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a b s t r a c t

Furfural is an aromatic compound which is mainly used in plastic production and purification of 
lubricating oils. Furfural removal was investigated using nano-sized zero-valent copper (nZVC or 
CU•) activated persulfate in aqueous solution by means of artificial neural network modeling. Effect 
of operational parameters including initial solution pH (3–11), chloride concentration (0.5–4 mM), 
potassium persulfate (KPS) concentration (0.4–2 mM), Cu nanoparticles dosage (0.01–0.05 g) and 
furfural concentration (20–100 mg/L) on furfural removal were evaluated. Furthermore, mineraliza-
tion, kinetic modeling and neural network modeling were also carried out. Result indicated that the 
highest removal efficiency was achieved at pH 3, nZVC dosage of 0.02 g/L, furfural concentration 
of 20 mg/L and persulfate concentration of 1.2 mM. In addition, chloride had a dual effect on furfu-
ral removal. Neural network modeling also prepared a sensible predictive performance (R2 = 0.98). 
By application of artificial neural network (ANN) modeling, a good correlation was obtained with 
training-validation-data.

Keywords: �Artificial neural network; Persulfate; Furfural; Cu nanoparticles; Advanced oxidation 
technology

1. Introduction

In recent years, lots of synthetic organic chemicals and 
emerging contaminants have been released into the environ-
ment through discharging large amounts of various wastes 
products in water resources which are the major receiving 
sinks. Production of these compounds has an  increasing 
trend  in the last decades [1–3]. Furfural  is a heterocyclic 
aldehyde (C5H4O2), colorless and oily liquid with high sol-
ubility  in most polar organic solvents. However, it demon-
strates moderate solubility of 83 g/L in pure water at 20°C. 

Furfural and its derivatives such as furfuryl alcohol, alone or 
with phenol, acetone and urea are used in production of solid 
resin, plastic and paper. In addition, it is used as a chemical 
intermediate for the  manufacture of furan and tetra furan, 
which is widely applied in petroleum refineries [4–6]. Con-
sequently, high concentrations of furfural could be found in 
the effluents of these industries. According to the literature, 
its concentrations in the effluent rubber and plastic products 
manufacturing, furfural   production and oil refining have 
been reported to be 1700, 600 and 500 mg/L, respectively [7]. 
Acute exposures to furfural can potentially lead to lung, liver 
and kidney damage and the long-term exposure effects are 
tumor growth and mutagenesis [7]. Several methods such 
as physical, chemical and biological approaches of furfural 
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removal from aqueous solution have been used so far [4,8]. 
Adsorption is proved as an effective and promising technol-
ogy for removal of pollutants from aqueous solution. How-
ever, the cost of adsorbent production is expensive which 
made researchers to investigate the alternative methods for 
removal of pollutants [9]. Biological treatment processes are 
time-consuming, work-demanding, and inefficient in the 
case of persistent organic molecules and are sensitive to envi-
ronmental conditions [10]. Advanced oxidation processes 
(AOP) have been welcomed by different researchers, because 
of their high efficiency, short required reaction time and 
wide range of applications. Recently, production of sulfate 
radicals has been known as a promising AOP for removal 
of organic pollutants. Persulfate (PS) is a powerful oxidizing 
agent with the oxidation reduction potential (ORP) of 2.0 V. 
It can be activated by heat, light or metal ions and converted 
to sulfate radical with ORP of 2.6 V [11]. Additionally, sulfate 
radical with longer half-life has higher ability than hydroxyl 
radical for oxidizing organic molecules [9]. PS -as a source of 
sulfate radical- has demonstrated the large stability at room 
temperature and aqueous media. Thermal and chemical 
(transition metal) processes are the most applied common 
activation methods for PS as Eqs. (1) and (2) [9]. 
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Other studies have reported that the sulfate and hydrox-
ide radicals are formed when PS is activated, according to 
Eqs. (3) and (4) [12,13]

All pH = • − − • ++ → + +SO H O SO OH H4 2 2 4
2 �  (3)

Alkaline pH = • − − − •+ → +SO OH SO OH4 4
2 �  (4)

This distribution is strongly pH-dependent. Sulfate rad-
ical dominates at pH values of less than 7, while hydroxyl 
radical was dominated at pH values higher than 9 and both 
sulfate radicals and hydroxyl radicals were dominated at 
pH 7–9, and superoxide anion can be generated under alka-
line pH, as shown in Eqs. (5)–(7) [12,14–16].
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In addition, sulfate radical is more selective oxidant 
than hydroxyl radical to remove persistent organic pollut-
ants [17]. Copper oxide has been widely applied for acti-
vation of PS, due to low energy input, low or no need for 
pH adjustment and acceptable oxidative performance in 
neutral conditions [18]. In previous studies, many transi-
tion ions have been used to activate PS, but all the transi-
tion ions are not efficient. Copper is a high redox transition 
metal remain usually in the oxidation states of Cu(I) and 
Cu(II) [18,19]. Recently, considerable attentions have been 
paid to copper nanoparticles as adsorbents or catalysts, due 

to high specific surface area, insolubility in water, catalytic 
reactivity and high adsorption capacity [20,21]. Zerov-
alent copper exhibited a faster removal rate of organic 
compounds compared to zerovalent iron, due to the high 
reactivity. Another aim of the present study was investiga-
tion of a suitable artificial neural network (ANN) model for 
predicting furfural removal from aqueous solution. ANN is 
a nonlinear mathematical model which describes the inputs 
and outputs parameters of a typical system [22]. Two favor-
ite ANNs are (i) multiplayer feed-forward neural network 
trained by back propagation algorithm which is widely 
used in research, and (ii) Kohonen self-organizing mapping 
[23]. The application of ANN analysis to solve the environ-
mental engineering problems has been the topic of different 
review studies [23] such as biological treatment [24] and 
reductive removal [25]. Commonly used ANNs include 
multilayer perception (MLP), self-organization mapping 
(SOM), radial basis function (RBF) and fuzzy network 
[26,27]. Regarding the advantages of advanced oxidation 
processes for removal of organic compounds, in particular 
furfural, interest on PS activation with copper, the main aim 
of current work was investigation of the effect of PS/ZVC 
for furfural removal. Moreover, the influence of input vari-
ables on the process efficiency was examined.

2. Experimental 

2.1. Chemical and apparatus

All chemicals such as CuSO4, sodium borohydride, eth-
anol, sodium hydroxide, sulfuric acid, potassium PS and 
furfural were of analytical grade and prepared from Merck, 
Germany. pH of solution was measured via a pH-meter 
(pH.Z.S.PTR79, Germany). A UV–vis spectrophotometer 
(DR6000, Hach USA) was utilized to determine the furfu-
ral concentrations. The surface characteristics and elemen-
tal analysis of Cu nanoparticles were carried out using 
field-emission scanning electron microscopy by means of 
a TESCAN microscope (FE-SEM, Mira 3, Czech Republic) 
equipped with energy dispersive X-ray (EDX) microanal-
ysis. The X-ray diffraction (XRD) patterns of Cu nanopar-
ticles were recorded by an X-ray diffractometer (Model: 
GNR-MPD3000) using Cu anode at λ = 0.15060 nm, voltage 
at 40 kV, and current intensity = 30 mA. Fourier transforms 
infrared (FTIR NICOLET 380) spectroscopy analyses were 
used to explain the presence of functional groups on the 
surfaces of Cu nanoparticles. Total organic carbon (TOC) 
was determined via a TOC analyzer (Shimadzu, TOC-
VCSH, Japan) for exploring the mineralization of furfural.

2.2. Synthesis of ZVC Nanoparticles

In this study, nZVC was synthesized by chemical reduc-
tion approach [28]. In this regards, a specific quantity of 
copper sulfate was added to deionized water to obtain blue 
solution. In order to remove oxygen from solution, nitrogen 
gas was purged for about 10 min. The borohydride solution 
(0.37/10 mL) was gently added into the solution while fast 
stirring. In this step, light blue color solution was changed 
from orange to dark red and black [29]. The reaction has to 
be carried out under a hood, due to the production of hydro-
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gen gas as a by-product. After the reaction, the nanoparticles 
were deposited as a black precipitate. The appearance of the 
dark color showed that the reduction reaction was started. 
To complete experiments, the reaction solution exposed to 
ambient atmosphere for another 10 min [29].

2.3. Experimental procedure

All experiments were carried out in batch mode in a 250 
mL glass beaker. Effect of operational parameters including 
solution pH (3–11), chloride anion concentration (0.5–4 mM), 
potassium persulfate (KPS) concentration (0.4–2 mM), Cu 
nanoparticles (0.01–0.05 g/L) and furfural concentrations 
(20–100 mg/L) were studied consecutively, according to one 
factor at the time methodology. Adjusting of the solution pH 
was performed using sulfuric acid (1 N) and NaOH (1 N) 
solutions. Sampling was performed at regular time intervals, 
centrifuged (6000 rpm for 2 min) and then the residual fur-
fural concentration was measured using a UV-visible spec-
trophotometer (model: HACH LPV441.99.00002_28) at the 
wavelength of 277 nm. The furfural removal efficiency (%) 
was obtained according to Eq. (8):

Removal (%) = C0 – Ct/C0 × 100�  (8)

where C0 and Ct are initial and residual furfural concentra-
tions (mg/L) at specified reaction time t (min), respectively.

2.4. Artificial neural networks (ANNs) modeling

ANN - as a nonlinear mathematical model - can solve 
complex nonlinear processes which are not appropriate 

for common methods. Multi-layer perceptron (MLP) is a 
supervised learning algorithm with either one or more 
hidden layers. In this work, applied MLP has a three 
layers containing input, a hidden and output layers. A 
training algorithm was used as an optimization of neu-
ral network modeling. Implementing the suitable func-
tions, weights and bias are essential for application of 
MLP model [22]. To compare the predicted outputs with 
experimental ones, weight and bias values were adjusted 
progressively during the training phase. These networks 
are trained using the back propagation algorithm. In 
this work, ANN was used by the Levenberg–Marquardt 
method. The most transfer functions which are applied 
for developing MLP are indicated as follows [22]:

Sigmoidal : F(x) = 
1

1( exp )+ −( )X
�

Tansig: F(x)= 
2

1 2( exp )+ −( )X
�

In this study, the attributed data were included 5 
inputs (pH-Cu-furfural-PS-Time) and one output (the 
percentage of furfural removal). The applied ANN was 
back propagation (Fig. 1). This algorithm has many 
training and ability to rapidly attain convergence in the 
training process [30]. The training system is performed 
by means of making changes to the weights, due to 
approach the desired output to target. Fig. 1 indicates 
the architecture of artificial neural network back propa-
gation with hidden layers.

NZVC

pH

Persulfate

Furfural

Time

Bias

Input layer Output 
layer

Hidden 
layers

Fig. 1. Neural network architecture system.
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3. Results and discussion

3.1. Characterization of nZVC

The particle size and evolution of surface morphology 
of nZVC were analyzed using field emission scanning 
electron microscopy (FE-SEM), together with EDX analy-

sis (Figs. 2a and b). Copper nanoparticles had a mono-dis-
persed distribution of average particle. The sizes are found 
in the range of 15–23 nm [31]. According to Fig. 3, there 
are three diffraction sharp peaks at around 2θ = 42.51, 
50.56 and 74.20 which correspond to 1800, 4000, 1700 and 
1000, respectively due to nano-crystalline properties of 
Cu• [31,32]. Also, two small peaks exist at 36.61 and 61.64° 
which show that a portion of copper is degraded and 
changed into Cu2O, confirming face centered cubic (FCC) 
crystal formation [32]. The average crystalline size of Cu 
nanoparticles was calculated using Scherer’s equation 
[Eq. (9)] and found to be 15.36–23.28 nm [32]. The average 
crystalline size of Cu nanoparticles was in good agreement 
with those observed in FE-SEM images.

D = 0 9. / cosλ β θ �  (9)

where, D is the diameter of nanoparticles, λ is the X-ray 
wavelength and β is the full-width at half-maximum. 

Fourier transform infrared  spectroscopy (FTIR) 
detects  the absorption of radiation and the mutations 
and molecular vibrations couple of atomic ions [33]. This 
method is mainly used to identify organic compounds, 
because the spectra of these compounds are usually com-
plex and have a large number of maximum and minimum 
peaks that can be used for comparative purposes. FTIR 
spectra provided information about the nature of copper 
nanoparticle which are necessary to confirm the purity 
of copper [33]. Fig. 4 indicates the FTIR spectra of copper 
nanoparticles including bands at 635, 1069–1130, 1333–
1402, 1635, 3437 cm–1. These bands belong to Cu2O, NO3, 
C=O bond, H-O-H bending and O–H stretching, respec-
tively. This work agreed with Kayani et al. and Suresh et 
al. [32,33].

Fig. 2a. SEM pattern of copper nanoparticles.

Fig. 2b. EDX pattern of copper nanoparticles. Fig. 3. XRD pattern of copper nanoparticles.
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3.2. Cu nanoparticles activated PS process

3.2.1. Effect of initial pH

The solution pH generally has a significant role in deg-
radation of organic contaminants [34]. The influence of solu-
tion pH (3–11) on PS/CU• process was studied (Fig. 5a) at 
furfural concentration of 20 mg/L, PS concentration of 0.8 
mM and Cu• concentration of 0.02 g/L. Results indicated that 
furfural was rapidly degraded at pH = 3 and the lower pH 
values favored furfural degradation. Removal efficiencies of 
59.24, 44.21, 30.14 and 15.61% were observed at pH 5, 7, 9 and 
11, respectively. Similar results were reported by Peng et al. 
[19]. At pH 4 or higher, the absence of H+ prevented the Cu+ 
release and greatly reduced the removal efficiency. While, 
the presence of PS considerably enhanced the degradation 
of ZVC and Cu+ release, particularly in pH of < 4. This result 
agreed with Zhou et al. [35]. On the other hand, a decrease 
in removal was observed along with an increase in pH in the 
range of neutral and alkaline conditions. This result agreed 
with Wang et al. [36]. Chemical reaction of PS is strongly 
pH-dependent. In acidic conditions, furfural decomposition 
rate is facilitated and solution pH is an important factor for 
the activation of PS by nZVC [19]. When pH is over 5, the 
strong hydrolysis of copper in neutral and alkaline condi-
tions may prevent activation of PS [36]. In addition, it was 
supposed that H+ could simplify the decomposition of furfu-
ral with dissolving nZVC in acidic conditions [19]. Further-
more, OH– prevents the Cu+ in decomposition of CuOH to 
Cu2O and H2O via Eqs. (10) and (11).

Cu OH CuOH2+ −+ → � (10)

2 2 2CuOH Cu O H O→ + � (11)

3.2.2. Effect of PS concentration

PS, as a source of active species, is the main factor in 
the ZVC/PS process [37]. Results showed that the degrada-
tion of furfural increased with increasing PS concentration. 
The highest removal efficiency was observed at pH 3 and 
PS concentration 1.2 mM. According to Fig. 5b, when PS 
concentration was increased from 0.4 to 1.2 mM, the furfu-
ral degradation increased from 53.45 to 97.96%, due to the 
production of more sulfate radicals [38]. But, in compari-
son with furfural decomposition, when PS concentration 
was increased to above 1.2 mM, removal efficiency was 
decreased. Similar findings have been reported by Wang et 

al. [37]. When PS cocentration increased over an optimum 
level, sulfate radicals react with excess PS concentrations and 
produce 

• −SO4
2

 that is a scavenger of sulfate radicals and the 
removal efficiency was decreased according to Eq. (12).

S O SO S O SO2 8
2

4 2 8 4
2− • − − −+ → + � (12)

3.2.3. Effect of nZVC dosage

Fig. 5c indicates the effect of different nZVC dosages 
(0.01–0.05 g) on removal of furfural under the following 
experimental conditions: pH = 3, PS concentration: 1.2 mM 
and furfural concentration: 20 mg/L. The addition of nZVC 
enhanced the removal efficiencies of furfural to 58.28, 97.96, 
80.38, 85.63 and 79.3 % for nZVC dosages of 0.1, 0.2, 0.3, 
0.4 and 0.5 g/L, respectively. nZVC as a source of copper 
ion was applied for activation of PS, based on the following 
equations: [13–15]: [38]. 

2 25 4
2

2Cu HSO H Cu SO H O+ + → + +− + + − �  (13)

2 5 5Cu HSO Cu SO OH+ → + +− + • − − �  (14)

Cu HSO Cu SO H2
5 5

+ − + • − ++ → + + � (15)

According to Fig. 5C, with increasing nZVC dosage, the 
removal efficiency increased significantly. The results are 
in agreement with Ghanbari et al. [38]. An improvement 
in furfural degradation rate via increasing nZVC dosage is 
due to the enhancement of Cu+ generation resulting in pro-
duction of a large amount of reactive radicals [19]. But, fur-
ther enhancement in nZVC dosage over 0.2 g/L resulted in 
decreasing furfural removal [39,40]. Results indicated that 
at higher ZVC dosages, nZVC/PS process released more 
Cu+, much of it would be quenched by reactive radicals 
[Eqs. (16) and (17)] [35] and the removal efficiency has been 
decreased [Eqs. (16) and (17)].

Cu SO Cu SO+ − + • −+ → +4
2

4
2 � (16)

Cu OH Cu OH+ • + −+ → +2 � (17)

3.2.4. Effect of furfural concentration

According to Fig. 5d, when furfural concentration 
increased to 10, 20, 40, 60 and 80 mg/L, the removal rates 
decreased from 100 to 97.96, 79.78, 55.15 and 39.32% after 
60 min, respectively. Obviously, increasing the initial pollut-
ant concentration would decrease the possibility of reaction 
between the molecules and those of reactant species. The 
intermediate compounds generated during the reaction can 
develop by products and consume hydroxyl radicals and 
sulfate. This evidence can potentially cause a competition 
between main pollutants and intermediate metabolites 
while reacting with radicals [41,42].

3.2.5. Effect of chloride anion

To identify the effect of scavenging ions, several 
experiments were carried out in the presence of chloride 

Fig. 4. FTIR pattern of copper nanoparticles.
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ions (Cl−). Cl− is one of the scavenging ions affecting the 
accessibility of • −SO4  in process [43]. According to Fig. 5E, 
addition of Cl− (0.5 and 1 M) significantly prevented fur-
fural degradation in all investigated runs. Preventing the 
degradation of furfural can be explained by impeding 

• −SO4
2  production through addition of choloride ions. 

Actually, Cl− ions react with • −SO4
 to produce Cl• and free 

chlorine [Eq. (18)] which quickly mix with the other chlo-
ride ions and form dechloride radical anion (Cl2

•− )[Eqs.
(18)–(21)] [44].

 

 

 

Fig. 5. Effect of operational parameters on furfural removal using Cu nanoparticles activated persulfate process (A) Effect of initial 
pH (furfural: 20 mg/L, PS: 0.8 mM and nZVC = 0.02 g/L) (B) Effect of persulfate concentration (furfural: 20 mg/L, pH = 3 and nZVC 
= 0.02 g/L), (C) Effect of nZVC dosage (furfural: 20 mg/L, pH = 3 and PS = 1.2 mM/L), (D) Effect of furfural concentration (PS: 1.2 
mM, pH = 3 and nZVC = 0.02 g/L), (E) Effect of chloride ion (furfural: 20 mg/L, pH = 3, PS: 1.2 mM and nZVC = 0.02 g/L), (F) Effect 
of copper species (furfural: 20 mg/L, pH = 3, PS: 1.2 mM and nZVC = 0.02 g).
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• − − • • − − − • −+ → + = × = =• − −SO Cl Cl SO K M S E Cl Cl
SO Cl4 4

2 8 1 0

4
2 0 10 2 41

,
. / . VV � (18)

Cl Cl Cl SO K M S E Cl Cl
Cl Cl

• − • • − − − • −+ → + = − × = =• − −4
2 10 1 00 8 2 1 10 2

,
. . / .009C �(19)

• − • − − − − − • −+ → + = × = =Cl Cl Cl Cl K M S E Cl Cl V2 2 2
9 1 02 1 3 10 1 36. / . � (20)

Cl H O HOCl H Cl E HOCl Cl Vaq2 2
0 1 48( ) / .+ → + + = =+ − − � (21)

As can be seen from Fig. 5E, the existence of low concen-
trations of Cl− (1–2 mM) prevented furfural removal, while 
high concentrations of Cl− (3–4 mM) caused increasing deg-
radation rate [45]. Results of this study are in line with the 
dual effects of Cl− reported in the other studies [46]. Cl−, at 
low concentrations can react with sulfate radical, due to the 
remarkable reaction rate constant. But, only small amount of 
the corresponding Cl− can react with radicals and free chlo-
rine species might be generated at low Cl− concentrations 
[43]. Thus, Cl− played an important role as • −SO4  scavenger, 
which led to gradual degradation of furfural. The removal 
efficiency showed a slight increase with further increase in 
the reactive chlorinated radicals and free chlorine Cl– con-
centration [43]. The oxidation-reduction potential of Cl– 
radicals is less than sulfate radical and the chlorine species 
belong to moderate oxidationts, which participate in furfu-
ral oxidation. Wang et al. displayed that • −SO4  and PS can 
participate in reactions with Cl– that is in accordance with 
the findings of this study [43].

3.2.6. Effect of copper species on PS activation

Effect of copper species including Cu+, Cu2+ and nZVC 
on furfural removal rate were investigated under optimun 
levels (pH = 3, furfural concentration of 20 mg/L and PS of 
1.2 mM). According to Fig. 5f, the obtained removal rates for 
Cu+, Cu2+ and nZVC were 23.5, 63.21 and 97.96 %, respec-
tively. For nZVC, Cu+ has an important influence on acti-
vating PS, which is immediately converted to Cu2+ by either 
oxygen or the other oxidants in the solution [Eqs. (22)–(24)] 
[35]. This result agreed with Raut et al. [40].

2 Cu• + 2H+ → 2 Cu• + H2 � (22)

2 Cu• + S2O8
2− → 2 Cu+ + 2 SO4

2−� (23)

2 Cu• + HSO5
– → 2 Cu+ + SO4

2− +H+� (24)

Wen et al. reported that Cu+ is a critical factor in deg-
radation of nZVC and production of hydroxyl radicals in 
acidic conditions [47]. It can be proved that Cu+ is the most 
reactive copper species that generates hydroxyl and sulfate 
in the PS/nZVC process, according to Eqs. (25)–(27). In 
addition, nZVC produces reactive radicals through direct 
activation of PS, but acts as a barrier against furfural deg-
radation by chelating copper. The direct activation of PS by 
nZVC takes place slightly [47]. This result agreed with Peng 
et al. [19]. 

HSO M M SO OHn n
5

1
4

− + +( )+ • −+ → + + _ �  (25)

HSO M M SO OHn n
5

1
4
2− + +( )+ − •+ → + + �  (26)

HSO M M SO Hn n
5

1
5

− +( )+ + •− ++ → + + � (27)

3.2.7. Reaction mechanism

As mentioned above, the reactions of PS were probably 
activated by copper and sulfate free radicals in acidic condi-
tions, especially in pH 3, considering that a high level of cop-
per ions according to Eq. (28), and • −SO4  were formed [39]. 
While, when pH increased to 5, a decrease was happened in 
H+ and copper ions and then PS immediately reacted with 
copper to produce free sulfate radical, as shown in Eq. (29).

CuO H Cu H O+ → ++ +2 2
2 � (28)

CuO S O H Cu SO H O+ + → + +− + + • −
2 8

2 3
4
2

22 �  (29)

With increasing pH to 7, copper ion concentration 
became less than previous stage and the dominant reac-
tion of sulfate free radicals comes into Eq. (19). In alkaline 
conditions (pH = 11), the sulfate free radical prevailing by 
basis-activated and hydroxyl radicals was pravalent, based 
on Eqs. (30), (31).

S O H O SO SO O H2 8
2

2 4 4
2

22 3 4− • − − • − ++ → + + + �  (30)

• − − −+ → +SO OH SO OH4 4
2 �  (31)

It has been reported that • −SO4  is a dominant radical in 
acidic conditions. But, OH• is the most dominant radical at 
alkaline pH values [39,47]. In addition, the presence of sul-
fate free radical can affect exchange reaction to generate 
hydroxyl ions which have a higher oxidation potential than 
sulfate free radical ( • −SO4 ) as Eq. (3). However, both sulfate 
and hydroxide radicals are responsible for degradation of 
contaminant in PS/nZVC process. In order to understand 
which type of radical involves in the degradation process 
and the effect of radical scavengers, methyl alcoholor (MA) 
and tert butyl alcohol (TBA) were used [39,48]. It is observed 
that SO4

• , SO5

• , and ·OH could be generated for activation of 
PS by transition metals. Each of the three radicals are formed 
during PS/nZVC system. During the reaction, nZVC has an 
important pattern in PS inactivation, thereby production of 
activated radicals [39,49]. MA K M S( )= × − −8 105 1 1  is one of 
the most comon quenchers for both • −SO4  and •OH [47]. TBA 
is another quencher for •OH but not applicable for • −SO4 . 
Concurrently, SO5

• −  is relatively quiescent to MA and TBA 
with low rate. As a result, the total removal of furfural was 
obtained in 60 min in PS/nZVC process, but, decreased to 
4.5 % via addition of 3 mM MA, which rejected the share of 
SO5

• −  on furfural degradation. Also, 51.35 % of furfural was 
decomposed in PS/nZVC process via addition of 3 mM TBA. 
Therefore, it can be concluded that •OH and SO4

• −  were the 
main reactive radicals in PS/nZVC process. This parameter 
agreed with Peng et al. [19].

3.2.8. Mineralization

Intermediate compund can be generated by oxidation 
of furfural. Chemical oxygen demand (COD) and total 
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organic carbon (TOC) concentrations were determined as 
index of organics in reaction solution [38]. Fig. 6 shows the 
removal of organic material by measurement of COD and 
TOC at 60 min. COD and TOC removal rates were 75.56 
and 31.10%, respectively. Generally, COD [50] removal was 
significantly higher than the TOC removal which can be 
due to the oxidation molecules containing of furfural to sta-
ble organic materials which cannot reduce TOC value. This 
study agreed with Kang et al. [51]. The average oxidation 
state (AOS) is a concept which shows the mineralization 
rate of organic pollutant [Eq. (32)] [38,52].

AOS
TOC COD

TOC
=

−( )
� (32)

The range of AOS can be varied between + 4 and –4. 
AOS = 4 is means of the most oxidized form of carbon and 
it is belong to the carbon dioxide. AOS = –4 is ascribe to 
the methan which is the most reduced form of carbon [52]. 
Result showed AOS values for furfural after and before 
treatment are 2 and –0.32 respectively. Results showed that 
furfural is not easily mineralized to CO2 and H2O and the 
organic intermediate compounds were formed during the 
reaction.

3.2.9. Intermidates of furfural degradation 

Figs. 7a and b show the GC-MS analysis of furfural 
degradation (1 and 24 h). Generally, the organic pollutants 
are not degraded to CO2 and H2O completely, but organic 
intermediates are produced in many cases [38]. Results 
indicated that the main intermediates of furfural degrada-
tion were ferulic acid, 2-furfural, oxime-, methoxy-phenyl, 
and 2,2’-bifuran. Two dominant peaks related to 2-furalde-
hyde and 2,2’-bifuran were observed at reaction time of 24 
h. Results revealed that with increasing the reaction time, 
hazardous compounds were oxidized and converted into 
harmless compounds, which is in agreement with findings 
of Li et al. [51]. 

3.2.10. Catalyst reusability

To recognize the reusability potential of nZVC, the 
experiments were carried out in four continuous steps at the 
following operational conditions: initial furfural concentra-

tion = 20 mg/L, nZVC dosage = 0.02 g, initial pH = 3, PS 
= 1.2 mM and and reaction time = 60 min. After each step, 
the consumed zNVC was chemically regenerated by 0.1 M 
H2SO4 at 30 min. The removal efficiencies of furfural (%) at 
the first, second, third and fourth steps were 97, 60.87, 53.54 
and 49.71%, respectively. The obtained findings revealed 
that the loss in the furfural removal after three consecu-
tive cycles was nearly 21%, confirming that nZVC can be 
applied as a stable material via high recovery potential [53]. 
The reduction of furfural removal may be attributed to the 
protonation of nZVC surfaces after chemical recovery that 
caused positive charged surfaces of nZVC [53]. Moreover, 
the recycling runs may lead to the loss of nZVC thereby 
sedimentation of the nano particle surface by the interme-
diates of PS and nZVC. The results of atomic absorption 
spectrometry indicated that a negligible amount of nZVC 
was released into the solution during the reactions of fur-
fural removal (0.2 mg/L), which can be assumed non-haz-
ardous, consistent with the limited amount of 1 mg/L [54]. 
This result was authenticated by findings of SEM and EDX 
analyses.

3.2.11. Kinetic study

Fig. 8 indicates the kinetic studies of furfural degrada-
tion in nZVC/PS process. Chemical kinetics were applied 

Fig. 6. COD & TOC removal in selected conditions (furfural: 20 
mg/L, PS: 1.2 mM, pH = 3, mM and nZVC = 0.02 g).

A
bu

nd
an

ce

Intermediate  Chemical 
formula 

Area (%) 

Ferulic acid  C10H10O4 5.98

2-Furfural C5H4O2 11.96

Oxime-, methoxy-phenyl

 

C8H9NO2 5.05

2,2'-Bifuran C8H14O2 18.86

(A)

Intermediate  Chemical 
formula 

Area (%) 

2-Furaldehyde C5H4O2 22.61

2,2'-Bifuran C10H32O6Si6

 

40.05

Cyclohexasiloxane C14H42O7Si7

 

2.98

(B)

Fig. 7. GC-MS chromatogram of intermediates of furfural degra-
dation after (A) 1 h, (furfural: 20 mg/L, PS: 1.2 mM, pH = 3, mM 
and nZVC = 0.02 g), (B) 24 h, (furfural: 20 mg/L, PS: 1.2 mM, pH 
= 3, mM and nZVC = 0.02 g).
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to study the chemical reaction rate. Based on the obtained 
results of reaction kinetics under optimum conditions (ini-
tial furfural concentration: 20 mg/L, PS: 1.2 mM, pH = 3 
and nZVC dosage = 0.02 g), the furfural removal follows 
first-order kinetics model. For zero-order kinetics model, 
the half-life is independent of the initial concentrations of 
reactants, while for first and second-order reactions, half-life 
was different with initial concentrations [55]. The nZVC/
PS consumption data were proportionate to a first-order 
kinetic model [Eq. (33)]:

−
= ⋅

dc
dt

k Cc �  (33)

Higher nZVC concentration favors the passivation 
phenomena of PS and consequently, reduces the furfural 
decomposition rate. In these reaction orders, increasing 
concentration of oxidizing agent increased the reaction 
rate [56]. In addition, the kinetic energy of materials was 
increased with increasing PS, temperature and thus it can 
increase the reaction rate as well. 

3.2.12. Artificial neural network modeling

ANNs are the straight visions of the biology of human 
brain. Hence, a computation neural network includes a 
simple unit called neuron. Each network consists of node 
that indicates an artificial neuron and is connected with the 
other neurons to form a network in which an arrow shows 
a link between output and input neurons. Therefore, a cal-
culational neural network is defined by multiple layers, and 
nodes of each layer transfer function. We applied 3-layered 
feed-forward multi layer percepteron (5:7:1) for modeling 
AOP treatment of furfural by PS/nZVC (Fig. 1). In order to 
characterize the optimum number of hidden nodes, a series 
of topologies was tested where the number of nodes was 
changed [24]. Each topology was reiterated 7 times, due to 
the random initialization of the weights to avoid random 
correlation. The mean square error (MSE) was applied as an 
error function. 

MSE
Y Y

N
i pred ii

i N

=
−

=

=∑ ( ), ,exp1

2

�  (34)

where N is the number of data point, Yi,pred is the network 
prediction, Yi,exp is the experimental response and i is an 

index of data. A trial and error system was done to find 
the suitable number of neurons in a hidden layer, in terms 
of MSE reduction. According to Fig. 10, the mean square 
belongs to 5 neurons. In this study, the tan-sigmoid and 
linear transfer function were applied for transfer function 
in hidden and output layers. Tan-sigmoid is defined by Eq. 
(35) as follows:

F x x( )
exp( )=

+ −

1
1

�  (35)

where, f(x) is the hidden neuron output. The range of effec-
tive factors determined in previous section is listed in Fig.1 
[24]. The data used in this study were divided into three 
sets including 180 samples for training, 56 samples for val-
idation and 56 samples for test [23]. The validation and test 
sets as a scale of the validation and modelling power of 
the network were chosen from the experimental data. All 
samples were normalized in the range of 0–1. Therefore, all 
normalized data sets (Zi) (from the training, validation and 
test sets) were graduated to a novel value Xi by Eq. (36) [24].

Z
X X

X Xi
i=
−
−

min

max min

�  (36)

In order to predict modeling errors, all outputs were 
accomplished in a reverse range scaling to return the fore-
cast responses to their original scale and compare them 
with experimental responses (Fig. 10a) [23]. Fig. 10b indi-
cates a comparison between the predicted and experimental 
values of the output variables with neural network model. 
We applied two lines to indicate the accuracy of prediction. 
One of them is the complete fit on which all the data of a 
desired model should lie. Another one is the excellent fits 
the data of the scatter plot via equation y = ax + b and it 
is acquired via regression analysis, according to the mini-
mization of the squared errors [23,24]. Coefficient of deter-
mination (R2) is 0.98. The weight matrix of trained neural 
network was applied to find the relative importance of the 
various input variables on the output variables using the 
following equation:
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Fig. 8. Kinetic studies of furfural degradation (furfural: 20 
mg/L, PS: 1.2 mM, pH = 3, mM and nZVC = 0.02 g).

Fig. 9. Effect of the number of neurons in the hidden layer on the 
performance of neural network.
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(a)

(b)

Fig. 10. Comparison between the experimental and obtained data from neural network modeling for the train sets. (b) validation sets.
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where Ij is the relative importance of the jth input variable on 
the output variable, Ni and Nh are the numbers of input and 
hidden neurons, respectively. Ws are connection weights, 
the superscript i, h and o refer to input, hidden and output 
layers, respectively, and subscript k, m and n refer to input, 
hidden and output neurons, respectively [23]. The relative 
importance of various variables as, computed by Eq. (37), 
is shown in Fig. 1. Therefore, all the input parameters have 
significant influence on the removal of furfural.

4. Conclusions

This work studied furfural removal from aqueous solu-
tion using nZVC particles. The degradation efficiency of 
furfural increased with increasing PS and nZVC concen-
trations. Maximum furfural removal was obtained at pH 
= 3 and PS = 1.2 mM. The findings of SEM revealed that 
the size of synthesized nanoparticles via chemical reac-
tion approach was 25 nm. The AOP degradation efficiency 
was dependent on initial solution pH, reaction time, and 
furfural concentration. PS/nZVC degradation of furfural 
was performed and the intermediate compounds were rec-
ognized with FT-IR and GC-Mass techniques. In addition, 
results revealed that nZVC can increase the efficiency of 
the combination of PS with the other processes. Chemical 
degradation of furfural and intermediate compounds were 
distinguished using GC-MS technique and included feru-
lic acid, 2-furfural, oxime-, methoxy-phenyl, 2,2’-bifuran 

and cyclohexasiloxan. According to the obtained results, a 
three-layered neural network via 7 neurons in the hidden 
layer was successfully applied for prediction of furfural 
removal efficiency using PS/nZVC process as a novel form 
of AOPs.
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