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a b s t r a c t
p-nitroaniline (PNA) is a well-known acute oral, dermal, and inhalation toxin that has been 
reported as a priority toxic pollutant by the Environmental Protection Agency (EPA). In this study, 
MgAl-layered double hydroxides (MgAl-LDH) nanoparticles were prepared by a simple and fast 
co-precipitation method and used as a catalyst in the ozonation process to remove PNA from aque-
ous solutions. Next, the structure of the synthesized MgAl-LDH was investigated by X-ray diffrac-
tion pattern and field emission scanning electron microscopy-energy dispersive spectroscopy. The 
response surface methodology was used to investigate the effects of different parameters includ-
ing reaction time, initial PNA concentration, pH, and LDH loading on the removal of PNA by 
MgAl-LDH catalytic ozonation process (MgAl-LDH COP). The highest removal efficiency of 91.5% 
was observed in optimum conditions as follows: initial PNA concentration of 162.5 mg/L, pH of 
8.25, LDH loading of 750 mg/L, and reaction time of 70 min. The quadratic model was obtained 
with a high degree of fit. The removal values of COD and TOC were 77% and 68%, respectively. 
As a result, MgAl-LDH COP, as an excellent practical alternative, has a high performance in 
removing persistent compounds such as PNA from aqueous solutions.

Keywords:  MgAl-layered double hydroxides; Catalytic ozonation; p-nitroaniline; Response surface 
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1. Introduction

p-nitroaniline (PNA) is an important nitroaromatic 
compound that is widely used as an intermediate or pre-
cursor in the chemical synthesis of p-phenylenediamine, 
azo dyes, and glue, pesticides, disinfectants, antioxidants, 
antiseptic agents, drugs, and poultry [1]. PNA generally 
is introduced into the environment from different path-
ways such as industrial, military, and human activities. 

This compound is a known acute oral, dermal, and inha-
lation toxin that has been reported as a priority toxic pol-
lutant by Environmental Protection Agency (EPA) due to 
its toxicity, potentially carcinogenic, and mutagenic effects 
[1,2]. The presence of a stable nitro (NO2) group in the 
aromatic ring increases its resistance to biodegradation 
under aerobic conditions, while the anaerobic degradation 
generates nitroso and hydroxylamines, which are famous 
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as carcinogenic compounds [3,4]. Consequently, their 
presence in the environment is a big scientific concern.

Many conventional wastewater treatments and puri-
fication processes have been developed to remove these 
aromatic compounds. The major current processes in this 
respect include adsorption [1,5,6], Fenton oxidation [4], 
micro-electrolysis [2,7–9], biological treatment [10], and 
photochemical reactions [11].

However, there are some limiting factors to using con-
ventional methods. For example, in biological processes, 
long times are required to remove these compounds due 
to their toxicity and non-biodegradability effects. In the 
adsorption techniques, pollutants are not destroyed and 
only are converted from one phase to another [11,12]. 
Currently, ozone as a strong oxidant with a redox poten-
tial of 2.07 V has drawn increasing attention in various 
environmental systems for its potential oxidation capac-
ity [13,14]. Ozone reacts rapidly with organic substances 
in an aqueous solution in two ways: direct reaction with 
molecular ozone (O3) or indirect reaction with the active 
radicals such as hydroxyl radicals (•OH) generated by 
ozone decomposition. Hydroxyl radicals (redox potential 
of 2.33 V) react with most of the pollutants non-selectively, 
destroying them and converting them into harmless organic 
compounds such as CO2 and H2O [15]. O3 molecules react 
selectively with the electron-rich compounds, so the reac-
tion rate is quite slow for some other organic compounds 
such as those containing a nitro-group and increases energy 
consumption for ozone production [16,17]. These are exam-
ples of ozone application limitations for the direct removal 
of pollutants. As a consequence, the application of some 
combined oxidation technologies, such as ozone/UV, ozone/
H2O2, and catalyst/ozone, can increase the production of 
hydroxyl radicals, leading to increased ozonation process 
efficiency and subsequent process cost reduction [18,19].

In the heterogeneous catalytic ozonation process (COP), 
the decomposition rate of refractory compounds in water 
increases due to the presence of a solid as a catalyst that 
produces destructive radicals [20,21]. Also, the mass trans-
fer of ozone into liquid is improved at the COPs. Depending 
on the chemical nature of the catalyst used or the nature 
of the reactions, the COPs can be classified into heteroge-
neous and homogeneous processes, with the heterogeneous 
COPs having a higher degradation efficiency [15,20].

COPs have proved to be an effective process for remov-
ing non-biodegradation pollutants from aqueous environ-
ments. Ikhlaq et al. [14] investigated the performance of 
the electrocoagulation process and COP using iron-loaded 
zeolite nanoparticles in the treatment of pharmaceutical 
wastewater. They could remove about 85% of COD and 
reported the removal efficiencies of 100% and 90% for phar-
maceutical compounds such as enrofloxacin and amoxicillin, 
respectively.

So far, various heterogeneous catalysts have been inves-
tigated for COPs, including metal oxides like Fe2O3, MnO2, 
Ce2O3, WO3, TiO2, ZnO, CoO, Al2O3, and MgO, zeolites, 
clay minerals, and activated carbon [13,14,20–22]. Recently, 
the synthesis and application of layered double hydrox-
ides (LDHs) nanostructures in various fields, especially the 
water and wastewater treatment industry, has been con-
sidered as adsorbent and anionic exchanger due to their 

excellent ion-exchange properties [23]. Among the various 
catalysts, LDH nanoparticles were chosen for this study 
because of their distinct properties such as layered struc-
ture, reactive interlayer space, wide chemical compositions, 
mechanical and chemical stability, ion-exchange, variable 
layer charge density, and colloidal properties [23,24].

LDHs are synthetic anionic clays having a two-dimen-
sional (2D) lamellar structure consisting of both divalent M2+ 
and trivalent M3+ cations coordinated to six OH– hydroxyl 
groups. The general formula of LDH can be expressed 
as bellow [23,25]:
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where M2+ and M3+ represent a divalent metal (e.g., Mg2+, 
Mn2+, Co2+, Fe2+, Ni2+, Cu2+, and Zn2+) and a trivalent metal 
(e.g., Al3+, Mn3+, Fe3+, Cr3+, Co3+). Also, Am denotes a gen-
eral anion such as Cl–, OH–, CO3

–, NO3
–, and SO4

2–, etc. [23]. 
The schematic of the LDH structure is shown in Fig. 1.

Despite the growing interest in this field, relatively little 
attention has been paid to the use of LDH as catalysts in the 
ozonation process for refractory pollutants removal such 
as PNA. Because the ozonation process is costly in indus-
trial applications, optimizing the process variables, and 
determining a statistical model can be very cost- effective [26].

Many experiments are required in the optimization of a 
multivariable process such as the ozonation technique with 
the one-factor method. Also, such methods do not demon-
strate the combined effects of process variables and take 
a long time, which can be non-functional and unreliable 
in industrial applications [8,26,27]. Therefore, the issue of 
selecting an effective method for optimizing and modeling 
the process is very important. Response surface method 
(RSM) is a combination of statistical and mathematical 
methods used when the response variable is affected by 
several independent variables. Central composite design 
(CCD) is one of the most popular RSM methods [8,27]. 
CCD is used to determine optimal conditions expressing 
the influence of each independent variable [28]. Hence, the 
novelty of this work is mainly on the design, optimizing, 
and modeling of PNA removal from aqueous solutions by 
COPs using MgAl-LDH nanoparticles as a catalyst. Also, 
the raw materials applied in the preparation of MgAl-
LDH are simple, non-toxic, and inexpensive mineral salts. 
The process variables including initial PNA concentration, 
LDH dose, initial pH, and reaction time were optimized by 
the CCD method and the best mathematical model was 
selected. This process has a high potential for the deg-
radation of refractory pollutants such as PNA and can be 
suggested and widely used in the water and wastewater  
treatment plants.

2. Materials and methods

PNA (C6H6N2O2; 99.5%), magnesium chloride hexahy-
drate (MgCl₂·6H₂O; 99.9%), aluminium chloride hexahydrate 
(AlCl₃·6H₂O; 99.9%), potassium iodide (KI; 99.5%), sodium 
hydroxide (NaOH; 99.5%), sulfuric acid (H2SO4; 99.5%), 
sodium thiosulfate (Na2S2O3; 99.5%), starch ((C6H10O5)n–(H2O);  
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99.5%), methanol (CH3OH; 99%), and tert-butanol ((CH3)3 
COH; 99%) were all purchased from Merck, Germany.

2.1. Preparation of MgAl-LDH nanocatalyst

MgAl-LDH nanocatalyst was synthesized by the 
co-precipitation method at room temperature (23°C ± 5°C). 
A solution (50 mL) containing 10.165 g of magnesium chlo-
ride hexahydrate and 9.63 g of aluminum chloride hexa-
hydrate was added dropwise under vigorous stirring to 
an aqueous solution of NaOH (4 M, 50 mL). The obtained 
suspension was transferred into a Teflon-lined autoclave 
(50 mL in volume) and maintained at 180°C for 48 h. The 
as-prepared product was centrifuged and washed several 
times with deionized water. Finally, the white precipi-
tate was dried at 60°C overnight to obtain MgAl-LDH  
nanocatalyst [29,30].

2.2. Catalytic ozonation reactor and operation

The COP experiments were carried out using a pyrex 
cylindrical reactor of 300 mL, equipped with a sin-
tered-glass diffuser at the bottom operating in the semi-
batch mode. Ozone was produced using an ARDA ozone 
generator (model MOG). Silicone hoses, which are resis-
tant to ozone gas, were used to the joints between reac-
tor components. The amount of ozone gas entering the 
COP reactor was set at 2.55 mg/min by the Iodometric 
method [31]. To prevent health damage, KI (2%) solu-
tions were used to destroy excess ozone molecules. To 
increase the efficiency of the ozonation process, the 
MgAL-LDH nanoparticles synthesized by the co-precipi-
tation method were used as a catalyst in the COP process. 
A schematic of the COP reactor is shown in Fig. 2.

2.3. Experimental design

A CCD with four independent variables was used to 
investigate the effect of the initial concentration of LDH, 
PNA concentration, reaction time, and initial solution pH 
and their interactions on responses (i.e., PNA removal effi-
ciency). The ranges of the independent variables were 
selected based on the literature review. Based on the CCD 
matrix, a total of 30 experimental runs were designed to 
calculate the coefficients of the second-order polynomial 
regression model for independent factors. The independent 
variables were selected based on the previous literature.

Each variable was studied at five levels: –α, –1, 0, +1, and 
+α. The actual and coded levels used for CCD design are 
shown in Table 1.

The quadratic polynomial response model for predict-
ing the optimal point is expressed by Eq. (2) [26,32].
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where Y, β0, βi, βii, βij, Xi, Xj, and k are the response variable 
(i.e., PNA removal efficiency), the constant coefficient, the 
linear coefficients, the quadratic coefficients, the interac-
tion coefficients, the coded independent variables, and the 
number of input variables, respectively [26,28].

The analysis of variance (ANOVA) was carried out 
to determine the effect of independent variables on the 
response variable and the optimal conditions by Design 
Expert 8.0 software.

To determine the effect of the radical scavenger on the 
PNA removal, under optimum conditions, tert-butanol 
(80 mM) was added into PNA synthetic solution to examine 
its effect on PNA removal [15,33].

Fig. 1. Schematic of the layered double hydroxides (LDHs) structure.
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2.4. Analytical method

The residues of PNA in the solution were analyzed by 
high-performance liquid chromatography (HPLC). The HPLC 
analyses were performed with an HPLC device (Waters 
E600, USA) equipped with a UV absorbance detector at 
the wavelength of 381 nm and a C18 column (5 µm particle 
size, 250 mm × 4.6 mm). The HPLC was run with a mix-
ture of methanol/water (40/60, v/v) mobile phase at 0.8 mL/
min and µL injection volume [3,34]. The pH of solutions 
was adjusted by the addition of 1.0 N of either H2SO4 or 
NaOH solutions. All experiments were carried out at room 
temperature (23°C ± 5°C).

The process was evaluated by measuring the reduc-
tion of chemical oxygen demand (COD) and total organic 
carbon (TOC) amounts under optimum conditions. A TOC 
analyzer (Jena-C3100, Germany) was used to determine 
the TOC amount. COD analyses were carried out using the 
recycled distillation based on the C5220 method, the 20th 
edition of the “Standard Methods for the Examination of 
Water and Wastewater” book [35].

2.5. Characterization

The field emission scanning electron microscopy-en-
ergy dispersive spectroscopy (FESEM-EDAX; TESCAN 
mira3, Czech Republic) was performed to observe the 

surface morphology and the size of synthesized MgAl-LDH 
nanoparticles.

To characterize the structural properties (characteriza-
tion of constituent phases and crystalline size) of nanopar-
ticles, X-ray diffraction (XRD) patterns were recorded in 
the diffraction angle range 2θ = 10°–80° by a Rigaku Ultima 
IV (made in Japan).

2.6. pH point of zero charges

The pH point of zero charges (pHpzc) measurement of 
the prepared LDH nanoparticles was performed by the solid 
addition method. Briefly, the initial pH values of 100 mL of 
the KCl solution (0.1 mol/L) were adjusted at different pH val-
ues (2–12). Subsequently, 0.01 g of the MgAl-LDH nanoparti-
cles were added to each solution. The obtained suspensions 
were agitated for 48 h until an equilibrium pH value was 
reached, followed by measuring the pH of the final solution. 
The initial pH (pHi) was plotted against the final pH (pHf). 
The intersection point of pHi = pHf was chosen as pHzpc [36,37].

3. Results and discussion

3.1. Model fitting and statistical analysis

The design matrix for the different experimental con-
ditions and the response to experiments proposed by 
CCD for PNA removal are given in Table S1.

Fig. 2. Schematic of the COP reactor containing MgAl-LDH nanocatalyst for PNA removal: (1) O2 capsule, (2) rotameter, (3) ozone 
generator, (4) Mg-Al LDH nanoparticles, (5) air distributor, (6) sampling valve, (7) gas trapper (KI solution), and (8) gas outlet.

Table 1
Coded and real values of the independent variables used for CCD design

Unit of 
variables

Levels of variablesCoded  
symbol

Independent variable

+α+10–1–α

mg/L1,0007505002500X1LDH dose
–108.256.54.753X2pH
mg/L200162.512587.550X3Initial PNA concentration
min9070503010X4Reaction time
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Based on these results, a second-order polynomial 
regression equation in terms of actual factors was obtained 
that demonstrates the empirical relationships between the 
response and independent variables in the coded units as 
below:

Y = 40.03418 + 0.02437X1 – 0.44608X2 – 0.01762X3  
 + 0.78506X4 + 0.00013 X1X3 – 0.00023X1X4  
 + 0.01390X2X3 + 0.00278X3X4 – 0.00002X1

2   
 – 0.00117X3

2  – 0.00377X4
2  (3)

ANOVA analysis was carried out to evaluate the ade-
quacy of the model. The results are shown in Table 2.

From the ANOVA of the empirical second-order poly-
nomial model, the p-value for the model is <0.0001, indi-
cating that the model is highly significant. According to 
the correlation coefficient (R2 = 0.9967), there is a 0.0033% 
chance that the total variation could not be explained by 
the empirical model for the degradation of PNA by LDH 
COPs. Therefore, this model was chosen as the best model 
to predict the PNA removal efficiency.

Usually, the significant variables are ranked based on 
the F- or p-value parameters with a 95% confidence level. 
The higher F-value and lower p-value indicate more signif-
icance of the variable [8,27]. Based on the results of F-values, 

LDH dose, the reaction time, initial pH of the solution, and 
PNA concentration were the most effective parameters in 
COP for PNA degradation. Factors with a p-value ≤ 0.05 
were considered significant and retained in the model.

As shown in Table 2, the coefficient of variation (CV) 
of 1.14% was obtained for this model. CV is an indica-
tor used to measure the dispersion distribution of statisti-
cal data. This coefficient indicates the degree of precision 
with which the factors are compared [27]. The higher value 
of the CV indicates low reliability of the model with the 
experimental data and the lower value represents more reli-
ability of the model [27,28]. Therefore, this model can be 
suggested to predict the removal efficiency of PNA within 
the limits of the experimental variables by LDH COP.

In the study of Dehghani et al. [32], the adsorption 
rate of bisphenol A on the surface of powdered and gran-
ular activated carbon was modeled by CCD-RSM. The 
results showed a good fit between quadratic model pre-
dictions with experimental values, such that R2 of 0.9992 
and 0.9997 were obtained for powdered and granular 
activated carbon, respectively.

Fig. 3 shows the model diagnostics plots. The data 
points in a normal plot are linear when the studentized 
residuals are normally distributed (Fig. 3a). In this Fig. 3, 
all points are relatively close to the straight line and confirm 

Table 2
ANOVA results of response surface quadratic model for PNA removal

Source Sum of squares df Mean square F-value p-value

Model 3,445.88 14 246.13 324.98 <0.0001 Significant
X1-LDH dose 208.86 1 208.86 275.76 <0.0001
X2-pH 9.37 1 9.37 12.38 0.0031
X3-PNA concentration 8.64 1 8.64 11.41 0.0041
X4-time 2,943.73 1 2,943.73 3,886.67 <0.0001
X1X2 0.4225 1 0.4225 0.5578 0.4667
X1X3 23.52 1 23.52 31.06 <0.0001
X1X4 21.62 1 21.62 28.55 <0.0001
X2X3 13.32 1 13.32 17.59 0.0008
X2X4 3.42 1 3.42 4.52 0.0505
X3X4 69.72 1 69.72 92.06 <0.0001
X1

2 40.88 1 40.88 53.98 <0.0001
X2

2 0.3219 1 0.3219 0.4250 0.5243
X3

2 74.30 1 74.30 98.10 <0.0001
X4

2 62.40 1 62.40 82.39 <0.0001
Residual 11.36 15 0.7574
Lack of fit 9.59 10 0.9590 2.71 0.1416 Not significant
Pure error 1.77 5 0.3542
Core total 3,457.24 29
Standard deviation 0.8703
Mean 76.57
C.V.% 1.14
R-squared 0.9967
Adj. R-squared 0.9936
Pred. R-squared 0.9833
Adeq. precision 71.9877
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that the data are normally distributed. Fig. 3b represents 
the correlation between the observed and predicted val-
ues of the PNA removal by LDH COPs. As can be seen, the 
points are placed very close to the straight line indicating 
the validity and adequacy of the predicted model.

3.2. Optimum conditions of the model

The optimized conditions for PNA removal using MgAl-
LDH COP were obtained by response optimizer. The values 
of optimized independent variables are presented in Table 3.

The main objective of optimizing the independent 
variables of this study was to achieve the highest PNA 
removal by MgAl-LDH COP. Under optimal conditions, 
the predicted and actual efficiency of the model for PNA 
removal were achieved to be 92.475% and 91.50%, respec-
tively, suggesting a strong correlation between predicted and 
observed values of this model.

3.3. MgAl-LDH characterization

3.3.1. XRD analysis of MgAl-LDH nanoparticles

The crystal structure and phase purity of the as-prepared 
MgAl-LDH nanoparticles were investigated using the XRD 
analysis. The XRD pattern of MgAl-LDH nanoparticles is 
illustrated in Fig. 4.

The XRD pattern of the MgAl-LDH showed the char-
acteristic peaks of LDH structure, described in the litera-
ture. The diffraction peaks of crystal planes at 2θ = 11.51°, 
14.48°, 23.17°, 28.17°, 31.70°, 35.07°, 60.72°, and 62.04° are 
related to the MgAl-LDH structure of the nanoparticles. 
Moreover, the sharp and strong diffraction peaks demon-
strate ordered and regular stacking of LDH layers. The orig-
inal main peaks at 2θ of 11.51°, 23.17°, and 35.08° are related 

to Mg and Al mixed-layer minerals (JCPDS 96-210-2793). 
The weak and broad peaks at 2θ of 14.48°, 28.17°, 38.37°, 
60.72°, and 62.04° derived from γ-AlOOH (Boehmite struc-
ture, JCPDS 96-901-2252 and 96-901-2248,) were similarly 
detected in the XRD pattern of MgAl-LDH. The peaks at 2θ 
of 60.72° and 2θ = 62.04° can be attributed to the arrangement 
of the ions along the plane of the host layer [29,38].

3.3.2. FESEM with EDAX analysis

The surface morphology of the MgAl-LDH nanopar-
ticles was investigated using the FESEM analysis. Fig. 5 
demonstrates the FESEM images of synthesized LDH. As 
can be seen, they are agglomerated fine particles with a 
spherical shape and average particle size of 45.8 nm. EDAX 
gives the chemical composition of the as-prepared MgAL-
LDH (Fig. 6). EDAX element distribution reveals the pres-
ence of Mg, Al, O, and Cl that confirm the purity of the 
synthesized MgAL-Cl-LHD compound.

3.4. Effect of operational parameters on PNA removal efficiency

The three-dimensional (3D) response surfaces and lin-
ear plots in Fig. 7 indicate the effect of operational param-
eters including LDH dose (mg/L), PNA initial concentra-
tion (mg/L), pH, and reaction time (min) on PNA removal 
efficiency by MgAl-LDH COP. Using response surface 
plots allows predicting the removal efficiency of PNA in 
different values of parameters.

Figs. 7a and b demonstrate the effect of LDH dose 
on PNA removal efficiency (R%) at central point values 
of other parameters. According to ANOVA analyses, the 
LDH concentration with a high F-value had a significant 
effect on the response y (PNA removal) compared to other 
variables such as pH and PNA concentration. It is obvious 

(a) (b)

Fig. 3. Model diagnostics plots: (a) normal probability plot of studentized residuals and (b) predicted vs. actual values of PNA 
removal.
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Table 3
Values of optimized independent variables

PNA removal efficiency (%) LDH dose 
(mg/L)

pH PNA concentration 
(mg/L)

Reaction time 
(min)

Desirability

Observed Predicted

91.50 92.475 750.000 8.250 162.500 70.000 0.927

Fig. 4. XRD pattern of MgAl-LDH nanoparticles.

Fig. 5. FESEM images of MgAl-LDH nanoparticles.
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from Figs. 7a and b that with increasing LDH nanoparti-
cles concentration from 0 to 750 mg/L and reaction time to 
90 min, the PNA removal efficiency increased rapidly. The 
further increase in LDH leads to a reduction in removal 
efficiency. To demonstrate the catalytic activity of MgAl-
LDH on PNA removal, four control processes were inves-
tigated under the same experimental conditions including 
pH: 8.25, initial PNA concentration: 162.5, temperature: 
23°C ± 5°C: (1) COP, (2) single ozonation process (SOP), 
(3) adsorption process without the presence of ozone, 
and (4) aeration process without the presence of LDH. 
The results are shown in Fig. 8.

As shown in Fig. 8, the PNA removal efficiency in 
the presence of LDH nanoparticles by MgAl-LDH COP 
was much more significant compared to the processes 
of SOP, adsorption, and aeration. As can be inferred 
from this Fig. 8, the effect of air on PNA removal was 
completely negligible. In the adsorption process, the 
maximum removal efficiency of PNA was achieved to 
be 15% at 20 min then remained constant. In SOP and 
COP, with increasing reaction time from 0 to 70 min, the 
removal efficiency of PNA increased rapidly such that it 
was 65% and 91.5% were obtained, respectively, at end 
of reaction time. Therefore, the high removal of PNA in 
the COP can be due to degradation but not adsorption.

Due to the presence of LDH nanoparticles as a solid 
substance in the ozonation process, the generation of •OH 
radicals derived from ozone destruction enhanced, lead-
ing to an increase in the removal efficiency of PNA [25,39]. 
The chain reactions of ozone destruction in the presence 
of the catalyst can be described by Eqs. (4)–(8) [21,39]:

O3 + H2O → O2 + 2HO•, K2 = 1.1 × 10–4/M s (4)

O3 + OH–  → O2
•– + HO2

•, K2 = 70/M s (5)

O3 + HO• → HO2
• + O2 ↔ H+ + O2

•– (6)

O3 + HO2
• ↔ HO• + 2O2, K2 = 1.6 × 109/M s (7)

2HO2
• → O2 + H+

 (8)

Increasing the PNA removal efficiency with an increase 
in LDH concentration in the COP can be attributed to the 
increase in the number of active sites at the surface of the 
nanoparticles in reaction with ozone in solution [25,39]. 
As a result, the transfer of ozone from the gas phase to the 
solution, and the rate of ozone destruction also increase. 
Thus, increasing ozone decomposition leads to an enhance 
in the concentration of radical hydroxyl in the surface and 
volume of the liquid, and eventually increasing the process 
efficiency and the decomposition of organic compounds 
into minerals such as CO2 and H2O [25,39].

However, with further increasing LDH concentration 
from 750 to 1,000 mg/L, PNA removal was not significantly 
enhanced. An explanation is that using excessive LDH 
nanoparticles might reduce the effective contact of O3 mol-
ecules with the catalyst surface and thus reduce the con-
centration of O3 per unit area, leading to a decrease in the 
process efficiency [15,23].

Figs. 7c and d represent the effect of solution pH on 
PNA removal efficiency (%R) at central point values of 
other parameters. As can be seen in this figure, and accord-
ing to ANOVA analyses, increasing the initial pH from 3 
to 10 does not have an obvious effect on the PNA removal. 
Therefore, the removal efficiency of the process is not so 
pH-dependent. However, the removal efficiency increased 
slightly with the increase in initial pH. This can be related 
to the effect of pH on the properties of the catalyst surface 
and the ozone transfer from the gas phase to the solution and 
ozone destruction [25,39]. At alkaline pH, ozone decompo-
sition generates free active radicals (such as superoxide ion 
(O2

•), radical HO2
•, and especially OH• radicals), which are 

extremely oxidizing species that selectively react with organic 
and inorganic compounds in aqueous solutions [14,17].  

Fig. 6. EDAX elemental spectrum and (inset) elemental composites of MgAl-LDH nanoparticles.
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(e) (f )

(g) (h)

Fig. 7. Effect of operational parameters on the response (PNA removal efficiency) at central point values of other parameters 
(LDH dose: 500 mg/L, pH: 8.25, PNA concentration: 125 mg/L, reaction time: 50 min, and temperature: 23°C ± 5°C).
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In contrast, ozone molecules are stable at acidic pH and 
thus react with compounds through selective reactions. The 
lower efficiency of the ozonation in acidic or natural con-
ditions is a negative drawback of this process [15,18,40]. 
The persistent compounds such as PNA, which react slowly 
with ozone molecules, decompose unselectively at high pH 
values. In this study, due to the presence of LDH nanopar-
ticles as a catalyst in the ozonation process, more free active 
radicals were formed via the decomposition of ozone mole-
cules, which would enhance the process efficiency under 
acidic, natural, and alkaline conditions [23,25]. Besides, the 
high removal of PNA in acidic pH can be related to pHpzc of 
MgAl-LDH nanoparticles. The pHpzc of MgAl-LDH was 
determined to be 7.5 by the solid addition method. At pH 
below pHzpc, the surface of LDH nanoparticles was pro-
tonated, thereby increasing the chance of adsorption of  
PNA ions [21,23].

These results are in general agreement with the results 
of sulfamethoxazole removal in the COP with Fe3O4/Co3O4 
composites conducted by Chen and Wang [41]. Also, Yan 
et al. [42] in a study on nitrobenzene removal in COP with 
Si-doped α-Fe2O3, reported that with the increase in solu-
tion pH from 5.5 to 6.5 and 7.5, nitrobenzene removal 
increased from 79.8% to 85% and 90%, respectively. Similar 
results have been reported in the literature [14,15,43].

Ikhlaq et al. [13] compared the removal efficiency of 
methylene blue by COP, ozonation, and adsorption by iron 
nanoparticles. At pH = 3 and under acidic conditions, Fenton 
process, and pH = 10 under alkaline conditions, the effi-
ciency of the ozonation process was maximum, but COP had 
a good performance under all acidic, alkaline, and neutral 
conditions. COP was effective in all pH ranges. Other similar 
results have been reported elsewhere [23,24,44].

Figs. 7e and f show the effect of PNA initial concentra-
tion on the response y (%R) at central point values of other 
parameters. In the advanced oxidation process (AOP), 
the pollutant concentration in aqueous solutions plays 
an important role in the oxidation efficiency and the syn-
ergistic effects of AOP processes such as SOP and COP 

[22,23]. Rey et al. [45] investigated the mineralization of 
metoprolol by photocatalytic ozonation process and found 
that the synergistic effects of the process were greater at 
the higher pollutant concentrations compared with low  
concentrations.

As can be seen from Fig. 7f, and according to ANOVA 
analyses, the initial concentration of PNA negatively affects 
the response (removal efficiency). Therefore, the removal 
efficiency decreased slightly with increasing initial con-
centration of PNA. This could be ascribed to the insuffi-
ciency of ozone molecules compared to PNA molecules in 
the solution [12,46]. Increasing the pollutant concentration 
leads to a reduction in the number of active sites to stim-
ulate. Besides, a greater amount of intermediates can be 
generated in higher pollutant concentrations, leading to 
an increase in ozone consumption occurs [12,46]. The pres-
ence of a catalyst in the ozonation process can reduce ozone 
consumption and increase the performance of the pro-
cess. Similar results were reported in previous studies. For 
example, Alinejad et al. [47] prepared the MgO nanoparti-
cles and used them for degrading methotrexate drug from 
aqueous solutions by COP. They reported that due to the 
low •OH radical production from O3 depletion in the higher 
drug concentrations, degradation efficiency decreased [47].

Figs. 7g and h show the effect of contact time on the 
response y (%R) at central point values of other param-
eters. According to ANOVA analyses, contact time with 
the highest F-value had a considerable effect on the PNA 
removal. As can be seen from Figs. 7g and h, the removal 
efficiency of PNA gradually increased with reaction time 
such that after a reaction time of 90 min under the opti-
mum conditions, the PNA removal efficiency reached 
91.5%. The UV/vis spectrum of PNA with a maximum 
wavelength of 381 nm is presented in Fig. 9, indicating 
the trend of PNA degradation with increased reaction 
time in MgAl-LDH COP.

3.5. Investigation on mineralization of PNA

To investigate the performance of this process in the 
degradation of PNA, we performed TOC and COD anal-
yses under optimum operating conditions for five differ-
ent processes, that is, SOP, MgAl-LDH COP, aeration, and 
adsorption. Because the ozone gas was produced from dry 
air, the aeration process was also tested. As can be seen from 
the obtained results (Fig. 10), for the initial concentration of 
125 mg/L of PNA and under the optimum conditions, the 
initial COD and TOC values of the PNA sample are 8 and 
5.5 g/L, respectively. Also, the figure shows that using the 
SOP process and after 120 min, COD and TOC decreased by 
65% and 59%, respectively. The removal efficiency of COD 
and TOC was 77% and 68% in the ozonation process in 
the presence of MgAl-LDH at a concentration of 750 mg/L 
(MgAl-LDH COP), respectively. The maximum removal 
efficiency of COD and TOC in the adsorption process was 
9.5% and 6%, respectively, which could be ignored during 
the COP. Meanwhile, the aeration process had no significant 
effect on COD removal and TOC removal. These results 
confirmed that the addition of MgAl-LDH nanoparticles 
enhanced the process performance. In a study conducted by 
Huang et al. [25], Ni–Fe layered double hydroxides (Ni–Fe 

Fig. 8. Effect of different processes on the removal efficiency 
of PNA (pH: 8.25, PNA concentration: 162.5, and temperature: 
23°C ± 5°C).
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LDHs) nanoparticles were synthesized and used as a catalyst 
in heterogeneous catalytic ozonation to remove bisphenol A 
(BPA) and other organic compounds in secondary effluent. 

Under optimal conditions (catalyst dosage: 0.3 g/L; aque-
ous ozone concentration: 9.0 mg/L; initial pH: 8.2; ini-
tial BPA concentration: 10 mg/L), BPA in the secondary 
effluent was completely removed and the final efficiency 
of TOC and COD removal was 56% and 68%, respectively.

In a study conducted by El Hassani et al. [23], the cat-
alytic activity of Ni-based layered double hydroxides 
(Ni-LDHs) nanoparticles was investigated for methyl 
orange (MO) degradation. Under optimized conditions 
(i.e., T = 20°C, pH = 9, ozone flow rate = 109 mg/h, cata-
lyst dosage = 1 g/L, initial concentration of MO = 500 mg/L, 
COD initial = 620 mg/L, and after 60 min reaction), the 
COD removal was obtained 72% in the COP, while it 
was only 30% in the non-catalytic ozonation. Similar 
results were obtained from the literature [2,12,41].

3.6. Radical scavenger impact

The effect of tert-butanol as a radical scavenger on the 
PNA removal was determined under optimal conditions. 
The results are shown in Fig. 11.

Adding tert-butanol as a radical scavenger dimin-
ished the efficiency of PNA removal from 91.5% to 75% at 
the end of the reaction time (70 min). The free radicals pro-
duced from ozone destruction reactions (Eqs. (4)–(8)) have 
high chemical activity and can eliminate the carbon chain 
of organic compounds [33,48]. Tert-butanol can scavenge 
these radicals and inhibit their degrading effects. However, 
it was found that the presence of radical scavengers lowered 
the removal efficiency of the COP process. This observation 
is in good agreement with other studies that have reported 
the negative effect of radical scavengers on the formation of 
hydroxyl radicals [33,49,50]. Ma et al. [33] investigated the 
effect of radical scavengers such as tert-butanol and bicar-
bonate on the catalytic ozonation of atrazine in the pres-
ence of Mn nanoparticles. They reported that the presence 
of radical scavengers has a very strong influence on the 
removal reduction of atrazine, even at low concentrations.

4. Conclusion

In this study, the removal efficiency of PNA in the 
COP was investigated using MgAl-layered double hydrox-
ides (MgAl-LDH) nanoparticles as a catalyst. MgAl-LDH 
nanoparticles were synthesized by a simple and fast co-pre-
cipitation method. MgAl-LDH catalyst was characterized by 
XRD and FESEM-EDAX analyses. Next, effects of process 
variables including initial PNA concentration, LDH dose, 
initial pH, and reaction time were studied on the removal 
of PNA by the MgAl-LDH COP. The CCD was used for the 
optimization and modeling of the process. After optimizing 
the variables, it was tried to evaluate the process perfor-
mance, the TOC and COD analyses under optimum condi-
tions. The highest removal efficiency of 91.5% was observed 
in optimum conditions as follows: initial PNA concentra-
tion = 162.5 mg/L, pH = 8.25, LDH dose = 750 mg/L, and 
reaction time = 70 min. The quadratic model was obtained 
with a high degree of fit. The removal of COD and TOC 
were 77% and 68%, respectively. Due to the short contact 
time with ozone and high efficiency, this technique has more 
economical justification compared to other PNA ozonation 

Fig. 9. UV/vis spectrum of PNA.

Fig. 10. COD and TOC removal efficiency in PNA degradation 
(pH: 8.25, time: 90 min, initial PNA concentration: 162.5 mg/L, 
and temperature: 23°C ± 5°C).

Fig. 11. Effect of tert-butanol as a radical scavenger on PNA 
removal in the MgAl-LDH/COP reactor (pH: 8.25, LDH dosage: 
750 mg/L, initial PNA concentration: 162.5 mg/L, and tempera-
ture: 23°C ± 5°C).
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methods. However, more economic-based studies are needed 
in this regard. Overall, MgAl-LDH COP, as an excellent 
practical alternative, has a high performance in removing 
persistent compounds such as PNA from aqueous solutions.
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Table S1
Experimental and predicted values of PNA removal

Factor 1 Factor 2 Factor 3 Factor 4 Response (observed) Response (predicted)

Run Std X1: LDH dose X2: pH X3: PNA concentration X4: reaction time Y = removal efficiency Removal efficiency

mg/L mg/L min % %
1 6 250 4.75 87.5 30 65 64.375
2 8 750 4.75 87.5 30 69 69.85
3 1 250 8.25 87.5 30 63.4 64.4
4 11 750 8.25 87.5 30 71 70.525
5 19 250 4.75 162.5 30 55 54.75
6 25 750 4.75 162.5 30 65 65.075
7 16 250 8.25 162.5 30 59 58.425
8 17 750 8.25 162.5 30 68.5 69.4
9 3 250 4.75 87.5 70 86.5 85.6
10 15 750 4.75 87.5 70 86 86.425
11 27 250 8.25 87.5 70 84 83.775
12 24 750 8.25 87.5 70 85 85.25
13 12 250 4.75 162.5 70 84 84.325
14 7 750 4.75 162.5 70 91 90
15 22 250 8.25 162.5 70 87 86.15
16 21 750 8.25 162.5 70 92 92.475
17 10 0 6.5 125 50 68.4 69.375
18 13 1,000 6.5 125 50 82 81.175
19 9 500 3 125 50 78 78.475
20 29 500 10 125 50 81.3 80.975
21 2 500 6.5 50 50 75 74.775
22 5 500 6.5 200 50 72 72.375
23 18 500 6.5 125 10 52.5 51.975
24 4 500 6.5 125 90 95.6 96.275
25 28 500 6.5 125 50 80.5 80.15833
26 30 500 6.5 125 50 81 80.15833
27 20 500 6.5 125 50 80 80.15833
28 23 500 6.5 125 50 80.12 80.15833
29 14 500 6.5 125 50 79.2 80.15833
30 26 500 6.5 125 50 80.13 80.15833
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