even death [8]. Therefore, excessive NO3-N concentrated in the
water body will seriously threaten human health. Several effective measures must be taken to
control and prevent NO3-N pollution in water environments.

Hereto, the methods of removing NO3-N from water mainly include chemical denitri-
fication, catalytic denitrification, reverse osmosis, electrodialysis, ion exchange, biological
denitrification, adsorption, etc. [9-11]. Among them, adsorption is a superior method to
remove NO3-N from wastewater due to its low cost and fast reaction [12]. In particular,
nanoscale zero-valent iron (nZVI) is widely used in environmental remediation because
of its superior adsorption performance and higher reduction activity. nZVI is excellent
in the treatment of heavy metals and organics as well as NO3-N in water. However, the
easy agglomeration and poor antioxidation of nZVI limit its application in the field of
wastewater treatment [13]. Zhou and Li [14] used nZVI and modified polyethylene carrier,
a novel composite packing of tea polyphenol, to remove NOj3-N. Their results demon-
strated a novel approach for the fast and eco-friendly preparation and efficient application
of nZVI. Zhang et al. [15] fabricated the nZVI supported on pillared clay, which was used
for NO3-N removal. Their results showed that NO3-N could be absolutely removed by
nZVI/PILC within 120 min. This efficiency was not only much higher than that (62.3%)
when using nZVI alone, but was also superior to the reduction (71.5%) seen with nZVI plus
adsorption (9.19%). The end-products of NO3-N reduction were identified as NHZ—N and
Ny, implying that nZVI/PILC may help to cut down the total amount nitrogen in water.
Obviously, it is urgent to modify nZVI to avoid easy agglomeration and poor antioxidation,
and thus achieving an efficient NO3-N removal from water.

SBA-15, as a mesoporous molecular sieve, has a high specific surface area, larger pore
volume, regular pores and improved mechanical and hydrothermal stability [16]. It has
attracted extensive interest in the fields of catalysis, separation, biology and nanomaterials.
In particular, the short-channel SBA-15 mesoporous materials with regular morphology
have potential applications in many fields. However, due to the inherent shortcomings,
such as its low chemical reaction activity, its practical application range is greatly lim-
ited [17]. Traditional SBA-15 is rod-shaped or fibrous [17]. When traditional SBA-15 is
used as a carrier in the fields of adsorption, separation, and catalysis, its long pores in
the micron range are not conducive to the diffusion and transmission of substances into
the pores. Therefore, the synthesis of mesoporous SBA-15 materials with small pores
has been studied [18]. Chen et al. [19] synthesized organic functionalized short-channel
plate SBA-15 with P123 as the template and trace Zr (IV) under strong acid conditions.
For the adsorption of organic macromolecules, short-channel plate SBA-15 shows a better
transmission capacity than traditional SBA-15. In addition, metal oxides generally exhibit
excellent catalytic performances; the catalytic activity of Ce is slightly lower than that of
the precious metals [20]. The cost of Ce is lower than precious metals, and it can replace
precious metals as catalysts to catalyze some important reactions. Therefore, Zr-Ce-SBA-15
combined with nZVI may result in shortly ordered channels, a higher catalytic capacity,
and stronger reduction ability.

Currently, several studies [20,21] have reported nZVI/SBA-15 used for environmental
remediation. Tang et al. [21] successfully prepared nZVI/SBA-15 used for the effective
degradation of p-nitrophenol. Their results showed that abundant ultrasmall nanoscale
zero-valent iron particles were formed and well dispersed on mesoporous silica (SBA-15).
A previous study [22] used short-channel hexagonal ordered mesoporous Zr-Ce-SBA-15
materials as a carrier and adopted double-solvent impregnation calcination. nZVI-confined
composites in ordered mesoporous channels were synthesized through a reduction method
and used to remove Trinitrotoluene. Overall, nZVI/Zr-Ce-SBA-15 may possess excellent
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potential for NO3-N removal, and unfortunately, to the best of our knowledge, these works
were not reported. Therefore, the objective of the present study is to (1) fabricate the ordered
mesoporous nZVI/Zr-Ce-SBA-15 composites used for NO3-N removal, and tentatively
try to improve the selectivity of Np; (2) characterize the as-prepared nZVI/Zr-Ce-SBA-
15 composites using different approaches, including X-ray diffraction (XRD), scanning
electron microscopy combined with energy dispersive spectrum (SEM-EDS), N,-sorption,
high-resolution transmission electron microscope (HRTEM), and X-ray photoelectron spec-
troscopy (XPS); (3) optimize/predict the parameters of NO3-N removal and nitrogen
generation from simulated wastewater by nZV1/Zr-Ce-SBA-15 composites with the aid of
response surface methodology (RSM), a back-propagation neural network combined with
genetic algorithm (ANN-GA) and a radial basis function neural network (RBFNN).

2. Materials and Methods
2.1. Materials and Chemicals

All chemical reagents were of analytical grade, and all solutions were prepared with
high-purity water (18.25 M/cm) from a Milli-Q water purification system. Triblock copoly-
mer P123 (A.R.) was purchased from BASF Corp. (Florham Park, NJ, USA) and Tetraethyl
orthosilicate (TEOS) came from ChengDu Chron Chemicals Co., Ltd. (Chengdu, China).
ZrOClgH,0, Ce(NO3)3-6H,0, CH3(CH;)4CH3 was from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China), Shanghai Qingxi Chemical Technology Co., Ltd. (Shanghai, China),
and Nanjing Chemical Reagent Co., Ltd. (Nanjing, China), respectively. High-purity
nitrogen was purchased from Shanghai bio gas Co., Ltd. (Shanghai, China).

2.2. Preparation of nZVI and nZVI/Zr-Ce-SBA-15

A certain amount of triblock copolymer P123 was weighed and added to 80 mL
deionized water, and then heated and stirred at 35 °C, so it dissolved and formed micelles.
Immediately, appropriate amounts of ZrOCl,-8H,O, Ce(NO3)3-6H,0O, and TEOS were put
in the above micellar solution, in which the molar ratio of reactants was 0.01P123:1TEOS:
170H,0: 0.05ZrOCl,-8H,0: 0.05 Ce(NO3)3-6H,0. The mixtures were continuously stirred
at 35 °C for 20 h. The formed gel was transferred into an autoclave for crystallization at
24 h at 100 °C and then cooled to room temperature. After, the produced white materials were
filtered, washed, dried and finally calcined in 550 °C air atmosphere for 6 h (heating rate is
1 °C/min) to remove the template. Finally, the white powder sample is Zr-Ce-SBA-15.

nZV1/Zr-Ce-SBA-15 composites were fabricated following the method of Tang et al. [21].
Firstly, with continuous stirring, the as-prepared Zr-Ce-SBA-15 of 1.0 g was mixed with
30 mL of n-pentane. Fe(Il) aqueous solution prepared by 1.112 g FeSO,-7H,O was gradually
added into the above mixtures. The above mixture was dried at 60 °C for 12 h. Then, with
continuous N protection and stirring, 8 mL NaBH, solution (2 M) was added into the
mixtures from the previous step, reducing Fe(Il) to metallic Fe'. The obtained materials
were separated from mixtures using a magnet, washed with methanol three times, and
then dried in vacuum at 50 °C for 20 h. Meanwhile, 4.0 g of FeSO,4-7H,O was dissolved in
200 mL of methanol and deoxygenated water to fabricate nZVI. Immediately, with contin-
uous N protection and stirring, 10mL of NaBHj solution (2.1 M) was added gradually
to the above solution, lasting for 30 min. The black solid was successively washed with
ethanol and deionized water, and the nZVI was dried in vacuum at 50 °C for 20 h. Figure 1
shows the flow chart for preparing nZVI/Zr-Ce-SBA-15.
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Figure 1. The flow chart for preparing nZVI/Zr-Ce-SBA-15.

2.3. Characterizations

The morphology of the samples was characterized by TEM (JEM-2100, Akishima,
Tokyo, Japan) and SEM (Jsm-6490lv, JEOL, Tokyo, Japan). XRD (RIGAKUD/max 2500)
was used to test the crystal structure of the sample with a test voltage of 40 kV, current of
20 mA, scanning rate of 2 (°)/min, and Cu target Kal radiation line (A = 0.15405 nm). The
N, adsorption—desorption isotherm, specific surface area and pore size distribution of the
samples were measured by a 3Flex specific surface area pore analyzer (USA). The binding
energy was tested by XPS (Thermoescalab 250Xi). The monochromatic alka hv = 1486.6 EV,
power was 150 W, 500 um beam spots were used, and the binding energy was calibrated
with Cls 284.8 eV. Nitrate and nitrite concentrations in the solution were determined by
sulfamate spectrophotometry and N-(1-naphthyl)-ethylenediamine photometry, respec-
tively. Nanoreagent spectrophotometry was used to test ammonia concentration in the
solution. Fe?* contents were determined by o-phenanthroline spectrophotometry (APHA,
2005). Total nitrogen (TN) was equal to the sum of NHZF—N, NOj3-N, and NO,-N.

2.4. Batch Experiments for NO3-N Removal Using nZV1/Zr-Ce-SBA-15 Composites

The stock solution of NO3-N was prepared from NaNOj3 (analytical purity). The stock
solution of 1000 mg /L NOs3-N was gradually diluted to 40, 60, and 80 mg/L. A total of
0.15 g of nZV1/Zr-Ce-SBA-15 composites was placed in a 250 mL glass bottles, and 50 mL
of NO;3-N stock solution at 40, 60, and 80 mg/L concentrations (actual concentrations of
39.17, 60.82, and 79.65 mg/L) was, respectively, added into the above conical flask with a
microinjector. The glass bottle was sealed and put in the thermostat water bath to remove
NOg3-N. The samples were collected at certain intervals with a needle tube and immediately
filtered with a 0.22 um filter membrane. Immediately, the samples were analyzed by
assessing the changes in NO3-N, N and NO;-N, NHZ—N contents in the solution over time,
thus obtaining the adsorption capabilities (qe), removal efficiency (P), NO,-N productivity
(Sn02-N), N2 productivity (Sn2) and NHZ—N productivity (SNHI -N) (Equations (1)—(5)). The
glass bottle and reaction solution were deoxidized before the reaction. The pH of the
solution was adjusted by H,SO4 and NaHCO3.

~ Co—Cnos—N

qe = 7111 XV (1)
Cy—-C _
p— —0 " -NO;=N CN03 N . 100% )
0
CNH*—N
_ 4
Sk N = Co — Cno,-N ©)
C
SNO,—N St 4)

~ Co—Cno,-N
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o Co — Cnos—N — Cno,-N — Cpy N 5
N2 Co — Cno3-N ©)

where Cj is the concentration of NO3-N in the solution before adsorption, mg/L; Cnoa-N;
CNno,-N/ and CNHZ _y are the concentrations of NO3-N, NO,-N and NHZ -N in the solution
after adsorption, mg/L; m is the mass of nZVI/Zr-Ce-SBA-15, g; qe is the equilibrium
adsorption quality of nZVI/Zr-Ce-SBA-15, mg/g; P is the adsorption efficiency; Sno,-N,
Sn,, and SNH} _ represent the productivity of NO,-N, N, and NH; -N. The following
steps were used for batch experiments using optimal nZV1/Zr-Ce-SBA-15. (1) Isothermal
adsorption: the initial concentration gradients of NO3-N were set to 20, 40, 60, 80 and
100 mg/L. (2) Adsorption kinetics: the adsorption times of NO3-N were set to 1, 5, 10, 20,
30, 60, 120, and 180 min; other settings are the same (nZVI/Zr-Ce-SBA-15 = 0.15 g; initial
pH = 4; temperature = 25 °C).

2.5. Modeling Methods of RSM, ANN-GA and RBENN

The second-order model designed by Box-Behenken design (BBD) was used to study
the relationship between response and variable values (Table 1). The selected variables
are initial pH (x;), contact time (x;), temperature (x3) and initial NO3-N concentration (x4).
The response values are the removal rate of NO3-N (y). The second-order model of BBD is
shown in Equation (6):

K K k-1 k
y=Bo+ ) Bixi+), Bii(x)” + Y Bixixj + € (6)
=1 =1 15

i=

where B, Bi, Bii and B are the intercept, primary term coefficient, secondary term coef-
ficient and interaction coefficient, respectively, and ¢ is the test residual. The ANN-GA
design was followed according to Xiang et al. [23] and ran in MATLAB 2016a. The modeling
process of RBFNN is referred with [24,25].

Table 1. Parameter level of BBD experimental design.

Code Parameters Maximum Middle Minimum
X1 Initial pH 5 4 3
Xp Contact time (min) 70 60 50
X3 Temperature (°C) 25 20 15

Initial NO3-N

. 80 60 40
concentration

X4

3. Results and Discussion
3.1. Characterization of Zr-Ce-SBA-15 and nZVI/Zr-Ce-SBA-15 Composites

Figure 2 exhibits that the diffraction peak of nZVI is 44.88°, and its corresponding
crystal plane is (100). After NO3-N adsorption onto pure nZVI, the diffraction peak
of nZVI was basically unchanged. A strong and broad-band satellite peak of Zr-Ce-
SBA, nZV1/Zr-Ce-SBA, nZV1/Zr-Ce-SBA@NO3-N composites was found in the range of
26 = 20-30° due to the amorphous silica walls of mesoporous material [26]. In addition,
a crystal plane (100) at 44.88° was also found in nZVI/Zr-Ce-SBA-15 and nZVI1/Zr-Ce-
SBA@NO3-N composites, implying that nZVI was successfully supported onto Zr-Ce-SBA-
15 and its valence state is «-Fe? [26].

The silica material exhibits two asymmetric stretching vibrational modes of siloxane
moieties (-Si—-O-Si-) at 1079.9 cm~! and 814.2 cm~!, and bending vibrational modes at
450.9 cm~1! [27,28] (Figure 3). The characteristic band of the hydroxyl group was found
at 3455.8 cm ™! for the H,O molecule, and the intense absorption band at 1637.2 cm ™! for
the five materials is attributed to carbonyl groups, exhibiting that they are of the massive
oxygen-containing unsaturated group. The peaks at 548 cm ! and 621 cm ™! corresponding
to Fe-O stretches of iron oxide were observed for the nZV1/Zr-Ce-SBA-15 and nZV1/Zr-
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Ce-SBA-15 compositions, suggesting that nZVI was adsorbed onto Zr-Ce-SBA-15 and the
oxidation occurred on the surface of nZVI particles. The peak for the Fe-O bond shifted to
636 cm~! and 540 cm ™! after the adsorption of NO;-N, indicating the transformation of
different phases of iron oxides during aging. The characteristic band of nZVI and nZVI/Zr-
Ce-SBA-15 at 1383.7 cm ! is obviously enhanced after the adsorption of NO3-N, which
may be the characteristic nitro peak.

1 nzvi

' o) (200)
W I b chal i | N

1
1
1
1
S
1
I = 7Zr-Ce-SBA15 1
WWMA i f e I\~“~A o A
1
1
1
1
1
1
1

1
1
i NZVI-NO; nzVI/zr-Ce-SBA15
1
1

mjx N .
L LT
o /

i PO g

I e UL | !
\'w ¥ eyl iy .mm.v.
1

nZVI/Zr-Ce-SBA-NO;

T T T T T T T
20 40 60 80

20 ()

Figure 2. XRD characterization of nZVI/Zr-Ce-SBA-15 composites.
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Figure 3. FTIR characterization of nZVI/Zr—Ce—SBA—15 composites.

Zr-Ce-SBA-15 is a hexagonal plate structure (Figure 4), with uniform size, a radial
length of 1.5 pm and an axial length of 0.5 um. There was no obvious change in the
morphology of the two mesoporous materials after loading nZV], indicating that the loading
of nZVI does not damage the structure of mesoporous materials [29]. According to analysis
of SEM-EDS, the element ratio of Zr-Ce-SBA-15 is 22.04% (C), 58.1% (O), 1.08% (N), 2.08%
(Na), 13.79% (5i), 2.25% (Fe) and 0.66% (Zr). Apparently, the corresponding Si and Zr maps
evidenced bright spots corresponding to the selected area and illustrated a homogeneous
distribution of these elements in the field of view of the cross-section (Figure Sla,b).
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C: 22.04%; O: 58.1%; N: 1.08%; Na: 2.08%
Si: 13.79%; Fe: 2.25%; Zr: 0.66% Total: 100%

Figure 4. SEM characterization of nZVI/Zr-Ce-SBA-15 composites.

Figure 5a shows that Zr-Ce-SBA-15 has regular black-and-white stripes, with the hole
wall and the mesoporous channel being black and white, respectively. The channel and the
long axis direction are mutually parallel in the material. Figure 5b also exhibits that the
mesoporous materials have long-range-ordered pores and a uniform pore size, which is
consistent with the results of small-angle XRD in the previously published literature [22].
The channel direction of nZVI/Zr-Ce-SBA-15 is perpendicular to the hexagonal plate and
parallel to the axial direction of the hexagonal plate. Figure 5b demonstrates that the
composite material still has neat black-and-white stripes, indicating that the mesoporous
structure is not damaged after the loading of nZVI particles; meanwhile, the material still
maintains a certain order. There are a large number of black particles on the surface of
the composite, which are nZVI particles on the carrier. These particles are of small size
and evenly distributed on the carrier without obvious agglomeration. No nZVI particles
dispersed outside were found in nZVI/Zr-Ce-SBA-15 composites, indicating that most of
the nZVI particles in the composites synthesized entered the pores. The results further
show that the method used in the present study can make it easier for metal particles
to enter the carrier channel, limiting the chance of them remaining in the channel, and
avoiding the growth and agglomeration of nZVI particles [30].

According to IUPAC, the curve of the nZVI/Zr-Ce-SBA-15 composites belongs to
the type IV isotherm and had obvious pore condensation, indicating that the synthesized
materials had a mesoporous structure (Figure S2). The existence of H1-type adsorption
shows that the sample had a columnar pore structure; these characteristics are unique
to mesoporous nZVI /Zr-Ce-SBA-15 materials [30]. In addition, compared to nZVI and
Zr-Ce-SBA-15, the adsorption capacity of N, increased significantly. The specific surface
areas of nZVI and nZVI/Zr-Ce-SBA-15 were 292 and 790 cm? /g, respectively, and generally,
the larger the specific surface areas of mesoporous materials, the higher the adsorption
capabilities of pollutants are [30].
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Figure 5. HRTEM characterization of Zr-Ce-SBA-15 composites (a) and nZVI/Zr-Ce-SBA-15 composites (b).

Figure 6 exhibits nZVI before and after loading onto Zr-Ce-SBA-15 composites. A
weak peak for Cls and Si2p was found in the Zr-Ce-SBA-15 and nZVI/Zr-Ce-SBA-15
composites. Among them, the carbon that appears in the two samples results from the
internal standard used to calibrate the binding energy of the other elements [31]. The
existence of Ols confirmed that the two materials were of the massive oxygen-containing
unsaturated groups, which are mainly from P123 and TEO. Obviously, before the nZVI
loading onto Zr-Ce-SBA-15 composites, no peak was found in the range from 700 eV to
740 eV (Figure S3a). Further, after the nZVI loading onto Zr-Ce-SBA-15 composites, Fe(0),
Fe(Il) and Fe(III) were found at 710.5 eV, 711.8 eV, and 713.6 eV, suggesting that nZVI was
loaded onto Zr-Ce-SBA-15 composites (Figure S3b). However, it was also found that nZVI
had begun to be oxidized at this point.

Ols ——nZVI/Ce-Zr-SBA-15
—— Ce-Zr-SBA-15

WMW
i2p , Cls

W\NNW__M
|
P M
h ‘ J/ ——— ] Vom0
W |V VR S0 7 S —
T T T T T T T
0 200 400 600 800 1000 1200 1400

Binding energy (ev)

Figure 6. XPS characterization of Zr-Ce-SBA-15 and nZVI/Zr-Ce-SBA-15 composites.

3.2. Optimization of the NO3-N Remouval from Simulated Wastewater by RSM

Table 2 exhibits 29 groups of treatment designs using BBD. The experimental results
are fitted by a quadratic polynomial, and the NO3-N removal rate was selected as the
response value (Equation (7)):

y = 87.18 +4.82x1 + 2.96x — 1.45x3 + 1.76x4 — 1.81x1x2 + 2.17x1x3 + 6.61x1x4 + 4.89xpx3 — 1.01xox4 — 1.22X3X4—

8.52x3 — 0.90x% — 2.22x3 — 0.34x3 @

where y is the removal rate of NO3-N, %; X1, xp, x3 and x4 are the coded values of the initial
pH, contact time, temperature, and initial NO3-N concentration, respectively. The positive



Catalysts 2022, 12, 797

9 of 22

sign (+) before the coefficient suggests a synergy between factors, and the negative sign (—)
indicates the opposite relationship between factors. The absolute value of the coefficient
can judge the effects of various factors on the adsorption effect of NO3-N. Obviously, the
order of the impact factors was initial pH > contact time > initial NO3-N concentration >
temperature. Yang et al. [32] optimized the nitrite-removal process from pickled meat by
garlic by RSM. They found that the effect of extraction temperature on garlic clearance was
the most significant, which showed that the surface was steep, followed by the amount of
extraction solution, pH value of reaction solution and reaction time, and the relative effect
of extraction time was the least. Rahdar et al. [33] used RSM to optimize the removal of
NOs-N by adsorption onto copper oxide nanoparticles. Their results suggest that the order
of influence factors was NO3-N concentration > initial pH > CuO-NPS dose > contact time.
This is not inconsistent with this study, which shows that NO3-N and nZVI were perhaps
sensitive to pH in solutions.

Table 2. BBD test scheme and results.

Initial NO3-N

Contact Temperature Initial NO3-N Removal
Order e (min) 0 Concentra- pH Efficiency (%)
tion(mg/L) y
1 50 20 60 3 65.03
2 60 25 60 3 63.48
3 60 15 60 3 73.41
4 60 20 80 3 57.61
5 70 20 60 3 76.18
6 60 20 40 3 8291
7 70 25 60 4 88.17
8 60 20 60 4 87.83
9 60 20 60 4 90.58
10 60 15 80 4 86.31
11 50 15 60 4 87.9
12 70 20 40 4 93.72
13 70 20 80 4 83.05
14 60 25 80 4 80.16
15 60 20 60 4 84.24
16 70 15 60 4 80.99
17 50 25 60 4 75.52
18 60 15 40 4 83.28
19 60 20 60 4 85.97
20 60 25 40 4 83.62
21 50 20 40 4 85.66
2 60 20 60 4 84.14
23 50 20 80 4 80.38
24 60 15 60 5 85.14
25 50 20 60 5 80.94
26 60 20 40 5 79.06
27 60 20 80 5 88.99
28 70 20 60 5 84.84
29 60 25 60 5 83.87

F and p values represent the significance of the developed model. According to
the results of analysis of variance (Table 3), the adaptability of the developed model
with NO3-N removal is very significant (F = 1739.25, p < 0.0001). The mismatch term is
less than 0.05, indicating that the model fitting is not significant, which also reflects the
significant relationship between the factors described in the model and the response value.
The determination coefficient (R?> — R?adj = 0.0528 < 0.2) is 0.9821, indicating that the
experimental and predicted values are closed (Figure 54). The coefficient of variation (3.23%)
is less than 10% and the precision of the analysis (17.28) is greater than 4, indicating that the
reliability and accuracy of the model are high. Precision is the ratio of effective signal to noise,
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which is considered reasonable when its value is greater than 4. Overall, the quadratic models
established by BBD can better fit the process of the NO3-N removal using nZV1/Zr-Ce-SBA-15
composites, which can be used to optimize the experimental conditions.

Table 3. Response surface variance analysis results.

Source Sum of Degree of Mean Square F Value p Value Source
Squares Freedom
Model 1739.25 14 124.23 17.95 <0.0001 significant
X 234.42 1 234.42 33.86 <0.0001
X1 88.75 1 88.75 12.82 0.003
X2 21.11 1 21.11 3.05 0.1027
X3 45 1 45 6.5 0.0231
X4 13.14 1 13.14 1.9 0.1899
X1X2 18.75 1 18.75 2.71 0.1221
X1X3 310.29 1 310.29 44.82 <0.0001
X1X4 95.65 1 95.65 13.82 0.0023
X2X3 7.26 1 7.26 1.05 0.3231
XpX4 10.53 1 10.53 1.52 0.2378
X3X4 470.78 1 470.78 68.01 <0.0001
x2 5.3 1 5.3 0.7663 0.3961
x5 31.98 1 31.98 4.62 0.0496
X3 2.4 1 2.4 0.3465 0.5655
x5 96.91 14 6.92
Lack of Fit 67.55 10 6.76 0.9204 0.5862 not significant
Pure Error 29.36 4 7.34
Cor Total 1836.16 28

R2 =0.9472; Adj.R2 value = 0.8944; Pre.R? value = 0.7631; adequate precision = 17.28; coefficient of variation = 3.23%.

According to the analysis of the quadratic fitting model, the optimized experimen-
tal conditions within the experimental range of this study are 24.35 °C (temperature),
69.98 min (contact time), 3.79 (initial pH), and 40.58 mg/L (initial NO3-N concentration). In
order to facilitate practical operation and analysis, the conditions can be adjusted to 24.4 °C,
70.00 min, pH = 3.8 and 40.6 mg/L, respectively, and the theoretical removal capacity under
these conditions is 93.84%. The experiment was carried out under the above conditions
and three groups were set up in parallel, and the experimental results were taken as the
average. Finally, the optimized actual NO3-N removal rate was 92.07%, and the absolute
error between them was 1.77%. There are few studies on the removal of NO3-N by RSM,
and NO;-N was therefore used for discussion in the present study. Rahdar et al. [33]
utilized RSM to optimize NO3-N removal with factors (input): initial NO3-N concentration
(20, 45, and 70 mg/L), CuO single-bond NP concentration (0.03, 0.06, and 0.08 g/L), pH
(3,7, and 11) and reaction time (40, 80, v120 min). The optimum conditions found were
70 mg/L for nanoparticles dose, 0.08 g/L for NO3-N concentration, Ph = 3, and 120 min
contact time. The above studies confirmed RSM as a reliable tool, and our results are not
exactly the same as the two references, which may be due to the different subjects. Figure 7
demonstrates that the 3D response surface analysis concerning the interaction between the
four factors affected the NO3-N removal efficiency. The steeper the 3D surface, the greater
the interaction between the two factors.
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Figure 7. 3D response surface (a) of the effects of contact time and initial pH on removal efficiencies;
3D response surface (b) of the effects of temperature and initial pH on removal efficiencies; 3D
response surface (c) of the effects of initial NO3-N concentration and initial pH on removal efficiencies;
3D response surface (d) of the effects of temperature and contact time on removal efficiencies; 3D
response surface (e) of the effects of initial NO3-N concentration and contact time on removal
efficiencies; 3D response surface (f) of the effects of initial NO3-N concentration and temperature on
removal efficiencies.

3.3. Optimization of the NO3-N Remouval from Simulated Wastewater by ANN-GA and RBF

The 29-group dataset designed by BBD in RSM was used as the source of the sample
set. From 29 groups of BBD, 24 groups were randomly selected as the input vector of
the training sample set, and the remaining 5 groups were used as the input vector of
the prediction sample set. The error value between the actual and target outputs of the
training sample in the neural network reflects the network training accuracy. A smaller
value can mean that the number of network training steps is too large and time consuming.
The higher error value will render the network incapable of evaluating the nonlinear
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mapping relationship accurately and cannot realize the simulation and prediction function.
Therefore, referring to the work of Xiang et al. [23], the parameters of the developed ANN
model are as the follows: epoch—2000; learning rate—0.1; goal—1 x 10~°; and momentum
factor—0.9 (Figure S5a). Most processing methods transform the original test data into 0 to
1 in a specific way to improve the network training effect and network simulation ability.
In this study, to eliminate the numerical difference between the parameters of the input
and the layers, the test data were first normalized using the mapminmax function covered
by the Matlab toolbox before the network operation. The model developed by the ANN is a
‘black box model’, and its R? value is 0.99159, indicating that the experimental and predicted
values of the model are highly consistent (Figure S6a) A lower or higher number of neurons in
the hidden layer may lead to insufficient fitting or overfitting for the developed ANN model,
respectively, reducing the prediction ability of model. The present study selected six neurons
used in the hidden layer based on the lowest MSE value (Figure Séb).

GA was used to optimize the established BP neural network model and its basic pa-
rameters of GA by referring to Xiang et al. [23] (population size = 20; cross probability = 0.8;
mutation probability = 0.01; genetic probability = 0.9; maxgen = 500). The network model
is called fitness function. In the initial stage, the population search characteristic of GA
has an obvious role, showing that the NO3-N removal rate of the selected individuals has
increased sharply. Then, GA was used to conduct a stable cross operation, making it so
that the NO;3-N removal rate did not change. The optimization process of GA was used
to carry out a selection operation, and the NO3-N removal rate of the selected individual
had a small range of positive changes, approaching the target step by step. The curve
change process in Figure 8 shows that the NO3-N removal rate converges at 93.45% at
the 50th iterations. After a series of cyclic iterative operations, including crossover, selec-
tion, mutation, crossover, selection, the program of GA was terminated and obtained the
highest NO3-N removal rate with its optimization evolution iterations reaching 105 gen-
erations. The removal rate of NO3-N by nZVI/Zr-Ce-SBA-15 composites reached 95.71%
under the optimal parameters: initial pH = 4.89; contact time = 62.27 min; initial NO3-N
concentration = 74.84 mg/L; temperature = 24.77. Based on the above parameters, the ex-
perimental removal rate of NO3-N is 94.64%, and the absolute error of removal efficiencies
between the predicted and actual values is merely 1.07%. RBFNN is superior to the BP neu-
ral network in terms of approximation ability, classification ability and learning speed. It
has a simple structure, is simple the train, and has a fast learning convergence speed, which
can approximate any nonlinear function and overcome the problem of a local minimum.
The reason for this is that its parameter initialization has a distinctive method, not a random
initialization [34]. The parameters of the developed RBFNN model were set as the follows:
spread = 0.8; err goal = 1 x 10710, After obtaining the predicted results of ANN-GA, the
developed RBFNN model was used to verify the accuracy of them again. The training pro-
cess was terminated after the MSE value reached 0.0226085 (Figure S5b), and the predicted
and actual values were very consistent, confirming the reliability of the ANN-GA model
(Figure S7). Cai et al. [35] reported that the prediction of the performance of simulta-
neous anaerobic sulfide and NO3-N removal in an upflow anaerobic sludge bed reactor
through an ANN. Their results showed that the ANN model predicted the simultaneous
sulfide and NO3-N removal process accurately. Lee et al. [36] studied NO3-N sorption
onto quaternary ammonium-functionalized poly(amidoamine) dendrimer, generation 2.0.
Based on a pH experiment, these materials maintained a relatively stable NO3-N sorption
capacity in the pH range from 2 to 10. They also suggested that the developed ANN model
(R? = 0.872) predicted more accurately than the RSM model (R? = 0.790) for the additional
multi-parameter experimental data. Multi-parameter experiments and modeling for NO3-
N sorption were conducted on quaternary ammonium-functionalized poly(amidoamine)
dendrimers in aqueous solutions. Due to its nonlinear fitting, the performance of ANN is
obviously better than that of RSM. Liu et al. [37] introduced two widely used ANN models,
the basic theories of BP and RBF neural networks, and expounded the learning process of
the two algorithms from a mathematical point of view. The simulation results show that
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Figure 8. The predicted optimal NO3-N removal efficiency by ANN-GA model.

3.4. Kinetic Model, Isothermal Adsorption and Thermodynamic Parameters for NO3-N Removal

The kinetics process is mainly used to describe the rate of solute adsorption by adsor-
bent. The adsorption mechanism can be inferred by fitting the data to the kinetic model.
The experimental data were fitted by two kinetic models (Equations (8) and (9)) [38].

In(q, — q;) =Inq, — kit (8)
t 1 t
to o+t ©
qt kzqu qe

where ge and q; are the adsorption capacity (mg/g) at equilibrium and time t, respectively;
ki (1/min) is the rate constant of the pseudo-first-order kinetic model; k; is the rate constant
for the pseudo-second-order kinetic model (g/mg-min~1).

The capacities of NO3-N adsorption onto nZVI/Zr-Ce-SBA-15 composites are shown
in Figure 9a. The adsorption process with an initial NO3-N concentration of 60 mg/L is
divided into three stages, including rapid adsorption in the first 50 min, slow adsorption in
the following 60 min and final apparent equilibrium adsorption. This is mainly because
there are many adsorption sites on nZVI/Zr-Ce-SBA-15 composites in the initial stage. With
the continuous reaction, the adsorption sites gradually decrease and reach the saturation
state. The slow adsorption for 60 min may be because, with the continuous reaction,
NOg3-N further diffuses into the internal pores of nZVI/Zr-Ce-SBA-15 composites and
reacts with the active sites on the inner surface. A smaller internal pore size leads to
difficult diffusion, making that the reaction slowed down. Compared with the pseudo first-
order kinetic model, the pseudo second-order kinetic model can better fit the adsorption
process (R? > 0.99), and its adsorption capacity (43.7) was nearer to the experimental value
(42.6), indicating that the adsorption process was mainly controlled by chemical adsorption
(Figure 9b). Zhao et al. [39] used green tea extract as a reducing agent to synthesize a
nanoscale zero-valent iron-nickel bimetallic to remove NOs3-N from groundwater. The
kinetic study showed that, under the optimum conditions, the removal process of NO3-N
by this material conforms to the pseudo-second-order adsorption kinetic model, which
was dominated by adsorption and accompanied by the reduction reaction. Wang et al. [40]
used ZVI supported on biochar composites to remove NO3-N from groundwater. Their
results demonstrated that the removal NO3-N in water by these materials can meet the
pseudo-first-order reaction only when the mass of the composite and pollutant is relatively
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large. When the second-order reaction is used to simulate the reduction reaction, the
reaction rate decreases obviously. Therefore, the reaction process cannot be described by
the reaction order alone.
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Figure 9. Comparison of pseudo-first and second-order kinetic models (a) and the capacities of NO3-N
adsorption onto nZVI/Zr—Ce—SBA—15 composites (b) (nZVI/nZVI/Zr—Ce—SBA—15 = 0.15 g; contact
time = 1—180 min; initial NO3-N concentration = 60 mg/L and initial pH = 4; temperature = 25 °C).

nZV1/Zr-Ce-SBA-15 was simultaneously adsorbed and catalyzed in the process of
NOs3-N removal. Therefore, isothermal adsorption models were not suitable to describe the
adsorption behavior of nZVI/Zr-Ce-SBA-15. The present study investigated the relation-
ship between the equilibrium concentration of NO3-N in the solution and the adsorption
capacity of Zr-Ce-SBA-15 using isothermal adsorption models, and thus indirectly reflect-
ing the adsorption capacity of NO3-N on nZVI/Zr-Ce-SBA-15. The results show that the
adsorption capacity increases with increasing NO3-N in the solution. The adsorption ca-
pacity was not unchanged when the NO3-N concentration in the solution reached a certain
value. This may be because, with the increase in NO3-N concentration, the adsorption
sites on the surface of nZV1/Zr-Ce-SBA-15 were gradually occupied by NO3-N under the
constant doses of the adsorbents. The Langmuir and Freundlich isothermal adsorption
models are as follows (Equations (10) and (11)) [41]:

% = # 4 Ce (10)
Qe Kidmax  Gmax
1
Lnq, = LnKg + HLnCe (11)

where Ce is the equilibrium concentration of NO3-N in solution (mg/L), qe is the amount
of NO3-N adsorbed (mg/g), qmax is qe for a complete monolayer (maximum adsorption
capacity) (mg/g) and Ky, is the adsorption equilibrium constant (L/mg).

Figure 10a shows that the fitting correlation coefficient (R?) of Langmuir and Fre-
undlich isothermal adsorption models of NO3-N adsorption on Zr-Ce-SBA-15 composites
in simulated wastewater is greater than 0.900, indicating that their models can be better
used to describe the adsorption process. A Langmuir adsorption isothermal model as-
sumes that the adsorbent surface is uniform, the adsorption energy is the same everywhere,
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and the adsorption of the adsorbent to adsorbate belongs to monolayer adsorption [42].
Compared with the Freundlich model, the Langmuir model has a higher fitting correlation
coefficient for the process of NO3-N adsorption, implying that the NO3-N adsorption onto
Zr-Ce-SBA-15 is followed more closely by the Langmuir model and belongs to monolayer
adsorption (Figure 10b). The calculated Ry, value is between 0 and 1, indicating that the
adsorption process is preferential adsorption. According to the Langmuir model, the maxi-
mum adsorption capacity of NO3-N in simulated wastewater by Zr-Ce-SBA-15 composites
is 45.25 mg/g, which is more than that of most adsorbents (Table 4), indirectly confirming
that the maximum removal capability of nZV1/Zr-Ce-SBA-15 was higher than 45.24 mg/g,
Figure 10a. The n value in the Freundlich model can be used as an indicator of the adsorp-
tion of NO3-N by Zr-Ce-SBA-15 composites. The smaller the n value is, the greater the
adsorption capacity is, and the larger the Kp value is, the greater the adsorption capacity is.
Meng et al. [42] utilized the in situ growth synthesis of a CNTs@AC hybrid material for effi-
cient nitrate—nitrogen adsorption. The isothermal analysis shows that NO3-N adsorption
is made up of multiple processes with a maximum adsorption capacity of 27.07 mg-g~!.
He et al. [43] studied the absorption characteristics of bamboo charcoal for NO3-N. The
Langmuir fitting results showed that Ki decreased linearly with increasing temperature,
and the increase in temperature was not conducive to the adsorption of NO3-N by bamboo
charcoal. The pH value also affected the adsorption effect. When the pH value is 2.0, the
adsorption effect of bamboo charcoal toward NOs-N is at its best.
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Figure 10. The fitting processes the Langmuir (a) and Freundlich (b) isothermal adsorption models
(Zr-Ce-SBA-15 = 0.15 g; contact time = 180 min; temperature = 25 °C; initial pH = 4).

Adsorption thermodynamics are an important factor for the adsorption mechanism.
The parameters, Gibbs-free energy change (AG'), enthalpy change (AH") and entropy
change (AS) are used to describe the effect of temperature on the adsorption equilibrium.
AG? (J/mol) can judge the spontaneity of the adsorption reaction. The AH? (k] /mol) can
judge whether the adsorption reaction is an endothermic process or an exothermic process.
The ASY (J/mol-K) represents the change of the degree of freedom of the system. Their
calculated mean is found through the following equations, Equations (12)—(14) [23]:

ASY  AHC
InKp =+~ %7 (12)
Co
Kp = =2 1
D=G, (13)

AG? = AH? — TAS? (14)
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where AHC is the standard enthalpy change (kJ/mol) and ASY is the standard entropy
change (kJ-mol~!-K~!). The values of AH? and AS” can be obtained from the slope and
intercept of a plot of InKg against 1/T. AG? is the standard free energy change (kJ/mol), T
is the temperature (K) and R is the gas constant (8.314 J-mol~L.K—1).

Table 4. Comparing the parameters of Langmuir and Freundlich isothermal adsorption models and
the maximum adsorption capabilities with those of other studies [44—46].

. Initial NO; -N max (mg/g)/Removal
Materials ConcentrationS(mg/L) 1 Efﬁc%i;eicy (%)
Trimethyl quaternary ammonium
functionalized SBA-15 10-1000 89.4
(C1Q-SBA1)
Dimethylbutyl quaternary
ammonium functionalized 10-1000 129.9

SBA-15 (C4Q-SBA1)
Dimethyloctyl quaternary
ammonium functionalized 10-1000 136.4
SBA-15 (C8Q-SBA1)
Dimethyldodecyl quaternary
ammonium functionalized 10-1000 71.9
SBA-15 (C12Q-SBA1)
Dimethyloctadecyl quaternary

ammonium functionalized 10-1000 30.7
SBA-15 (C18Q-SBA1)
Propyl-ammonium SBA-15 G 100-700 55.24
Propyl-ammonium SBA-15 C 100-700 45.66
Propyl-N,N,N-
trimethylammonium 100-700 62.50

functionalized SBA-15 G
Propyl-N,N,N-

trimethylammonium 100-700 38.75
functionalized SBA-15 C

Fe-SBA-15 7.5 (15 min) 67.3%
Fe-SBA-15 12.5 (min) 50%

Fe-SBA-15 20 (min) 46.3%

Fe-SBA-15 30 (min) 43.3%

BC-Fe 20-1000 (24 h) 51.19

Zr-Ce-SBA-15 60 45.24 (In this study)

Figure S8 shows that the process of NO3-N adsorption onto nZVI/Zr-Ce-SBA-15
composites is spontaneous. With the increase in temperature, AG? gradually decreased and
the adsorption spontaneity gradually increased, indicating that the increase in temperature
is more conducive to adsorption. Generally, when the AHU is less than 40 k] /mol, adsorp-
tion is controlled by van der Waals’ forces and is due to to physical adsorption. When
50 kJ /mol < AH? < 200 k] /mol, the adsorption is controlled by chemical bonds and is due
to physical adsorption [47]. The adsorption of nZVI/Zr-Ce-SBA-15 onto NOs3-N is mainly
chemical adsorption, which is also in good agreement with the results of pseudo-second-
order kinetic fitting. This may be due to the interaction between a small amount of organic
functional groups on nZVI/Zr-Ce-SBA-15 composites or nZVI and NO3-N. In addition,
due to AH? > 0, this adsorption process in the present study is endothermic, and heating is
beneficial for the adsorption process. AS? > 0 in the present study also indicates that the
reaction process enhances the disorder degree of the solid-liquid interface, exhibiting that
the adsorption process easily continues. Overall, this adsorption process was spontaneous,
endothermic and entropy-driven.
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3.5. The Balance of NO3-N Removal, Ammonia Nitrogen and Nitrogen Generation

Figure S9a shows that nZVI/Zr-Ce-SBA-15 was simultaneously undergoing adsorp-
tion, reduction, and catalysis in the process of NO3-N removal because the removal capa-
bilities of NO3-N using nZV1/Zr-Ce-SBA-15 are obviously higher than those when using
Zr-Ce-SBA-15. Although the possible product, Ny, in the reaction process was not collected
and detected, the part with insufficient total nitrogen balance is likely to be N, (g), and
research results have showed that Fe’ can be reduced to N, by NO3-N, and a very small
amount of NO, is generated in the reaction process. With the progress of the reaction,
NO; is also reduced to N, or NH;, and NO; is the intermediate product of nZVI reducing
NOj -N. In addition to the direct reduction function of FeY, it also can dissolve to produce
Fe?* in acidic water environment. Chen et al. [48] suggested that Fe?* can significantly
improve the removal rate of Fe for NO;, and the higher the concentration of Fe?* was, the
higher the removal efficiency of NO; was. Because the non-acidified Fe’ has an oxide film,
the reduction rate of NOjJ in the initial stage of the reaction was slow. Fe** converted the
Fe, O3 oxide film on the surface of nZVI into Fe30y, accelerating the transfer of electrons
from Fe to NO; , and promoting the reduction of NO-3. Therefore, the dissolution of Fe2+
in the nZVI1/Zr-Ce-SBA-15-NOs-N system may indirectly accelerate or catalyze NO3-N
removal, which can be confirmed by the Fe?* concentration increasing firstly and then
decreasing in Figure S9b. In addition, cerium oxide is the most stable oxide among rare-
earth elements. As an active site of surface, the concentration of oxygen vacancy is directly
related to the catalytic performance of decorated catalysts. Based on defect chemistry,
other metal ions are introduced into the oxide lattice to form solid solutions, which induce
more abundant oxygen vacancies, thereby improving the migration rate of surface oxygen
and lattice oxygen. Liu et al. [49] reported a promotion effect of cerium and lanthanum
oxides on the Ni/SBA-15 catalyst for ammonia decomposition. Zhang et al. [50] exhibited
a promoting effect of cerium doping on iron—titanium composite oxide catalysts for the
selective catalytic reduction of NOx with NH3. Combined with the published literature, the
existence of Ce in nZVI/Zr-Ce-SBA-15 may act as a catalyst in the NO3-N removal process.
After NO3-N adsorption, reduction and catalysis onto Zr-Ce-SBA-15 mesoporous materials,
the proportion of N was significantly increased in comparison with before removal and
pure Zr-Ce-SBA-15 mesoporous materials (Figure 11). This was indicted that the massive
NO3-N were adsorbed, reduced, and catalyzed onto Zr-Ce-SBA-15 mesoporous materials.

Figure 12 shows that the removal rate of NO3-N by nZVI can reach 87%, and it cannot
completely remove NOs-N. This is probably due to the easy agglomeration of nZVI], as
the effective active sites are reduced. nZVI/Zr-Ce-SBA-15 composites can improve the
NO3-N removal rate, as well as the NH4+-N and Nj generation rate, which is because nZVI
loaded onto Zr-Ce-SBA-15 as a reducing agent reduced agglomeration, providing more
active sites, and thus improving the removal efficiency. In addition, Zr-Ce-SBA-15 im-
proves the dispersion of nZVI], allowing it to better react with Ny and enhance its selectivity.
In particular, the selectivity of N is 19.54% after NO3-N adsorption onto Zr-Ce-SBA-15.
Zha et al. [51] reported that NO3-N from industrial wastewater was removed through
Fe/Cu composites. A primary cell structure formed by iron-copper enhanced the effect of
nZVI on NO3-N removal. The removal NOs3-N efficiency and N selectivity are 40.94% and
28.96%, respectively. There is little NO,-N content in the process of NO3-N removal using
nZV1/Zr-Ce-SBA-15 composites. This may be because NO;-N is only the intermediate
product of NO3-N being reduced to NH; -N and will not exist stably in the reduction
process. In the removal process, the removal rate of NO3-N is greater than the generation
rate of NH -N. This is because there is a certain order of reaction between the two sub-
stances. NO3-N is first adsorbed on the surface of the composites, and then it is reduced by
nZVI to NHI -N. After the reaction, most of the NO3-N removed is reduced to NHZ—N by
nZV], indicating that NH; -N is the main product when nZVI reduces NO3-N, which is in
accordance with Song et al. [52] and Shi et al. [53]. Hwang et al. [54] found that with the
increase in the pH of the reaction system, ammonium ions will discharge the solution in
the form of ammonia with mechanical stirring. Chao et al. [55] found that the final product
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of NO3-N reduction by nZVI is Ny, and there is no generation of NHZ—N. In addition, the
yield of N was been improved and the present study showed the two products were more
likely to coexist in the adsorption process. Referring to the works of Wang et al. [40] and
Pan et al. [56], the mechanism of this adsorption process in the present study is exhibited
in Figure 12.
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Figure 11. The XPS characterization of magnified N1S spectrogram of Zr-Ce-SBA-15, nZV1/Zr-Ce-
SBA-15 and nZVI/Zr-Ce-SBA-15@NOs3-N composites.

3.6. Stability and Regeneration of nZVI/Zr-Ce-SBA-15

The desorption rate is an important index reflecting the economy of the adsorbent.
Therefore, five adsorption/desorption cycle tests were conducted to study the reusability
of nZV1/Zr-Ce-SBA-15 (Figure S10). The adsorption rate of nZVI/Zr-Ce-SBA-15 to NO3-N
decreased when desorbing with 0.5 mol/L HCI, while the effective removal of NO3-N
could still be maintained in the first three experiments (removal rate > 80%). After repeated
desorption three times, the adsorption rate decreased significantly and tended to be stable,
and the removal rate of NO3-N was merely 65%. This may be because some H* occupies the
surface binding sites during acid desorption. Although the treated adsorbent was washed
many times to reach neutrality and for reuse, the effect of acid treatment is irreversible,
resulting in the decrease in the removal rate. Another possible reason for this is that, due to
incomplete acid desorption, some NO3-N still occupied the adsorption sites, resulting in
the reduction in adsorption sites. Five adsorption/desorption tests show that nZVI/Zr-Ce-
SBA-15 composites have strong renewability in the short term, and repeated recycling will
reduce its adsorption capacity.
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Figure 12. The efficiency/selectivity of nZVI/Zr—Ce—SBA—15 used for NO3-N removal and its
mechanism (nZVI/Zr—Ce—SBA—15 = 3 g/L; contact time = 0—8 h, temperature = 298 K and initial
NOs3-N concentration = 60 mg/L).
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4. Conclusions

In the present study, nZVI/Zr-Ce-SBA-15 composites were prepared and used to
remove NO3-N from simulated wastewater. The nZVI was successfully supported onto
Zr-Ce-SBA-15, confirmed using XRD, FTIR, TEM, SEM-EDS, N, adsorption and XPS, which
showed them to be ordered mesoporous materials. The ANN model was better than the
RSM model. The developed ANN-GA model exhibited that the removal rate of NO3-N
by nZV1/Zr-Ce-SBA-15 reached 95.71% under the following optimal parameters: initial
pH = 4.89, contact time = 62.27 min, initial NO3-N concentration = 74.84 mg/L and temper-
ature = 24.77. Based on the above parameters, the experimental removal rate of NO3-N was
94.64%. Moreover, the RBF neural network further confirmed the reliability of the ANN-GA
model. Pseudo-second-order kinetics can better describe the behavior of NO3-N adsorption
onto nZVI/Zr-Ce-SBA-15 composites, and this reaction was spontaneous, endothermic
and entropy-driven. The process of NO3-N adsorption onto Zr-Ce-SBA-15 composites was
followed by the Langmuir model, and its maximum adsorption capacity was 47.17 mg/g.
It was indirectly confirmed that the maximum removal capacity of nZVI/Zr-Ce-SBA-15
exceeded this value because the removal efficiency of NO3-N using nZVI/Zr-Ce-SBA-15
was obviously higher than that when using Zr-Ce-SBA-15. The yield of N can be improved
after nZVI is supported on Zr-Ce-SBA-15, and the composites exhibited strong renewability
in the short term within three cycles. The resolution of Fe ions experiments confirmed that
nZVI/Zr-Ce-SBA-15 simultaneously underwent adsorption and catalysis in tprocess of
NOj3-N removal. Although many methods have been used to remove NO3-N from water,
there are few studies on how to convert NO3-N into versatile N,. Several researchers found
that the inclusion of precious metals in materials, such as Cu, Pd, Pt, etc., can significantly
improve the selectivity of Np, which is also the next direction to enhance the selectivity of
nZV1/Zr-Ce-SBA-15 to N; in the next study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12070797 /s1, Figure S1: SEM characterization of Si (a) and
Zr (b) distribution of nZVI/Zr-Ce-SBA-15 composites; Figure S2 Characterization of N2 adsorption
for nZV1/Zr-Ce-SBA-15 composites; Figure S3 XPS characterization of magnified Fe2p spectrogram
of Zr-Ce-SBA-15 (a) and nZVI/Zr-Ce-SBA-15 (b); Figure S4. Comparison with the predicted and
actual values; Figure S5 The training performance of ANN (a) and RBFNN (b); Figure S6 The
correlation coefficient between target and output values (a) and the lowest MSE value in ANN model;
Figure S7 The comparison of predicted and actual values by RBFENN; Figure S8 The fitting process
and parameters of thermodynamics; Figure S9 The comparison of removal efficiency of NO3-N using
Zr-Ce-SBA-15 and nZVI1/Zr-Ce-SBA-15 composites (a) and Fe?* dissolution of nZVI/Zr-Ce-SBA-15
in solution (b) (Zr-Ce-SBA-15 or nZVI/Zr-Ce-SBA-15 = 0.15 g; initial NO3-N concentration = 60 mg/L
and initial pH = 4; temperature = 25 °C); Figure 510 The adsorption and desorption efficiencies of
nZVI /Ce-Zr-SBA-15.
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