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Abstract: Excessive concentrations of nitrate (NO3-N) in water can stimulate the growth of algae, 7 

resulting in the deterioration of water quality, reduction of biodiversity and degradation of ecosystems. 8 

Zero valent nanoiron (nZVI) has been successfully supported on many carriers for NO3-N removal, of 9 

which there are few reports concerning silicon-based materials. Therefore, the present study investigated 10 

NO3-N removal from simulated wastewater by nZVI supported on ordered mesoporous Zr-Ce-SBA-15 11 

composites (nZVI/Zr-Ce-SBA-15) assisted by response surface methodology (RSM), an artificial neural 12 

network combined with a genetic algorithm (ANN-GA) and a radial basis neural network (RBF). The 13 

successful support of nZVI on Zr-Ce-SBA-15 was confirmed using XRD, FTIR, TEM, SEM–EDS, N2 14 

adsorption and XPS, which indicated ordered mesoporous materials. The absolute error of the predicted 15 

and actual values exhibited that the ANN model was better than the RSM model for optimizing the 16 

conditions of NO3-N removal, and its optimized removal rate of NO3-N by the composites reached 95.71% 17 

under the following optimal parameters: initial pH = 4.89, contact time = 62.27 min, initial NO3-N 18 

concentration = 74.84 mg/L and temperature = 24.77 ℃. Moreover, the RBF neural network further 19 

confirmed the reliability of the ANN-GA model. The process of NO3-N adsorption on Zr-Ce-SBA-15 20 

followed pseudo second-order kinetic and Langmuir models (maximum adsorption capacity of 47.17 21 

mg/g), and this reaction was spontaneous, endothermic and entropy driven. The yield of N2 can be 22 

improved after nZVI was supported on Zr-Ce-SBA-15, and the composites exhibited strong renewable 23 

ability in the short term within 3 cycles. Our study suggested that the ordered mesoporous nZVI/Zr-Ce-24 

SBA-15 composites were an efficient and promising material for simultaneously removing NO3-N and 25 

improving the selectivity of N2, which provides a theoretical reference for NO3-N remediation from 26 

wastewater. 27 

Keywords: nitrate; nZVI/Zr-Ce-SBA-15; response surface methodology; artificial neural network 28 

combined with genetic algorithm; radial basis neural network 29 
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 30 

1. Introduction 31 

Excessive concentrations of nitrate (NO3-N) in water can stimulate the growth of algae, resulting in 32 

the deterioration of water quality, reduction of biodiversity and degradation of ecosystems (Jiang et. 2021; 33 

Sendrowski et al. 2021). Although many countries have made efforts to reduce NO3-N emissions from 34 

intensive agriculture, NO3-N is still an important pollutant worldwide (Zhang et al. 2021). In particular, 35 

its concentration in approximately 35% of well water in Tuscany in Italy exceeded 50 mg/L (Dinelli et 36 

al. 1999). According to the groundwater survey in Alabama (America), the concentration of NO3-N in 37 

most parts of the central and northeast regions of the state is greater than 63 mg/L, and it even exceeds 38 

112 mg/L in some areas (Preetha et al. 2021). Similarly, in the vast rural and suburban areas of China, 39 

many people have consumed seriously polluted well water for a long time without knowing its harm due 40 

to the easy solubility of NO3-N in water and the colourless and tasteless characteristics (Gu et al. 2013). 41 

NO3-N has lower toxicity; however, it can be reduced to nitrite (NO2-N) after entering the human body, 42 

enhancing the toxicity and reaching 11 times the toxicity of NO3-N (Lundberg et al. 2008). The main 43 

biological effect of NO2-N is oxidizing normal haemoglobin into methemoglobin which does not have 44 

the ability to deliver oxygen. When the concentration of methemoglobin reaches more than 10% of the 45 

normal haemoglobin concentration, methemoglobin disease occurs (such as Verticillium wilt). Clinical 46 

symptoms such as skin cyanosis, dizziness, nausea, accelerated heartbeat, dyspnoea, fatigue, abdominal 47 

pain and diarrhoea will be present. Higher concentrations will cause asphyxia and even death (Cosby et 48 

al. 2003). Because NO3-N will deposit and accumulate in the water body, the problem of NO3-N pollution 49 

in the water body is serious. Several effective measures must be taken to control and prevent NO3-N 50 

pollution in water bodies. 51 

 Currently, the methods of removing NO3-N from water mainly include chemical denitrification, 52 

catalytic denitrification, reverse osmosis, electrodialysis, ion exchange, biological denitrification, 53 

adsorption, etc.(Babu et al. 2021; Wang et al. 2021; Zhang et al. 2020). Among them, adsorption is a 54 

superior method to remove NO3-N from wastewater due to its low cost and fast reaction and thus has 55 

excellent application prospects (Dhakal et al. 2021). In particular, nanoscale zero-valent iron (nZVI) is 56 

widely used in environmental remediation because of its superior adsorption performance and high 57 

reduction activity. nZVI has an excellent effect on the treatment of heavy metals and organics as well as 58 

NO3-N in water. However, the easy agglomeration and poor antioxidation of nZVI reduce NO3-N 59 



removal and limit its application in the field of wastewater treatment (Crane and Scott 2012). Zhou and 60 

Li (2022) demonstrated that nZVI and a modified polyethylene carrier, a novel composite packing of tea 61 

polyphenol, were used to remove NO3-N. Their results demonstrated a novel approach for fast and 62 

ecofriendly preparation and efficient application of nZVI. Zhang et al. (2011) fabricated nZVI supported 63 

on pillared clay, which was used for NO3-N removal. The results showed that NO3-N could be completely 64 

removed by nZVI/PILC within 120 min. This efficiency was not only much higher than that (62.3%) by 65 

nZVI alone but also superior to the sum (71.5%) of reduction by nZVI plus adsorption (9.19%) by PILC. 66 

The end-products of NO3-N reduction by nZVI/PILC were identified as NH+ 
4 -N and N2, implying that 67 

nZVI/PILC may help reduce the total nitrogen amount in water. Obviously, it is urgent to modify nZVI 68 

to avoid easy agglomeration and poor antioxidation and thus achieve efficient NO3-N removal from water.  69 

SBA-15, as a mesoporous molecular sieve, has a high specific surface area, large pore volume, 70 

regular pores and improved mechanical and hydrothermal stability (Song et al. 2021). It has attracted 71 

extensive interest in the fields of catalysis, separation, biology and nanomaterials. In particular, short-72 

channel SBA-15 mesoporous materials with regular morphology have potential applications in the fields 73 

of adsorption, catalysis, enzyme immobilization and sensors. However, due to the inherent shortcomings 74 

of low chemical reaction activity, its practical application range is greatly limited (Yuan et al. 2020). The 75 

traditional SBA-15 is rod-shaped or fibrous (Yuan et al. 2020). When it is used as a carrier material in 76 

the fields of adsorption, separation and catalysis, it is not conducive to the diffusion and transmission of 77 

substances in the pores because of the long pores in the micron range. Therefore, the synthesis of SBA-78 

15 mesoporous materials with short pores has become the focus of attention (Voort). Chen et al. (2004) 79 

synthesized organic functionalized short channel plate SBA-15 with P123 as a template and trace Zr (IV) 80 

under strong acid conditions. For the adsorption of organic macromolecules, short channel plate SBA-81 

15 shows better transmission capacity than traditional SBA-15. In addition, metal oxides generally have 82 

excellent catalytic performance, of which the catalytic activity of Ce(Ⅳ) is slightly lower than that of 83 

precious metals (Ruan et al. 2011). The cost is lower than precious metals and can replace precious metals 84 

as catalysts to catalyse some important reactions. Therefore, Zr-Ce-SBA-15 combined with nZVI 85 

(nZVI/Zr-Ce-SBA-15) may have short ordered channels, a high catalytic capacity and a strong reduction 86 

ability. 87 

Currently, several studies (Tang et al. 2015; Zhang et al. 2017) have reported using nZVI/SBA-15 88 

for environmental remediation. Tang et al. (2015) successfully prepared nZVI/SBA-15 for the effective 89 



degradation of p-nitrophenol. The results showed that abundant ultrasmall nanoscale zero-valent iron 90 

particles were formed and well dispersed on mesoporous silica (SBA-15). Mortazavian et al. (2020) 91 

investigated the pNDA bleaching mechanism by an Fe0-containing composite capable of causing both 92 

reduction and Fenton-like oxidation. The composite consisted of SBA-15 mesoporous silica as the 93 

supporting medium for nZVI immobilization. However, there are few reports concerning the application 94 

and synthesis of nZVI/Zr-Ce-SBA-15. A previous study (Zhang et al. 2017) used short channel hexagonal 95 

ordered mesoporous Zr-Ce-SBA-15 materials as the carrier and adopted double solvent impregnation 96 

calcination-h_nZVI confined composites in ordered mesoporous channels synthesized by the reduction 97 

method. Trinitrotoluene was treated with this composite. Overall, nZVI/Zr-Ce-SBA-15 has excellent 98 

potential for NO3-N removal; however, we found no related references in this field. Therefore, the 99 

objective of the present study is to 1) fabricate ordered mesoporous nZVI/Zr-Ce-SBA-15 composites 100 

used for NO3-N removal and tentatively try to improve the selectivity of N2; 2) characterize the as-101 

prepared nZVI/Zr-Ce-SBA-15 composites using different approaches, including X-ray diffraction 102 

(XRD), scanning electron microscopy combined with energy dispersive spectroscopy (SEM–EDS), N2 103 

adsorption, high-resolution transmission electron microscopy (HRTEM), and X-ray photoelectron 104 

spectroscopy (XPS); and 3) optimize/predict the parameters of NO3-N removal and nitrogen generation 105 

from simulated wastewater by nZVI/Zr-Ce-SBA-15 composites with the aid of response surface 106 

methodology (RSM) and artificial intelligence technologies. 107 

2. Materials and Methods 108 

2.1 Materials and chemicals 109 

    All chemical reagents were of analytical grade, and all solutions were prepared with high-purity 110 

water (18.25 M/cm) from a Milli-Q water purification system. Triblock copolymer P123 (A.R.) was 111 

purchased from BASF Corp. (New Jersey, USA), and tetraethyl orthosilicate (TEOS) was obtained from 112 

Cheng Du Chron Chemicals Co., Ltd. (Chengdu, China). ZrOCl8H2O, Ce(NO3)3·6H2O, and 113 

CH3(CH2)4CH3 were obtained from Sinopharm Chemical Reagent Co., Ltd., Shanghai Qingxi Chemical 114 

Technology Co., Ltd. and Nanjing Chemical Reagent Co., Ltd., respectively. High purity nitrogen N2 was 115 

purchased from Shanghai Biogas Co., Ltd. 116 

2.2 Preparation of nZVI and nZVI/Zr-Ce-SBA-15 117 

   A certain amount of P123 triblock copolymer was weighed into 80 mL of deionized water and heated 118 

and stirred at 35 ℃, which dissolved and formed micelles. Immediately, an appropriate amount of 119 



ZrOCl2·8H2O, Ce(NO3)3·6H2O and TEOS was placed in the above micellar solution, in which the molar 120 

ratio of the reactants was 0.01 P123:1 TEOS:170 H2O:0.05 ZrOCl2·8H2O:0.05 Ce(NO3)3·6H2O. The 121 

mixtures were continuously stirred at 35 ℃ for 20 h. The formed gel was transferred into an autoclave 122 

for crystallization at 100 ℃ for 24 h and then cooled to room temperature. Then, the produced white 123 

materials were filtered, washed, dried and finally calcined at 550 ℃ in an air atmosphere for 6 h (heating 124 

rate of 1 °C/min) to remove the template. Finally, the white powder sample is Zr-Ce-SBA-15. 125 

   nZVI/Zr-Ce-SBA-15 composites were fabricated according to Tang et al. (2015). First, with 126 

continuous stirring, 1.0 g of the as-prepared Zr-Ce-SBA-15 was mixed with 30 mL of n-pentane. A Fe(II) 127 

aqueous solution prepared with 1.112 g of FeSO4·7H2O was gradually added into the above mixture. The 128 

above mixture was dried at 60 ℃ for 12 h. Then, with continuous N2 protection and stirring, 8 mL of 129 

NaBH4 solution (2 M) was added into the mixture from the previous step, reducing Fe(lI) to metallic Fe0. 130 

The obtained materials were separated from the mixture using a magnet, washed with methanol three 131 

times, and then dried in vacuum at 50 ℃ for 20 h. Meanwhile, FeSO4·7H2O (4.0 g) was dissolved in 132 

200 mL of methanol and deoxygenated water to fabricate nZVI. Immediately, with continuous N2 133 

protection and stirring, 10 mL of NaBH4 solution (2.1 M) was added gradually to the above solution, 134 

maintaining the procedure for 30 min. The black solid was successively washed with ethanol and 135 

deionized water, and the nZVI was dried in vacuum at 50 ℃ for 20 h. Fig. 1 shows the flow chart of 136 

preparing nZVI/Zr-Ce-SBA-15. 137 

 138 

 139 

Fig. 1 The flow chart of preparing nZVI/Zr-Ce-SBA-15 140 

2.3 Characterization 141 

   The morphology of the samples was characterized by TEM (JEM-2100, JEOL, Japan) and SEM 142 

(Jsm-6490lv, JEOL, Japan). XRD (RIGAKUD/max 2500) was used to test the crystal structure of the 143 



sample with a test voltage of 40 kV, a current of 20 mA, a scanning rate of 2°/min, and a Cu target Kal 144 

radiation line (λ= 0.15405 nm). The N2 adsorption desorption isotherm, specific surface area and pore 145 

size distribution of the samples were measured by a 3Flex specific surface area pore analyser (USA). 146 

The binding energy was tested by XPS (Thermoescalab 250Xi). Monochromatic Al Kα (hv = 1486.6 EV) 147 

was utilized, the power was 150 W, the beam spot was 500 µm, and the binding energy was calibrated 148 

with C1s at 284.8 eV. 149 

2.4 Batch experiments 150 

   A stock solution of NO3-N was prepared from NaNO3 (analytical purity). The 1000 mg/L stock 151 

solution of NO3-N was gradually diluted to 40, 60, and 80 mg/L. nZVI/Zr-Ce-SBA-15 composites (0.15 152 

g) were weighed and placed in 250 mL glass bottles, and 50 mL of the NO3-N stock solution at 153 

concentrations of 40, 60, and 80 mg/L was added into the above conical flask with a microinjector. The 154 

glass bottle was sealed and placed in a thermostat water bath to remove NO3-N. The samples were 155 

collected at a certain interval with a needle tube and immediately filtered with a 0.22 μm filter membrane. 156 

Immediately, the samples were analysed for changes in NO3-N, N2, NO2-N, and NH+ 
4 -N contents in the 157 

solution over time. The glass bottle and reaction solution were deoxidized before the reaction. The pH of 158 

the solution was adjusted by H2SO4 and NaHCO3. 159 
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where C0 is the concentration of NO3-N in the solution before adsorption, mg/L; CNO3-N, CNO2-N, and CNH+ 165 

4-N are the concentrations of NO3-N, NO2-N and NH+ 
4 -N in the solution after adsorption, mg/L; m is the 166 

mass of nZVI/Zr-Ce-SBA-15, g; qe is the equilibrium adsorption quality of nZVI/Zr-Ce-SBA-15, mg/g; 167 

P is the adsorption efficiency; and SNO2-N, SN2, and SNH+ 4-N are the productivity of NO2-N, N2 and NH+ 
4 -168 



N. The following steps were used for batch experiments using optimal nZVI/Zr-Ce-SBA-15. (1) 169 

Isothermal adsorption: the initial concentration gradients of NO3−N were set to 20, 40, 60, 80 and 100 170 

mg·L−1; (2) adsorption kinetics: the adsorption times of NO3−N were set to 1, 5, 10, 20, 30, 60, 120, 180 171 

min, and the other settings were the same (nZVI/Zr-Ce-SBA-15 = 0.15 g; initial pH= 4; temperature= 172 

25 ℃ and the initial concentration gradients of NO3−N = 60 mg/L). 173 

Table 1 Parameter level of BBD experimental design 174 

    Code Parameters Maximum Middle Minimum 

x1 Initial pH 5 4 3 

x2 Contact time (min) 70 60 50 

x3 Temperature (℃) 25 20 15 

x4 Initial NO3-N concentration 80 60 40 

 175 

2.5 RSM, backpropagation neural network combined with genetic algorithm (ANN-GA) and radial basis 176 

function neural network (RBFNN) 177 

2.5.1 RSM and ANN-GA used for optimizing the parameters in NO3-N removal 178 

   The second-order model designed by Box-Behenken design (BBD) is used to study the relationship 179 

between response and variable values. The selected variables are the temperature (x1), contact time (x2), 180 

initial pH (x3) and initial NO3-N concentration (x4). The response value is the removal rate of NO3-N (y). 181 

The second-order model of BBD is shown in Equation (6): 182 

k k k-1 k2

0 i i ii i ij i ji=1 i 1 i 1 ij
y ( )x x x x    

 
         （6） 183 

where β0, βi, βii and βij are the intercept, primary term coefficient, secondary term coefficient and 184 

interaction coefficient, respectively, and ε is the test residual. The ANN-GA design was performed 185 

according to Xiang et al. (2021) and run in MATLAB 2016a. 186 

2.5 Radial basis function neural network for verifying the developed ANN model 187 

   The number of hidden layer nodes of the radial basis function neural network (RBFNN) is equal to 188 

the number of input samples, i.e., M = N (Fig. 2). The activation function of hidden nodes is a Gaussian 189 

Green function, and all input samples are set as the centre of the radial basis function (Hong et al. 2020； 190 

Yala et al. 2019). 191 
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where dmax is the maximum distance between centre points, and M is the number of centre points. Because 195 

it is easily affected by noise and may be overfitting, it is necessary to add a constraint containing prior 196 

knowledge of the solution to control the smoothness of the mapping function 197 
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where λ is the regularization parameter and D is the linear differential operator, representing the prior 199 

knowledge of F(x). After determining the central position of the hidden layer neurons, we only need to 200 

solve the linear equations to obtain the analytic solution of w to determine the RBFNN model. 201 

 202 

Fig. 2 The structure of RBFNN model in the present study. 203 

 204 

3. Results and discussion 205 

3.1 Characterization of Zr-Ce-SBA-15 and nZVI/Zr-Ce-SBA-15 composites 206 

Fig. 3 shows that the diffraction peak of nZVI is found at 44.88°, and its corresponding crystal plane 207 

is (100). After NO3-N adsorption on pure nZVI composites, the diffraction peak of nZVI is basically 208 

unchanged. A strong and broad-band satellite peak of Zr-Ce-SBA, nZVI/Zr-Ce-SBA, and nZVI/Zr-Ce-209 

SBA@NO3-N composites is found in the range of 2θ= 20-30° due to the amorphous silica walls of the 210 

mesoporous material (Lina et al. 2019). In addition, a crystal plane (100) at 44.88° is also found in 211 



nZVI/Zr-Ce-SBA-15 and nZVI/Zr-Ce-SBA@NO3-N composites, implying that nZVI has been 212 

successfully supported on Zr-Ce-SBA-15 and its valence state is α-Fe0 (Lina et al. 2019). 213 

The silica material exhibits two asymmetric stretching vibrational modes of siloxane moieties (–Si–214 

O–Si–) at 1079.9 cm−1 and 814.2 cm−1 and bending vibrational mode at 450.9 cm−1 (Amr et al. 2019; 215 

Betiha et al. 2020) (Fig. 4). The characteristic band of the hydroxyl group is found at 3455.8 cm-1 in the 216 

H2O molecule, and the intense absorption band at 1637.2 cm−1 for the five materials is attributed to 217 

carbonyl groups, exhibiting massive oxygen-containing unsaturated groups. The peaks at 548 cm-1 and 218 

621 cm-1 corresponding to Fe-O stretches of iron oxide are observed in nZVI/Zr-Ce-SBA-15 and 219 

nZVI/Zr-Ce-SBA-15, suggesting that nZVI has been adsorbed on Zr-Ce-SBA-15 and that oxidation 220 

occurred on the surface of nZVI particles. The peak for the Fe-O bond shifted to 636 cm-1 and 540 cm-1 221 

after adsorption of NO3-N, indicating the transformation of different phases of iron oxides during ageing. 222 

The characteristic band of nZVI and nZVI/Zr-Ce-SBA-15 at 1383.7 cm-1 is obviously enhanced after 223 

adsorption of NO3-N, which may be the characteristic nitro peak. 224 

Zr-Ce-SBA-15 has a hexagonal plate structure (Fig. 5a) with a uniform size, radial length of 1.5 μm 225 

and axial length of 0.5 μm. There is no obvious change in the morphology of the two mesoporous 226 

materials after loading iron, indicating that the loading of iron does not damage the structure of 227 

mesoporous materials (Fig. 5d) (Popa et al. 2014). According to scanning electron microscopy with 228 

energy dispersive spectrometry (SEM–EDS), the element ratios of Zr-Ce-SBA-15 are 22.04% (C), 58.1% 229 

(O), 1.08% (N), 2.08% (Na), 13.79% (Si), 2.25% (Fe) and 0.66% (Zr). Apparently, the corresponding Si 230 

and Zr maps evidenced bright spots corresponding to the selected area and illustrated a homogeneous 231 

distribution of these elements in the field of view of the cross-section (Fig. 5bc). 232 

Fig. 6a shows that Zr-Ce-SBA-15 has regular black-and-white stripes, of which the hole wall and 233 

the mesoporous channel are black and white, respectively. The channel and the long axis direction are 234 

mutually parallel in the material. Fig. 6b also shows that the mesoporous materials have long-range 235 

ordered pores and uniform pore sizes, which is consistent with the results of small-angle XRD in 236 

previously published literature (Zhang et al. 2017). The channel direction of nZVI/Zr-Ce-SBA-15 is 237 

perpendicular to the hexagonal plate and parallel to the axial direction of the hexagonal plate. Fig. 6b 238 

demonstrates that the composite material still has neat black and white stripes, indicating that the 239 

mesoporous structure is not damaged after the loading of nZVI particles; meanwhile, the material still 240 

maintains a certain order. There are a large number of black particles on the surface of the composite, 241 



which are nZVI particles on the carrier. These particles have a small particle size and are evenly 242 

distributed on the carrier without obvious agglomeration. No nZVI particles dispersed outside were found 243 

in nZVI/Zr-Ce-SBA-15 composites, indicating that most of the nZVI particles in the synthesized 244 

composites entered the pores. The results further show that the method in the present study can make it 245 

easier for metal particles to enter the carrier channel, making them to remain in the channel and avoiding 246 

the growth and agglomeration of nZVI particles (Li et al. 2021). Compared with unloaded nZVI, nZVI 247 

loaded on nZVI/Zr-Ce-SBA-15 composites has a larger specific surface area and higher activity. 248 

Fig. 7a shows nZVI before and after loading on Zr-Ce-SBA-15 composites. A weak peak for C1s 249 

and Si2p is found in the Zr-Ce-SBA-15 and nZVI/Zr-Ce-SBA-15 composites. Among them, the carbon 250 

that appears in the two samples results from the internal standard used to calibrate the binding energy of 251 

the other elements (Silva et al. 2020). The existence of O1s confirmed that the two materials had massive 252 

oxygen-containing unsaturated groups, which were mainly from P123 and TEO. Obviously, before nZVI 253 

loading on the Ce-Zr-SBA-15 composites, no peaks were found in the range from 700 eV to 740 eV (Fig. 254 

7b). Furthermore, after nZVI loading on the Ce-Zr-SBA-15 composites, Fe(0), Fe(II) and Fe(III) were 255 

found at 710.5 eV, 711.8 eV, and 713.6 eV, respectively, suggesting that nZVI was loaded on the Ce-Zr-256 

SBA-15 composites (Fig. 7c). However, nZVI has also begun to be oxidized. 257 
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Fig. 3 XRD characterization of nZVI/Zr-Ce-SBA-15 composites 259 
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Fig. 4 FTIR characterization of nZVI/Zr-Ce-SBA-15 composites 262 
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Fig. 5 SEM characterization of nZVI/Zr-Ce-SBA-15 composites(a); Si (b) and Zr (c) distribution; and 266 

characterization of N2 adsorption (d) of nZVI/Zr-Ce-SBA-15 composites 267 

 268 

Fig. 6 HRTEM characterization of Zr-Ce-SBA-15 composites(a) and nZVI/Zr-Ce-SBA-15 269 

composites (b) 270 
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Fig. 7 XPS characterization of Zr-Ce-SBA-15 and nZVI/Zr-Ce-SBA-15 composites (a); Magnified 274 

Fe2p spectrogram of Zr-Ce-SBA-15 (b) and nZVI/Zr-Ce-SBA-15 (c). 275 

 276 

3.2 Optimization of NO3-N removal from simulated wastewater by RSM 277 

Table 2 shows that 29 groups of treatment designs are obtained by using BBD. The experimental 278 

design of NO3-N adsorption on nZVI/Zr-Ce-SBA-15 under different conditions and the corresponding 279 

removal rate are studied. The experimental results were fitted by a quadratic polynomial, and the NO3-280 

N removal rate was selected as the response value:  281 

y = 87.18 + 4.82x1 + 2.96x2 – 1.45x3 + 1.76x4 – 1.81 x1x2 + 2.17x1x3 + 6.61 x1x4 + 4.89x2x3 – 1.01 282 

x2x4 – 1.22x3x4 -8.52x
2 

1 - 0.90 x
2 

2  – 2.22x
2 

3  -0.34 x
2 

4               （11） 283 

where y is the NO3-N removal rate, %; x1, x2, x3 and x4 are the coded values of the initial pH, contact 284 

time, temperature and initial NO3-N concentration, respectively. A positive sign (+) before the coefficient 285 

indicates a synergy between factors, and a negative sign (-) indicates the opposite relationship between 286 

factors. The absolute value of the coefficient can be used to judge the influence order of various factors 287 

on the adsorption effect of NO3-N. Obviously, the order of the impact factors was initial pH > contact 288 

time > initial NO3-N concentration > temperature. Yang et al. (2009) optimized the nitrite removal 289 

process from pickled meat by garlic by RSM. They found that the effect of extraction temperature on 290 

garlic clearance was the most significant, which showed that the surface was steep, followed by the 291 

amount of extraction solution, pH value of reaction solution and reaction time, and the relative effect of 292 

extraction time was the least significant. Rahdar et al. (2021) used RSM to optimize the removal of NO3-293 

N by adsorption on copper oxide nanoparticles. Their results suggested that the order of influencing 294 

factors was NO3-N concentration > initial pH > CuO-NPS dose > contact time. This is not inconsistent 295 

with this study, which may be because NO3-N and nZVI were sensitive to the pH in solution. 296 

F and p values represent the significance of the correlation coefficient. According to the results of 297 

the analysis of variance (Table 3), the adaptability of the developed model with NO3-N removal was very 298 



significant (F = 1739.25, p<0.0001). The mismatch term is less than 0.05, indicating that the model fitting 299 

is not significant, which also reflects the significant relationship between the factors described in the 300 

model and the response value. The determination coefficient (R2-R2adj = 0.0528 < 0.2) is 0.9821, 301 

indicating that the relationship between the experimental and predicted values is close (Fig. 8). The 302 

coefficient of variation (3.23%) is less than 10%, and the precision of the analysis (17.28) is greater than 303 

4, indicating that the reliability and accuracy of the model are high. Precision is the ratio of effective 304 

signal-to-noise, which is considered reasonable when its value is greater than 4. Overall, the quadratic 305 

models established by the Box–Behnken model can better fit the process of NO3-N removal using 306 

nZVI/Zr-Ce-SBA-15 and can be used to optimize the experimental conditions. 307 

According to the analysis of the quadratic fitting model, the optimized experimental conditions within 308 

the experimental range of this study are 24.35 ℃ (temperature), 69.98 min (contact time), 3.79 (initial 309 

pH), and 40.58 mg/L (initial NO3-N concentration). To facilitate practical operation and analysis, the 310 

conditions can be adjusted to 24.4 ℃, 70.00 min, pH = 3.8 and 40.6 mg/L, and the theoretical removal 311 

capacity under these conditions is 93.84%. The experiment was carried out under the above conditions 312 

and three parallel groups were set up, and the experimental results were taken as the average. Finally, the 313 

optimized actual NO3-N removal rate was 92.07%, and the absolute error between them was 1.77%. 314 

There are few studies on the removal of NO3-N by response surfaces, and NO2-N was therefore used for 315 

discussion in the present study. Rahdar et al. (2021) utilized RSM to optimize NO3-N removal with the 316 

following factors (input): initial NO3-N concentration (20, 45, and 70 mg/L), CuO single bond NP 317 

concentration (0.03, 0.06, and 0.08 g/L), pH (3, 7, and 11) and reaction time (40, 80, and 120 min). The 318 

optimum conditions found were nanoparticle dose of 70 mg/L, NO3-N concentration of 0.08 g/L, pH=3, 319 

and contact time of 120 min. The above studies confirmed that the RSM was a reliable tool, and our 320 

results are not exactly the same as those of the two references, which may be due to the different subjects. 321 

Fig. 9 demonstrates that the 3D response surface analysis concerning the interaction between the four 322 

factors affected the NO3-N removal efficiency. The steeper the 3D surface is, the greater the interaction 323 

between the two factors. 324 

Table 2. BBD test scheme and results. 325 

Order Contact 

time (min) 

Temperature 

(℃) 

Initial NO3-N 

concentration(mg/L) 

Initial 

pH 

NO3-N removal 

efficiency(%) 

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 82.91 

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 

22 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 

 326 

Table 3 Response surface variance analysis results 327 

Source Sum of 

squares 

Degree of 

freedom 

Mean 

square 

F value p value  

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 

 



x2x4 10.53 1 10.53 1.52 0.2378 

 

x3x4 470.78 1 470.78 68.01 < 0.0001 

 

x2 1 5.3 1 5.3 0.7663 0.3961 

 

x
2 

2  31.98 1 31.98 4.62 0.0496 

 

x
2 

3  2.4 1 2.4 0.3465 0.5655 

 

x
4 

2  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.R2 value =0.7631；Adequate precision =17.28；Coefficient 328 

of variation =3.23% 329 

 330 

 331 

 332 

Fig. 8 Comparison with the predicted and actual values 333 

 334 



335 

336 

 337 

Fig. 9 Relationship between removal efficiency and reaction parameters 338 

 339 

3.3 Optimization of NO3-N removal from simulated wastewater by ANN-GA and RBF 340 

The 29 datasets designed by BBD in RSM are used as the source of the sample set, which is used 341 

to construct the training and prediction sample sets of BPANN and to test the learning expression and 342 

simulation prediction ability of the developed network model. From 29 groups of BBD, 24 groups are 343 

randomly selected as the input vector of the training sample set, and the remaining 5 groups of data are 344 

used as the input vector of the prediction sample set. The error value between the actual and target outputs 345 

of the training sample in the neural network reflects the network training accuracy, and a smaller value 346 

can make the number of network training steps too large and time-consuming. A higher error value will 347 

render the network unable to better approach the nonlinear mapping relationship and unable to realize 348 



the simulation and prediction function. Therefore, referring to Xiang et al. (2021), the parameters of the 349 

developed ANN model are as follows: epoch (2000), learning rate (0.1), goal (1 × 10–5) and momentum 350 

factor (0.9) (Fig. 10a). Most processing methods transform the original test data into 0 to 1 in a specific 351 

way to improve the network training effect and network simulation ability. In this study, to eliminate the 352 

numerical difference between the parameters of the input and the layers, the test data are first normalized 353 

using the mapminmax function covered by the MATLAB toolbox before the network operation. The 354 

model developed by the ANN is a ‘black box model’, and its R2 value is 0.99159, indicating that the 355 

experimental and predicted values of the model are highly consistent (Fig. 11a). A fewer and higher 356 

number of neurons in the hidden layer may lead to insufficient fitting and overfitting for the developed 357 

ANN model, respectively, and reduce the prediction ability of the model. The present study selected six 358 

neurons used in the hidden layer based on the lowest MSE value (Fig. 11b). 359 

The GA is used to optimize the established BP neural network model, and its basic parameters are 360 

derived from Xiang et al. (2021) (population size = 20, cross probability = 0.8, mutation probability = 361 

0.01, genetic probability = 0.9 and maxgen = 500). The network model is called the fitness function. In 362 

the initial stage, the population search characteristic of the GA has an obvious role, exhibiting that the 363 

NO3-N removal rate of the selected individuals has increased sharply. Then, the GA conducts stable cross 364 

operation, making the NO3-N removal rate unchanged. The optimization process of the genetic algorithm 365 

involves a selection operation, and the NO3-N removal rate of the selected individual has a small range 366 

of positive changes, approaching the target step by step. The curve change process in Fig. 12 shows that 367 

the NO3-N removal rate converges at 93.45% at the 50th iteration. After a series of cyclic iterative 368 

operations, including crossover-selection-mutation-crossover-selection, the GA program is terminated 369 

and the highest NO3-N removal rate is obtained with its optimization evolution iterations reaching 105 370 

generations. The removal rate of NO3-N by nZVI/Zr-Ce-SBA-15 reached 95.71% under the following 371 

optimal parameters: initial pH = 4.89, contact time = 62.27 min, initial NO3-N concentration = 74.84 372 

mg/L and temperature = 24.77. Based on the above parameters, the experimental removal rate of NO3-N 373 

is 94.64%, and the absolute error of removal efficiencies between the predicted and actual values is 374 

merely 1.07%. The RBFNN is superior to the BP neural network in approximation ability, classification 375 

ability and learning speed. It has a simple structure, simple training, and fast learning convergence speed, 376 

which can approximate any nonlinear function and overcome the problem of local minima. The reason 377 

is that its parameter initialization has a distinctive method, not random initialization (Chen et al. 2019). 378 



The parameters of the developed RBFNN model were set as follows: spread = 0.8 and err goal=1e-10. 379 

After obtaining the predicted results of ANN-GA, the developed RBFNN model was used to verify their 380 

accuracy again. The training process was terminated after the MSE value reached 0.0226085 (Fig. 10b), 381 

and the predicted and actual values were very consistent, confirming the reliability of the ANN-GA model 382 

(Fig. 13). Cai et al. (2015) reported the prediction of the performance of simultaneous anaerobic sulfide 383 

and NO3-N removal in an up flow anaerobic sludge bed reactor through an ANN. Their results suggested 384 

that the ANN model exhibited good prediction of the simultaneous sulfide and NO3-N removal process. 385 

Lee et al. (2022) studied NO3-N sorption on quaternary ammonium-functionalized poly(amidoamine) 386 

dendrimer generation 2.0. Based on a pH experiment, these materials maintained a relatively stable NO3-387 

N sorption capacity in the pH range from 2 to 10. They also suggested that the developed ANN model 388 

(R2 = 0.872) predicted better than the RSM model (R2 = 0.790) for the additional multiparameter 389 

experimental data. Multiparameter experiments and modelling were conducted for NO3-N sorption on 390 

quaternary ammonium-functionalized poly(amidoamine) dendrimers in aqueous solutions. Due to its 391 

nonlinear fitting, the performance of ANN is obviously better than that of RSM. Liu et al. (2007) 392 

introduced two widely used ANN models and the basic theories of BP and RBF neural networks and 393 

expounded the learning process of the two algorithms from a mathematical point of view. The simulation 394 

results show that the generalization ability of the RBF is better than that of the BP network in many 395 

aspects, but the structure of the BP network is simpler than that of the RBF network when solving 396 

problems with the same accuracy requirements. 397 

 398 

Fig. 10 The training performance of ANN (a) and RBFNN (b) 399 



 400 

Fig. 11 The correlation coefficient between target and output values (a) and the lowest MSE value in 401 

ANN model 402 

 403 

Fig. 12 The predicted optimal NO3-N removal efficiency by ANN-GA model 404 

 405 

Fig. 13 The comparison of predicted and actual values by RBFNN 406 



 407 

3.4 Kinetic model, isothermal adsorption and thermodynamic parameters for NO3-N removal 408 

The kinetics process is mainly used to describe the rate of solute adsorption by the adsorbent. The 409 

adsorption mechanism can be inferred by fitting the data with the kinetic model. The experimental data 410 

were fitted by two kinetic models (2021). 411 

1ln( ) lne t eq q q k t                        (12)   412 

2

2

1

t e e

t t

q k q q
                              (13)   413 

where qe and qt are the adsorption capacities (mg/g) at equilibrium and time t, respectively; k1 (1/min) is 414 

the rate constant of the pseudo first-order adsorption reaction; and k2 is the rate constant for the pseudo 415 

second-order adsorption reaction (g/mg·min-1). 416 

The adsorption process with an initial NO3-N concentration of 60 mg/L is divided into three stages, 417 

including rapid adsorption in the first 50 minutes, slow adsorption in 60 minutes and final apparent 418 

equilibrium adsorption. This is mainly because there are many adsorption sites on nZVI/Zr-Ce-SBA-15 419 

at the initial stage. With the progress of adsorption, the adsorption sites gradually decrease and reach the 420 

saturation state. The slow adsorption in 60 minutes may be because, with the continuous reaction, NO3-421 

N further diffuses into the internal pores of nZVI/Zr-Ce-SBA-15 and reacts with the active sites on the 422 

inner surface. A smaller internal pore size leads to difficult diffusion, slowing the reaction. Compared 423 

with the pseudo first-order kinetic model, the pseudo second-order kinetic model can better fit the 424 

adsorption process (R2 > 0.99), and its adsorption capacity (43.7) was closer to the experimental value 425 

(42.6), indicating that the adsorption process is mainly controlled by chemical adsorption (Fig. 14a). The 426 

capacities of NO3-N adsorption on nZVI/Zr-Ce-SBA-15 composites are shown in Fig. 14b. Zhao et al. 427 

(2018) used green tea extract as a reducing agent to synthesize a nano zero valent iron nickel bimetallic 428 

to remove NO3-N from groundwater. The kinetic study showed that under the optimum conditions, the 429 

removal process of NO3-N by this material conforms to the pseudo second-order adsorption kinetic 430 

model, which was dominated by adsorption and accompanied by a reduction reaction. Wang et al. (2020) 431 

used zero valent iron supported on biochar composites to remove NO3-N from groundwater. The results 432 

demonstrated that the removal of NO3-N in water by these materials can meet the pseudo first-order 433 

reaction only when the mass of the composite and pollutant is relatively large. When the second-order 434 



reaction is used to simulate the reduction reaction, the reaction rate decreases obviously. Therefore, the 435 

reaction process cannot be described by the reaction order alone. 436 
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 437 

Fig. 14 The capacities of NO3-N adsorption onto nZVI/Zr-Ce-SBA-15 composites (a) and comparison 438 

of pseudo first and second order kinetic models (b) (nZVI/Zr-Ce-SBA-15 = 0.15 g; contact time = 1-180 439 

min; initial NO3-N concentration = 60 mg/L and initial pH = 4; temperature=25℃). 440 

To obtain the maximum adsorption capacity of NO3-N on nZVI/Zr-Ce-SBA-15, the present study 441 

investigated the relationship between the equilibrium concentration of NO3-N in the solution and the 442 

adsorption capacity by isothermal adsorption models. The results show that the adsorption capacity 443 

increases with increasing NO3-N in the solution. The adsorption capacity was not unchanged when the 444 

NO3-N concentration in the solution reached a certain value. This may be because with the increase in 445 

NO3-N concentration, the adsorption sites on the surface of nZVI/Zr-Ce-SBA-15 were gradually 446 

occupied by NO3-N under the constant doses of the adsorbents. The Langmuir and Freundlich isothermal 447 

adsorption models are as follows (Yang et al. 2020): 448 

                (14)   449 

              (15) 450 

where Ce is the equilibrium concentration of NO3-N in solution (mg/L), qe is the amount of NO3-N 451 

adsorbed (mg/g), qmax is qe for a complete monolayer (maximum adsorption capacity) (mg/g) and kL is 452 

the adsorption equilibrium constant (L/mg). 453 
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   Fig. 15a shows that the fitting correlation coefficient (R2) of Langmuir and Freundlich isothermal 454 

adsorption models of NO3-N adsorption on nZVI/Zr-Ce-SBA-15 composites in simulated wastewater is 455 

greater than 0.900, indicating that their models can be better used to describe the adsorption process. A 456 

Langmuir adsorption isothermal model assumes that the adsorbent surface is uniform, the adsorption 457 

energy is the same everywhere, and the adsorption of adsorbent to adsorbate belongs to monolayer 458 

adsorption (Yang et al. 2020). Compared with the Freundlich model, the Langmuir model has the higher 459 

fitting correlation coefficient for the process of NO3-N adsorption, implying that the NO3-N adsorption 460 

on nZVI/Zr-Ce-SBA-15 is followed more closely by the Langmuir model and belongs to monolayer 461 

adsorption. The calculated RL value is between 0 and 1, indicating that the adsorption process is 462 

preferential adsorption. According to the Langmuir model, the maximum adsorption capacity of NO3-N 463 

in simulated wastewater by nZVI/Zr-Ce-SBA-15 composites is 45.25 mg/g, which is more than that of 464 

most adsorbents, as listed in Table 4. The n value in the Freundlich model can be used as an indicator of 465 

the adsorption of NO3-N by ZVI/Zr-Ce-SBA-15 composites. The smaller the n value is, the greater the 466 

adsorption capacity is, and the larger the KF value is, the greater the adsorption capacity is. Meng et al. 467 

(2021) utilized the in situ growth synthesis of a CNTs@AC hybrid material for efficient nitrate-nitrogen 468 

adsorption. The isothermal analysis shows that NO3–N adsorption is a multiple process with a maximum 469 

adsorption capacity of 27.07 mg·g–1. He et al. (2010) studied the absorption characteristics of bamboo 470 

charcoal for NO3-N. The Langmuir fitting results showed that KL decreased linearly with increasing 471 

temperature, and the increase in temperature was not conducive to the adsorption of NO3-N by bamboo 472 

charcoal. The pH value also affected the adsorption effect. When the pH value is 2.0, the adsorption 473 

effect of bamboo charcoal toward NO3-N is the best. 474 
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Fig. 15 The fitting processes the Langmuir (a) and Freundlich (b) isothermal adsorption models 476 

(nZVI/Zr-Ce-SBA-15 = 0.15 g; contact time = 180 min; temperature = 25 ℃ and initial pH = 4). 477 

Table 4 Comparing the parameters of Langmuir and Freundlich isothermal adsorption models, and 478 

the maximum adsorption capabilities with other literatures 479 

 480 

Models Equations R2 qmax KL 

Langmuir y = 0.0221x + 0.0734 0.997 45.25 0.301 

Freundlich y = 0.3283x + 2.638 0.962 13.98 0.328 

Materials Initial NO3-N concentration (mg/L) qmax (mg/g) References 

AC@CNTs-M 100 27.07 (Meng et al. 2021) 

GACs 5-200 1.7 (Bhatnagar et al. 2008) 

LGAC 5-150 10.44 (Khan et al. 2011) 

AC-2 40 21.51 (Mazarji et al. 2017) 

AC-10OG 11.16 0-186 (Ota et al. 2013) 

Chitosan 

hydrobeads 

1-1000 92.1 (Chatterjee and Woo 

2009) 

Wheat straw 

charcoa 

0–25 1.10 Mishra and Patel 2009 

Ammonium 

functionalized 

mesostructured 

silica 

100-700 46.0 (Hamoudi et al. 2007) 

nZVI/Zr-Ce-

SBA-15 

60 47.17 In this study 

 481 

Adsorption thermodynamics are important for the adsorption mechanism. The parameters Gibbs 482 

free energy change (△G0), enthalpy change (△H0) and entropy change (△S°) are used to describe the 483 



effect of temperature on adsorption equilibrium. △G0 (J/mol) can be used to judge the spontaneity of 484 

the adsorption reaction. △H0 (kJ/mol) is the standard to judge whether the adsorption reaction is an 485 

endothermic process or an exothermic process. △S° (J/mol·K) represents the change in the degrees of 486 

freedom of the system. Their equations are as follows (Xiang et al. 2021): 487 
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where ΔH° is the standard enthalpy change (kJ/mol) and ΔS° is the standard entropy change (kJ·mol–491 

1·K–1). The values of ΔH° and ΔS° can be obtained from the slope and intercept of a plot of lnK0 against 492 

1/T. ΔG° is the standard free energy change (kJ/mol), T is the temperature (K) and R is the gas constant 493 

(8.314 J·mol–1·K–1). 494 

Fig. 16 shows that the process of NO3-N adsorption on nZVI/Zr-Ce-SBA-15 is spontaneous. With 495 

increasing temperature, △G0 gradually decreased, and the adsorption spontaneity gradually increased, 496 

indicating that an increase in temperature is more conducive to adsorption. Generally, when △H0 is less 497 

than 40 kJ/mol, the force is a van der Waals force and belongs to physical adsorption. When 50 kJ/mol498 

＜△H0 ＜200 kJ/mol, the force is a chemical bond and belongs to physical adsorption (Aouaini et al. 499 

2021). The adsorption of nZVI/Zr-Ce-SBA-15 to NO3-N is mainly chemical adsorption, which is also in 500 

good agreement with the results of pseudo second-order kinetic fitting. This may be due to the interaction 501 

between a small amount of organic functional groups on nZVI/Zr-Ce-SBA-15 or nZVI and NO3-N. In 502 

addition, due to ΔH0> 0, the adsorption process in the present study is endothermic, and heating is 503 

beneficial for the adsorption process. △S0 >0 in the present study also indicates that the reaction process 504 

enhances the disorder degree of the solid–liquid interface, exhibiting that the adsorption process easily 505 

continues. Overall, this adsorption process was spontaneous, endothermic and entropy driven. 506 
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Fig. 16 The fitting process and parameters of thermodynamics 508 

 509 

3.5 The balance of NO3-N removal and ammonia nitrogen and nitrogen generation 510 

Fig. 17 shows that the removal rate of NO3-N by nZVI can reach 87%, and nZVI cannot completely 511 

remove NO3-N. This is probably because nZVI is reducible, which means that -N has a certain effect on 512 

NO3-N removal. However, due to the easy agglomeration of nZVI, the effective active sites are reduced. 513 

nZVI/Ce-Zr-SBA-15 composites can improve the NO3-N removal rate and NH+ 
4 -N and N2 generation 514 

rate because nZVI loaded on Ce-Zr-SBA-15 as a reducing agent reduced agglomeration, providing more 515 

active sites and thus improving the removal efficiency. In addition, Ce-Zr-SBA-15 improves the 516 

dispersion of nZVI, making it more reactive and enhancing the N2 selectivity. Specifically, the selectivity 517 

of N2 is 19.54% after NO3-N adsorption on Ce-Zr-SBA-15. Cha et al. (2020) reported that NO3-N from 518 

industrial wastewater was removed through Fe/Cu composites. A primary cell structure formed by iron-519 

copper enhanced the effect of nZVI on NO3-N removal. The NO3-N removal efficiency and N2 selectivity 520 

were 40.94% and 28.96%, respectively. There is little NO2-N content in the process of NO3-N removal 521 

by the nZVI/Ce-Zr-SBA-15 composite. This may be because NO2-N is only the intermediate product of 522 

NO3-N being reduced to NH+ 
4 -N and will not exist stably in the reduction process. In the removal process, 523 

the removal rate of NO3-N is greater than the generation rate of NH+ 
4 -N. This is because there is a certain 524 

order of reaction between the two substances. NO3-N is first adsorbed on the surface of the composites, 525 

and then it is reduced by nZVI to NH+ 
4 -N After the reaction, most of the NO3-N removed is reduced to 526 



NH+ 
4 -N by nZVI, indicating that NH+ 

4 -N is the main product of nZVI reducing NO3-N, which is in 527 

accordance with Song et al. (2015) and Shi et al. (2013). Hwang et al. (2011) found that with increasing 528 

pH of the reaction system, ammonium ions were discharged in the solution in the form of ammonia with 529 

mechanical stirring. Chao et al. (2000) found that the final product of NO3-N reduction by nZVI is N2, 530 

and there is no generation of NH+ 
4 -N. In addition, the yield of N2 was also improved, and the present 531 

study was more inclined to show the coexistence of the two products in the adsorption process. Referring 532 

to Wang et al. (2020) and Pan et al. (2022), the mechanism of this adsorption process in the present study 533 

is exhibited in Figure 17. 534 

 535 

Fig. 17 The mechanism of NO3-N adsorption onto nZVI /Ce-Zr-SBA-15 536 

 537 

3.6 Stability and regeneration of nZVI/Ce-Zr-SBA-15 538 

The desorption rate is an important index reflecting the economy of an adsorbent. Therefore, five 539 

adsorption desorption cycle tests were conducted to study the reusability of nZVI/Ce-Zr-SBA-15 (Fig. 540 

18). The adsorption rate of nZVI/Ce-Zr-SBA-15 toward NO3-N decreased with desorption with 0.5 mol/L 541 

HCI, while the effective removal of NO3-N was maintained in the first three experiments (removal rate > 542 

80%). After repeated desorption three times, the adsorption rate decreases significantly and tends to be 543 

stable, and the removal rate of NO3-N is merely 65%. This may be because some H+ occupies the surface 544 

binding sites during acid desorption. Although the treated adsorbent is washed many times to reach a 545 

neutral state and reused, the effect of acid treatment is irreversible, resulting in a decrease in the removal 546 

rate. Another possible reason is that due to incomplete acid desorption, some NO3-N still occupies the 547 

adsorption sites, resulting in the reduction of adsorption sites. The five adsorption/desorption tests show 548 

that nZVI/Ce-Zr-SBA-15 composites have strong renewable ability in the short term, and repeated 549 

recycling will reduce their adsorption capacity. 550 
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Fig. 18 The adsorption and resolution efficiencies of nZVI /Ce-Zr-SBA-15 552 

 553 

4. Conclusions 554 

   In the present study, nZVI/Zr-Ce-SBA-15 composites were prepared and used to remove NO3-N from 555 

simulated wastewater. The successful support of nZVI on Zr-Ce-SBA-15 was confirmed using XRD, 556 

FTIR, TEM, SEM–EDS, N2 adsorption and XPS, which indicated ordered mesoporous materials. After 557 

the single-factor experiment and experimental design by BBD, the developed RSM model exhibited that 558 

the order of important factors was successively the initial pH, contact time, initial NO3-N concentration 559 

and temperature. According to the absolute error of the predicted and actual values, the ANN model was 560 

better than the RSM model. The developed ANN-BP model exhibited that the removal rate of NO3-N by 561 

nZVI/Zr-Ce-SBA-15 reached 95.71% under the following optimal parameters: initial pH = 4.89, contact 562 

time = 62.27 min, initial NO3-N concentration = 74.84 mg/L and temperature = 24.77. Based on the 563 

above parameters, the experimental removal rate of NO3-N was 94.64%. Moreover, the RBF neural 564 

network further confirmed the reliability of the ANN-GA model. The process of NO3-N adsorption on 565 

Zr-Ce-SBA-15 was followed by pseudosecond-order kinetic and Langmuir models (maximum 566 

adsorption capacity of 47.17 mg/g), and this reaction was spontaneous, endothermic and entropy driven. 567 

The yield of N2 can be improved after nZVI is supported on Zr-Ce-SBA-15, and the composites exhibited 568 

strong renewable ability in the short term within 3 cycles. Although many methods have been used to 569 

remove NO3-N from water, there are few studies on how to convert NO3-N into versatile N2. Several 570 

researchers have found that the inclusion of precious metals in materials, such as Cu, Pd, Pt, etc., can 571 



significantly improve the selectivity of N2, which is also the next direction to enhance the selectivity of 572 

nZVI/Zr-Ce-SBA-15 to N2 in the next study. 573 
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