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a b s t r a c t
4-Nitrophenol (4-NP) removal using prepared molecular imprinting polymers (MIPs) as a specific 
adsorbent was investigated. On the basis of single-factor experiment, Box–Behnken statistical exper-
iment design (BBD) and response surface methodology (RSM) were used to investigate the influ-
ence of MIPs dosage, initial concentration of 4-NP, pH and temperature of the solution, and their 
potential interaction effect on 4-NP removal. The quadratic polynomial regression model of response 
value Y (4-NP removal efficiency) was established based on the BBD experiment al results. The rea-
sonable and reliable of regressive of the model was confirmed by the analysis of variance test and 
residuals analysis (R2 = 0.9952). The RSM model indicates that all single-factors had a significant 
effect on 4-NP removal. The interaction effect between MIPs dosage and temperature, temperature, 
and pH were not significant but the other four interaction effects were significant. The regression 
model showed an optimum removal of 79.63%, while 78.39% removal was obtained from batch 
experiments at the optimum conditions suggested by the regression model, which reconfirmed the 
validity of the model. The results demonstrated that prepared MIPs possessed a strong adsorption 
ability for 4-NP removal, allowing a possible practical application in future water treatment.
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1. Introduction

4-nitrophenol (4-NP) is one of the most important chem-
ical materials, and a typical organic pollutant present in the 
environment [1]. Pesticides, medicine, dyes, and petroleum 
are the major industrial processes leading to anthropogenic 
4-NP contamination [2]. The remained 4-NP in water bodies 
can contaminate surface and/or groundwater sources due 

to its strong toxicity, high water solubility, and not easy to 
be degraded properties [3]. 4-NP exposure can cause great 
harm to human beings even at a low concentration condi-
tion and notice that it should be paying more attention to 
its long-term toxicity and comprehensive impact on the 
ecological environment [4]. Therefore, the exploration of 
technologies for the treatment of potable water and indus-
trial wastewater containing 4-NP is an urgent priority for 
many countries.
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Various technologies are available for the removal of 
4-NP from contaminated water including oxidation [5], 
membrane separation [6], microorganism [7], etc. Adsorption 
is cost-effective for large flow rates and its advantages of 
simple operation and high efficiency. At present, there has 
been a large number of studies on 4-NP removal in wastewa-
ter [8]. However, a systematic study on the removal of 4-NP 
in the environment and potable water is currently lacking. 
Considering that 4-NP was at a relatively low concentra-
tion in the environmental water, in addition, other impuri-
ties might have serious negative impacts on 4-NP removal, 
it is necessary to explore an efficient selective adsorbent 
for the 4-NP removal in the water source.

Molecular Imprinting Technology (MIT) has become 
an emerging technology based on the “antigen-antibody” 
theory in recent years [9]. The principle of molecular imprint-
ing polymers (MIPs) is to select specific substances as tem-
plate molecules and synthesize corresponding imprinted 
molecular polymers [10]. After the template molecules are 
eluted, the imprinted materials with selective adsorption 
ability can be obtained, and the performance of specific 
detection or removal of object pollutant and its analogues 
can be achieved. Moreover, the prepared molecular imprint-
ing materials are of great economical to recycle adsorbed, 
and eluted by good mechanical and reproducibility [11].

The methods of synthesizing MIPs include bulk polym-
erization [12], precipitation polymerization [13], emulsion 
polymerization [14], suspension polymerization [15], and 
surface imprinting [16]. Surface imprinting has been devel-
oped as a new method for preparing imprinted polymers 
with numerous merits, such as rich imprinting points, faster 
recognition speed, and simple preparation processes [17]. 
Di Bello et al. [18] proposed synthesizing a chitosan based 
molecularly imprinted technology for the detection and 
quantification of 4-nitrophenol in aqueous media. An et al. 
[19] synthesized a series of surface molecularly imprinted 
polymers using 2-nitrophenol, 3-nitrophenol, 4-nitrophenol, 
and 4-methylphenol as template, respectively. Liang et al. 
[20] synthesized Fe3O4@SiO2@PNP-SMIP surface imprinted 
polymer and the adsorption capacity of this polymer for 
4-NP can reach 134.23 mg/g.

As the Surface Molecular Imprinting Technology (SMIT) 
gradually develops and matures, more preparation methods 
for surface molecularly imprinted materials have emerged. 
The common preparation methods are: sacrificial carrier 
[21], solid-phase synthesis [22], electro polymerization [23], 
chemical grafting [24] and sol–gel method [25].

The sol–gel method was proposed as a simple, rela-
tivity low-cost methodology providing products of high 
thermal and mechanical stability as solid phases for appli-
cations in various areas of research [26]. SMIT combined 
with the sol–gel technique, which is characterized by the 
complete removal of templates, high binding capacity and 
selectivity, faster mass transfer, and easy preparation [27].

Currently, preparation technology by using surface 
imprinting and sol–gel method has been broadly applied 
in water treatment. Hao et al. [28] synthesized a fluores-
cent material by coating an imprinted polymer layer 
on the surface of C-dots by a sol–gel process, which was 
used for selective recognition and fluorescence detec-
tion of the target molecule 4-NP. Guo et al. [27] prepared 

a dual-dummy-template molecular imprinted material 
by using the sol–gel imprinting method on the surface of 
magnetic graphene oxide (MGO) modified with meso-
porous silica (mSiO2). The prepared MIPs revealed a high 
adsorption capacity for phthalates esters (PAEs). Raof 
et al. [29] synthesized a molecularly imprinted silica gel 
sorbent (2-HA-MISG) for selective removal of 2-hydroxy-
benzoic acid (2-HA) was prepared by a surface imprinting 
technique with a sol–gel process. 2-HA-MISG displayed 
fast uptake kinetics (within 20 min) and high adsorption 
capacity (76.2 mg/g).

However, the research on a new surface molecular 
imprinting material for selective adsorption of 4-NP pollu-
tions removal is inadequate. Therefore, our research team 
successfully prepared a novel imprinted material (MIPs) 
for 4-NP removal and noted that MIPs could be possibly 
used as adsorbent to remove 4-NP from raw water through 
a systematic comparative study [30]. However, the adsorp-
tion process has not been optimized. Moreover, the interac-
tions between parameters affecting the removal of 4-NP by 
MIPs have not been investigated yet.

In the present study, the Box–Behnken (BBD) design 
and response surface methodology (RSM) were selected 
to optimize major operating variables for optimization of 
process variables which influence the removal efficiency 
of contaminations. It is an effective method to optimize 
process conditions and it can determine the influence 
of various factors and their interactions on the indexes 
under investigation (response value) during technological 
operations [31].

RSM is widely used in various fields, for example, the 
influence of ultrasound-assisted magnetic adsorption system 
characteristics on 2,4-dinitrophenol adsorption [32], opti-
mization of degradation of dimethyl phthalate using per-
sulfate activated by UV and ferrous ions [33], optimization 
of sulfate removal from wastewater using magnetic multi-
walled carbon nanotubes [34], optimization of chromium 
biosorption by orange peels [35].

By studying the RSM, a particular set of mathematical 
and statistical methods, the experiments can be designed 
and a suitable model can be established. More delight-
fully, levels of the independent variables can be evaluated 

Fig. 1. Scanning electron microscopy images of MIPs.
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through RSM involves statistical design of experiments 
based on the multivariate non-linear model.

Therefore, the main objectives of this study are to opti-
mize the process parameters influencing the removal of 
4-NP adsorbed on MIPs, a new type prepared by the surface 
Molecular Imprinting Technology coupled with the sol–gel 
method. In this study, the BBD design in RSM was applied 
to investigate the effect of important operating parameters 
on the removal rate of 4-NP and to find the most appropri-
ate combination of variables to maximize the removal effi-
ciency of 4-NP. The findings provided new insight into the 
availability of BBD for 4-NP removal by a novel prepared 
MIPs adsorbent and better understanding the relation-
ship among the independent variables and the response 
on 4-NP removal efficiency.

2. Materials and methods

2.1. Materials

4-nitrophenol (4-NP, C6H5NO3), α-methacrylic acid 
(α-MAA, C4H6O2), hydrochloric acid (HCl), sodium hydrox-
ide (NaOH), and methanol (CH3OH) were purchased from 
Sinopharm Chemical Reagent Co., Ltd., (Beijing, China). 
Trimethylolpropane trimethacrylate (TRIM, C18H26O6,) was 
purchased from Aladdin Reagent Co., Ltd., (Shanghai, 
China). Azobisisobutyronitrile (AIBN, C8H12N4) was pur-
chased from Tianjin Guangfu Fine Chemical Research 
Institute (Tianjin, China). Ethanol (CH3CH2OH) was pur-
chased from Shanghai Zhenya Chemical Reagent Co., Ltd., 
(Shanghai, China). Acetic acid (CH3COOH) was purchased 
from Shanghai Lingfeng Chemical Reagent Co., Ltd., 
(Shanghai, China). All chemicals were of analytical grade 
and used as received without further purification. Deionized 
water was used as the solvent throughout the experiments.

2.2. Methods

2.2.1. Preparation and characterization of MIPs

Our previous research [30] had successfully prepared 
the MIPs with the optimum 4-NP removal effect of 77.87%. 
MIPs was prepared with 4-NP as template molecule, α-MAA 
as functional monomer, TRIM as crosslinking agent, and 
AIBN as initiator. The molar ratio of 4-NP to α-MAA and 
TRIM was 1:8:10, and the pore formation agent was etha-
nol. In addition, the extracting solution was methanol/acetic 
acid with a volume ratio of 7:3. The MIPs prepared under 
the optimal process conditions were characterized (Fig. 1). 
These characterization analyses have shown that MIPs was 
irregular spherical particle with an average pore diameter 
of 3.74 nm, and the rough surface of each spherical parti-
cle was cross-linked to form more porous holes’ surface, 
reaching a specific surface area of 183.32 m2/g. Moreover, 
Fourier-transform infrared spectroscopy results showed 
that 4-NP molecular imprinting was successfully imprinted 
in the functional monomer polymerized under the action 
of the crosslinking agent. Furthermore, the surface of MIPs 
was acidic with the zero-point potential pHpzc of the pre-
pared imprinting material 2.27. Therefore, it is necessary to 
investigate and adjust optimal removal conditions which 
would be more conducive to 4-NP removal by MIPs.

2.2.2. 4-NP analytical methods

Quantification of 4-NP concentration was performed 
on an Agilent 1260 HPLC. Separation was carried out using 
a 4.6 mm × 250 mm Acclaim TM C18 column (Thermo, 
USA). The instrumental conditions were as follows: the 
mobile phase is methanol/water (V/V = 6:4) with a flow 
rate of 1 mL/min at the temperature of 303 K. The injection 
quantity is 10 μL at the detection wavelength of 228 nm.

2.2.3. Batch adsorption experiments

Batch adsorption experiments were performed in the 
shaking flask experiment, 10 μmol/L of 4-NP solution (40 mL) 
was added to the conical flask, and then a certain amount 
of prepared MIPs was added to the conical flask, immedi-
ately mixed with a constant agitation speed of 150 rpm 
for 180 min at 303 K water bath constant temperature.

Subsequently, the experiments were carried out at dif-
ferent initial 4-NP concentrations, solution pH, MIPs dos-
age, and solution temperature. Sampling was conducted 
at desired time intervals, and MIPs was separated from 
the solution by using a 0.45 μm Millipore membrane fil-
ter. After filtration, the 4-NP in filtrate was determined. 
Each experiment was carried out in (at least) duplicate. The 
adsorption capacity and removal rate of 4-NP were eval-
uated by Eqs. (1) and (2):

q
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Wt

t�
�� �0  (1)

E
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C

t�
�� �

�0

0

100%  (2)

where qt is the saturated adsorption capacity (μmol/g), 
C0 and Ct are 4-NP concentration of 0 min and t min 
(μmol/L), V is the volume of solution (L), W is the amount of 
adsorbent (g), and E is the removal rate (%).

2.2.4. Response surface experiment

The RSM experiments were designed by Design-Expert 
8.0 software (State-Ease Inc., Minneapolis, USA) based on 
the BBD model. According to the design principle of BBD 
model, 29 groups of response surface tests are designed. 
The level of various independent variables at coded val-
ues of response surface methodology experimental design 
was shown in Table 1. The optimization of 4-NP uptake 
was carried out by four chosen independent process vari-
ables and 4-NP removal efficiency was the response (Y) 
(dependent variable), initial 4-NP concentration (X1) was 
varied between 10 and 50 μmol/L, MIPs dosage (X2) was 
ranged from 1.0 to 1.5 g/L, and solution temperature (X3) 
was varied between 293 and 313 K, while pH value (X4) was 
ranged from 4 to 8. The low, middle and high levels of each 
variable were designated as −1, 0, and +1, respectively. An 
empirical second-order polynomial model (Y) (response 
function) for predicting the optimal point was in Eq. (3):

Y x x x xi i ii i ij i jpredicted � � � � �� ��� � � � �0
2  (3)



279Y. Liu et al. / Desalination and Water Treatment 281 (2023) 276–286

where Y is the predicted value, β0 is the constant coeffi-
cient, βi, βii and βij are the regression coefficients of the lin-
ear, quadratic and interactive effect regression coefficient 
between the input variables, xi and xj are the input vari-
ables, ε is the measurement error. The validity of the model 
and the reliability of the statistical experimental strategies 
were determined by comparing the experimental and pre-
dicted values. The reliability of the established regression 
model is verified by various methods. Furthermore, the 
interaction of influential variables on the removal rate of 
4-NP was evaluated in an additional study.

3. Results and discussion

3.1. Adsorption properties of MIPs for removal of 4-NP

The removal of 4-NP by MIPs as functions of solution 
pH, initial 4-NP concentration, adsorbent dosage, and 
solution temperature are shown in Fig. 2. As illustrated in 

Fig. 2a, the adsorption capacity of MIPs for 4-NP removal 
decreased as pH increased. At pH 2~4, the amount of 4-NP 
removed increased significantly with a maximum adsorp-
tion capacity is 6.23 μmol/g and a maximum removal rate 
of 77.84%. However, many different phenomena were 
observed under alkaline conditions, 4-NP removal expe-
rienced a gradual drop, which should be ascribed to the 
electrostatic repulsion with negatively charged MIPs. 
Fig. 2b reveals that the adsorption capacity of MIPs for 
4-NP removal increased with the increase of initial concen-
tration. When the initial concentration increases, the num-
ber of MIPs active sites does not increase correspondingly. 
However, the active sites of MIPs would be well occupied 
in this situation as more 4-NP would be in the vicinity 
of MIPs. As a result, the absolute amount of 4-NP that is 
removed increased. As demonstrated in Fig. 2c, the removal 
of 4-NP by MIPs generally increased with the increasing 
MIPs dosage, from 21.77% to 86.25% as MIPs dosages 
increased from 1.0 to 1.5 g/L. This is due to the accompa-
nied increase of total surface area and reaction sites. Fig. 2d 
shows that the adsorption capacity of MIPs can be divided 
into two stages at all temperature levels examined in this 
study. 4-NP removal increased gradually with increasing 
temperature and then experienced a gradual drop. High 
temperature can lead to a rise of 4-NP mobility from the 
bulk solution toward the surface of MIPs, consequently 
promoting activation [36]. Moreover, the pore structure 
of MIPs might become larger due to thermal expansion 
and contraction, reducing the mass transfer resistance of 
4-NP in the imprinted material [37]. However, excessive 
temperature might result in the violent diffusion of 4-NP 
molecules in the solution, leading to the destruction of 

Table 1
Selected factors and levels of RSM experiments

Code Factors Variable level and range

–1 0 1

A Initial 4-NP concentration 
(μmol/L)

10 30 50

B MIPs dosage (g/L) 1 1.25 1.5
C Temperature (K) 293 303 313
D Solution pH 4 6 8

Fig. 2. (a) Influence of pH on the removal of 4-NP, (b) influence of initial concentration on the removal of 4-NP, (c) influence of 
adsorbent dosage on the removal of 4-NP, and (d) influence of temperature on the removal of 4-NP.
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hydrogen bonds and covalent bonds formed between 
the template molecule and the binding site, reducing the 
removal rate of the target pollutants by the imprinted  
material.

3.2. RSM and BBD analysis

3.2.1. Establishment of regression model equation

The experimental design and corresponding results are 
shown in Table 2. By fitting the experimental results, the 
quadratic multinomial regression model equation of the 
removal of 4-NP by MIPs was established. The equation is 
as follows:

Y A B C D
AB AC AD

� � � � �
� � � �
63 91 5 16 4 82 8 46 11 00
4 66 7 40 4 99
. . . . .
. . . 0.67BBC
BD CD A B
C D

� � � �

� �

1 97 1 31 0 95 5 83
9 48 13 86

2 2

2 2

. . . .

. .  (4)

where Y is the response value predicted of 4-NP removal 
rate, and A, B, C, and D represent the code value of the ini-
tial 4-NP concentration, MIPs dosage, solution temperature, 
and solution pH value of the variables, respectively.

3.2.2. Reliability analysis of regression model equation

The statistical significance of the response function was 
checked by analysis of variance (ANOVA), and the ANOVA 
results for response surface quadratic model and model 
terms are summarized in Table 3. The F-value and P-value 
are used for statistical significance of the model. The larger 
the F-value and the smaller the P-value indicated the more 
significant of the model [38]. If the P-value is not greater 
than 0.05, the factor is influential, and the 95% probabil-
ity of the model term is significant [39]. In this study, the 
model F-value is 215.77 and the P-value is less than 0.0001, 
implying only a 0.01% chance that the model F-value this 
large could occur because of noise, which indicated that 
the model established is highly significant [40]. The F-value 

Table 2
Response surface experiment design and results

Run 4-NP concentration MIPs dosage Temperature pH Removal rate (%)

A (μmol/L) B (g/L) C (K) D Experimental Predicted

1 –1 (10) –1 (1) 0 (303) 0 (6) 51.51 52.80
2 0 (30) 0 (1.25) –1 (293) –1 (4) 50.45 51.81
3 0 (30) 0 (1.25) 0 (303) 0 (6) 72.87 71.77
4 0 (30) 1 (1.5) –1 (293) 0 (6) 53.16 52.12
5 –1 (10) 0 (1.25) 1 (313) 0 (6) 61.92 61.34
6 –1 (10) 1 (1.5) 0 (303) 0 (6) 41.27 41.80
7 0 (30) 0 (1.25) 0 (303) 0 (6) 37.00 36.73
8 0 (30) –1 (1) 1 (313) 0 (6) 21.60 22.44
9 0 (30) 0 (1.25) 0 (303) 0 (6) 60.86 60.26
10 0 (30) –1 (1) –1 (293) 0 (6) 60.77 59.93
11 1 (50) 0 (1.25) –1 (293) 0 (6) 49.17 48.26
12 0 (30) 0 (1.25) 0 (303) 0 (6) 29.10 27.95
13 0 (30) –1 (1) 0 (303) –1 (4) 52.78 51.58
14 0 (30) –1 (1) 0 (303) 1 (8) 62.76 62.55
15 0 (30) 0 (1.25) –1 (293) 1 (8) 37.54 36.00
16 –1 (10) 0 (1.25) 0 (303) –1 (4) 44.85 44.30
17 1 (50) 0 (1.25) 0 (303) 1 (8) 73.45 74.50
18 0 (30) 1 (1.5) 1 (313) 0 (6) 48.16 49.38
19 1 (50) 1 (1.5) 0 (303) 0 (6) 42.51 42.78
20 0 (30) 0 (1.25) 0 (303) 0 (6) 46.82 47.27
21 0 (30) 0 (1.25) 1 (313) –1 (4) 52.33 52.37
22 0 (30) 1 (1.5) 0 (303) –1 (4) 56.62 58.07
23 1 (50) 0 (1.25) 0 (303) –1 (4) 26.39 26.44
24 –1 (10) 0 (1.25) 0 (303) 1 (8) 38.57 40.02
25 0 (30) 1 (1.5) 0 (303) 1 (8) 64.60 63.91
26 0 (30) 0 (1.25) 1 (313) 1 (8) 63.26 63.91
27 1 (50) –1 (1) 0 (303) 0 (6) 64.42 63.91
28 1 (50) 0 (1.25) 1 (313) 0 (6) 63.91 63.91
29 –1 (10) 0 (1.25) –1 (293) 0 (6) 63.36 63.91
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of the Lack of fit is 5.89 and the P-value is 0.0511, indicat-
ing that lack of fit was not significant. This means that the 
errors of the model can be ignored and the model is credible 
[41]. The determination coefficient (R2) can use to judge the 
matching degree of the quadratic polynomial. The determi-
nation coefficient R2 value of this model is 0.9954, and the 
predicted R2 of 0.9747 is in reasonable agreement with the 
Adjusted R2 of 0.9908, which indicates that the regression 
equation fits well. Adequacy precision measures the sig-
nal to noise ratio. A ratio greater than 4 is desirable. The 
adequate precision of the model is 56.291, that is, the pre-
cision that can be measured is greater than 4, which indi-
cates that the model design space of the model is reasonable. 
This means the model can be used to navigate the design 
space, analyze and predict the removal of 4-NP by MIPs. 
In this case, the interaction between the concentration of 
4-NP and MIPs dosage (AB), the concentration of 4-NP and 
the solution temperature (AC), the concentration of 4-NP 
and the pH of the solution (AD), and the MIPs dosage and 
the pH (BD) have significant effects on the adsorption of 
4-NP. However, the interaction between 4-NP concentra-
tion and temperature (BC), the temperature and pH (CD) 
have no significant effect on the adsorption of 4-NP.

Moreover, the fitting of the experimental and predicted 
values of the 4-NP removal rate is shown in Fig. 3. As can 
be seen, the model predictions fit satisfactorily with the 
experimental observations. Most of the data points are 
approximately evenly distributed on both sides of a linear 
line with a correlation coefficient R2 = 0.9952, which further 
illustrated that the form of the model chosen to explain the 
relationship between the factors and the response is cor-
rect and can be used to navigate the design the removal 

of 4-NP by MIPs. Analysis of the residual error can also 
verify the reliability of the regression model established 
in this research. The internally studentized residuals and 
normal probability plot for 4-NP adsorption is shown 
in Fig. 4a. The internal residual data points of the model 
are normally distributed, which is consistent with the 
assumption of analysis of variance. If the predicted value 
is evenly distributed within the ±3 interval of the residual 
value, it means that the predicted value obtained by the 
model is accurate and reliable. As illustrated in Fig. 4b, 
the predicted values of the model are distributed within 
the confidence interval, and there are no predicted val-
ues outside the interval range, indicating that the 4-NP 
removal rate obtained by the regression model is accurate.

Fig. 3. Fitting graph of actual value and predicted value with 
respect to 4-NP removal rate.

Table 3
ANOVA for the predicted model for 4-NP removal

Source Sum of square Degree of freedom Mean square F-value P-value Significance

Model 4,995.29 14 356.81 215.77 <0.0001 √
A-4-NP concentration 319.47 1 319.47 193.19 <0.0001 √
B-MIPs dosage 278.79 1 278.79 168.59 <0.0001 √
C-Temperature 858.24 1 858.24 518.99 <0.0001 √
D-pH 1,450.68 1 1,450.68 877.26 <0.0001 √
AB 87.02 1 87.02 52.62 <0.0001 √
AC 219.09 1 219.09 132.49 <0.0001 √
AD 99.77 1 99.77 60.33 <0.0001 √
BC 1.78 1 1.78 1.08 0.3168
BD 15.55 1 15.55 9.40 0.0084 √
CD 6.89 1 6.89 4.17 0.0605
A2 5.91 1 5.91 3.57 0.0796
B2 220.4 1 220.40 133.28 <0.0001 √
C2 582.37 1 582.37 352.17 <0.0001 √
D2 1,245.74 1 1,245.74 753.32 <0.0001 √
Residual 23.15 14 1.65 – – –
Lack of fit 21.68 10 2.17 5.89 0.0511
Pure error 1.47 4 0.37 – – –
Correlation total 5,018.44 28 – – – –
R2 = 0.9954 Adequate precision = 56.291
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3.2.3. Response surface estimation for maximum removal of 
4-NP by MIPs

RSM was used and results are shown in the form of 3D 
plots and contours as seen in Fig. 5. The combined effect 
of the amount of adsorbent and concentration of 4-NP on 
sorption is given in Fig. 5 while the other variables were 

maintained constant at the statistically optimized condi-
tions (pH = 6, temperature = 303 K). Fig. 5a shows a com-
bination of smaller 4-NP concentration and higher MIPs 
dosage can enhance the 4-NP removal. The interaction 
between the initial 4-NP concentration and MIPs dosage 
(AB) has a significant effect on 4-NP removal rate. The effect 
of MIPs dosage on 4-NP removal rate is higher than that of 
the initial 4-NP concentration as demonstrated in Fig. 5b. 
The higher removal rate is due to much more active sites 
are available for 4-NP adsorption as its concentration is 
low. However, the limited active imprinting sites on the 
surface of the imprinted material with a low dosage can-
not satisfy the gradual increasing of 4-NP in the solution, 
resulting in a reduced removal rate.

Fig. 6 reveals that the combination of 4-NP concentration 
and temperature on the removal of 4-NP under the condi-
tion of 1.25 g/L MIPs and pH of 6. It was observed that per-
centage removal of 4-NP decreased with increasing initial 
concentration of 4-NP at a constant reaction temperature 
while the effect of temperature on the 4-NP removal expe-
rienced a parabolic trend at a constant initial concentration 
of 4-NP. The interaction between the two has a significant 
impact on the 4-NP removal rate. The temperature on the 
4-NP removal is more intensive in the contour map, indi-
cating that the temperature has a higher effect on the 4-NP 
removal rate than the initial 4-NP concentration.

The joint effect of the 4-NP concentration and pH for 
1.25 g/L MIPs at 303K is shown in Fig. 7. The removal rate of 
4-NP presented a trend, first increasing and then decreasing 
with the increase of pH while decreasing with the increase 
of 4-NP concentration. The acid-base dissociation constant 
(pKa) of 4-NP was 7.15 [42]. 4-NP exists in molecular form 
under acidic conditions. The surface functional groups of 
MIPs are positively charged due to protonation, resulting 
electrostatic attraction with chloride ions which were added 
hydrochloric acid to adjust the pH value. In the meanwhile, 
phenolic compounds easily form hydrogen bonds, that is, 
4-NP easily forms hydrogen bonds between MIPs, leading 
to the reduce the inhibitory effect of chloride ions. When 
the pH is greater than 7, 4-NP exists in the form of anion. 
There is electrostatic repulsion between MIPs and 4-NP. 
The hydroxyl ions in the solution will compete with 4-NP 
for adsorption, reducing the removal rate of 4-NP. The con-
tour map shows that the effect of pH on the removal rate of 

Fig. 4. (a) The internally studentized residuals and normal prob-
ability plot for 4-NP adsorption and (b) internally studentized 
residuals and predicted value plot for 4-NP adsorption.

 

Fig. 5. (a) The 3D plot of the effect of initial 4-NP concentration and MIPs dosage on the adsorption of 4-NP and (b) contour plot 
of the effect of initial 4-NP concentration and MIPs dosage on the adsorption of 4-NP.
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4-NP is higher than that of the initial 4-NP concentration. 
The optimal point of the model effect is pH 5~6 and the 
initial concentration of 4-NP is 10~30 μmol/L.

The interaction of MIPs dosage and pH on the removal 
of 4-NP is shown in Fig. 8 under the condition of 4-NP con-
centration of 30 μmol/L and 303 K. The removal of 4-NP first 
increased and then decreases with increasing in pH and 
MIPs dosage. The pH may change the degree of ionization 
of the functional monomer, the form, and electronegativ-
ity of the template molecule, and will affect the adsorption 

process. In this study, increasing of pH resulted in the 
trend of the parabola in the removal rate of 4-NP. And the 
pH has a significant effect on the response than the MIPs 
dosage. The removal effect is best when the pH is 5~6 at 
constant MIPs dosage.

3.2.4. Prediction and verification of optimal conditions

To support the optimized data given by numerical 
modeling under optimized conditions, the confirmatory 

Fig. 6. (a) The 3D plot of the effect of initial 4-NP concentration and temperature on the adsorption of 4-NP and (b) contour plot 
of the effect of initial 4-NP concentration and temperature on the adsorption of 4-NP.

Fig. 7. (a) The 3D plot of the effect of initial 4-NP concentration and pH on the adsorption of 4-NP and (b) contour plot of the 
effect of initial 4-NP concentration and pH on the adsorption of 4-NP.

Fig. 8. (a) The 3D plot of the effect of MIPs dosage and pH on the adsorption of 4-NP and (b) contour plot of the effect of MIPs 
dosage and pH on the adsorption of 4-NP.
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experiments were conducted with the parameters as sug-
gested by the model. As shown in Table 4, the optimum 
operating condition is found at the initial concentration 
of 4-NP 10 μmol/L, the MIPs dosage 1.46 g/L, the solution 
temperature 294.2 K and the solution pH 5.60, and opti-
mal removal efficiency of 4-NP was found to be 79.63%. 
According to the optimal parameters, three sets of par-
allel adsorption experiments were performed, and the 
4-NP removal rate was finally obtained at 78.39%, which 
was practically in agreement with the results obtained 
from the optimization of numerical modeling. The results 
proved the accuracy and reliability of the regression 
model is suitable for 4-NP removal by MIPs.

3.3. Comparison with other adsorbents for Cr(VI)

To objectively evaluate the ability of the prepared MIPs 
to remove 4-NP, we here compared the maximum adsorp-
tion capacity (qmax) in our study with those of other recent 
publications. The results are listed in Table 5, we sum-
marized 9 studies with diverse types of the adsorbent for 
4-NP, including polymer compositions and carbon mate-
rials. In the category of selective adsorption, the prepared 
MIPs exhibited comparable adsorption capacity within a 
relatively short time. The adsorption capacity was also rel-
atively high among the non-selective adsorbents. However, 
activated carbon and Metal-organic Framework exhibited 
the best adsorption capacity, which was due to the large 
surface areas of these materials.

4. Conclusion

In the current work, we prepared a novel imprinted 
material (MIPs) by using surface Molecular Imprinting 
Technology combined with the sol–gel method. 4-level Box–
Behnken design (BBD) in response surface methodology 
(RSM) was used to optimize the process parameters of the 
removal of 4-NP adsorbed on MIPs, viz., initial concentra-
tion of 4-NP, MIPs dosage, solution pH, and temperature. 
The results of analysis of variance (ANOVA) test revealed 
that the effect of all parameters on the removal efficiency 
of the 4-NP was significant (Prob. > F < 0.05), except initial 
concentration, interaction between pH and temperature, and 
interaction between pH and initial concentration. The high-
est 4-NP removal efficiency (78.39%) can be achieved at the 
optimal conditions of initial 4-NP concentration, MIPs dos-
age, temperature, and pH of 10 μmol/L, 1.46 g/L, 294.2 K, 
and 5.60, respectively, which close to the predicted value 
(79.63%) under the same conditions. The theoretical model 
constructed by RSM can be used to optimize the adsorp-
tion conditions of 4-NP in water, while other optimization 
scenarios can be suggested to give the maximum removal 
of 4-NP based on the available resources. As a result, the 
findings in this paper indicated that MIPs could be used as 
an efficient and novel adsorbent for the removal of 4-NP.
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