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KEYWORDS Abstract Furfural is a toxic compound with an LD50 of 65 mg/kg that is produced in many indus-
Synthesized MgONPs; tries, such as paper industries, petrochemical industries, and oil refineries. This compound exists in
Photocatalytic Process; various concentrations in these industries and is released into the environment. Therefore, removing
Furfural; this contaminant from the wastewater of production units is among the environmental priorities of
Response surface methodol- every company. This study investigated the optimization of photocatalytic removal of furfural using
ogy (RSM) synthesized magnesium oxide nanoparticles (MgONPs) by the response surface method (RSM). In

this study, MgONPs were prepared by the direct precipitation method, and the characteristics of the
nanoparticles (NPs) were examined using XRD and SEM analyses. The effect of various operating
parameters, including pH (3, 7, and 11), contact time (15, 90, and 165 min), initial concentration of
furfural (25, 150, and 275 mg/L), dose of NPs (125, 687.5, and 1250 mg/L), and UV radiation inten-
sity (8, 15, and 30 pW/cm?) on furfural removal was explored. Furfural concentration was measured
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using a spectrophotometer at a wavelength of 277 nm. The number of samples was determined by
the CCD method. Data were analyzed using MINITAB 16 software. The optimal removal condi-
tions based on variance analysis and appropriate model were obtained at a pH of 6, NP dose of 1 g/
L, initial concentration of 250 mg/L, reaction time of 160 min, and UV radiation intensity of
30 pW/m> Under these conditions, the removal efficiencies for both furfural and COD were
99.97%. The results of the analysis of the synthesized MgONPs also showed that the direct precip-
itation method is a fast and low-cost method for the synthesis of MgONPs. Results showed that the
photocatalytic process in the presence of synthesized MgONPs is highly efficient in removing fur-

fural from aqueous media.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The oil and petrochemical industries are fundamental industries pro-
viding numerous benefits, such as employment opportunities and con-
tributing to development. However, they are also among the largest
sources of pollution, releasing various chemical compounds into the
environment and contaminating it (Leili et al., 2012, Almasi et al.,
2019, Ghanbari et al., 2022). One such contaminant is furfural
(CsH40,), a colorless, oily liquid with a pungent, and aromatic odor
that is produced or used in many industries such as petrochemicals,
pharmaceuticals, oil refineries, food, and paper industries (Shu
2006), (Singh et al., 2009, Pourali et al., 2022). Furfural can have seri-
ous health effects when inhaled or swallowed and can cause long-term
health problems such as weakness, skin rashes, tumors, enlargement of
the liver, and nosebleeds (Nezamzadeh-Ejhieh and Moeinirad 2011).

To protect aquatic habitats and non-aquatic life from the harmful
effects of furfural, it is necessary to remove this substance before
releasing it into the environment. Traditional methods for removing
contaminants, such as clarification separation, often require a lot of
energy and do not remove the contaminant to an appropriate extent
(Ghosh et al., 2010). Biological purification is also costly, time-
consuming, and not very useful on a large scale. Therefore, researchers
have developed new methods, such as photocatalysis, which is a low-
cost and highly efficient method for removing hazardous organic com-
pounds (Mano et al., 2015).

Advanced oxidation processes based on the production of hydroxyl
radicals (OH) have a variety of advantages, including high efficiency
and the absence of secondary pollution (Bhatkhande et al., 2003).
Among these methods, photocatalytic processes using nanoparticles
have shown promising results. When exposed to ultraviolet radiation,
photons with energy equal to or greater than the gap energy cause elec-
trons to be excited from the valence band to the conduction band, cre-
ating electron vacancies (h + ) in the valence band. These NPs have a
high specific surface area, which makes them suitable for absorbing
various organic compounds. Among them, magnesium oxide nanopar-
ticle (MgONP) is a basic oxide with salient features including low cost,
non-volatility, non-toxicity, high availability, stable reuse, and high
reactivity (Umar and Aziz 2013) (Katsoni et al., 2011, Rauf et al.,
2011, Tajbakhsh et al., 2014).

Various methods can be used to produce NPs, such as sol-gel,
hydrothermal, homogenization, and mechanical methods. The direct
precipitation method is more suitable than other common methods
thanks to its low cost and the possibility of controlling the size of
NPs (El Ghandoor et al., 2012, Seidmohammadi et al., 2021). The fea-
tures of NPs depend on their production and construction method and
can be measured and identified by various methods and devices such as
scanning electron microscopy (SEM), transmission electron micro-
scopy (TEM), x-ray diffraction (XRD), and isotherm (BET) (Seid-
Mohammadi et al., 2020, Dargahi et al., 2022a, Dargahi et al., 2022b).

Previous studies have investigated the removal of furfural using
photocatalytic processes and RSM. Researchers have suggested that
the adsorption process can be effective in removing furfural (Zeitsch
2000, Nezamzadeh-Ejhieh and Moeinirad 2011). Other studies have
analyzed the metabolic conversion of furfural into furfural alcohol
under anaerobic conditions through the use of microorganisms
(Belay et al., 1997). Additionally, researchers have been able to decom-
pose furfural through biotransformation using yeast cells covalently
attached to cellulose granules (Ivanova and Yotova 1993). Zazouli
et al. (2013) investigated the ability of TiO2/sun and TiO,/UV to
remove furfural using the RSM; mentioned systems were able to
remove furfural with an efficiency of 45% and 85%, respectively
(Zazouli et al., 2013).

The present study aims to evaluate the feasibility of optimizing the
photocatalytic removal of furfural using synthesized MgONPs in
aquatic media through the statistical RSM method.

2. Materials and methods

This is an experimental, applied, and laboratory-scale study
conducted in a semi-continuous reactor. Samples were pre-
pared in the laboratory using furfural and double-distilled
water. All the chemicals used in the study were highly pure
chemicals manufactured by Merck Company. A laboratory-
made reactor made of plexiglass with a primary chamber (a
useful volume of 2 L) and a secondary chamber (a useful vol-
ume of 3 L) was used (Fig. 1). To reduce the temperature
caused by UV lamp radiation, water continuously flowed into

Table 1 Variables selected in three levels for the photocatalytic process of furfural removal.
Independent variables Symbol Unit of measurement level

-1 0 +1
pH X1 - 3 7 11
The amount of nanoparticles X2 mg/L 125 687.5 1250
Initial concentration of furfural X3 mg/L 25 150 275
contact time X4 minutes 15 90 165
radiation intensity X5 pw/cm? 8 15 30
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the chamber. Also, the reactor was covered with an aluminum
cover to prevent the reflection of ultraviolet rays coming out of
the reactor and to increase the efficiency of furfural decompo-
sition. At each stage, 250 ml of samples containing concentra-
tions of 25, 150, and 275 mg/L of furfural was used under UV
radiation with a radiation power of 8, 15, and 30 pW/m?>. Since
the flow in the reactor was discontinuous, a magnet at the end
of the reactor was utilized to homogenize the effluent and mix
the NPs with the effluent. Before conducting the experiments,
we used sulfuric acid and sodium hydroxide to adjust the dif-
ferent pH values of the samples. Based on the model and pre-
vious studies, we selected the parameters as follows: the
amount of NPs (125, 687.5, and 1250 mg/L), reaction time
(15, 90, and 165 min), pH values (3, 7, and 11), initial concen-
tration of furfural (25, 150, and 275 mg/L) and radiation inten-
sity (8, 15, and 30 pw/cm?) (See Table 1). MgONPs were
synthesized by the chemical precipitation method. They under-
went characterization tests. The adsorption of furfural was
measured at the wavelength of 277 nm using a
spectrophotometer.

2.1. Synthesis of NPs

Fig. 2 shows the steps of MgONPs synthesis. MgONPs are
synthesized in two steps. Various processes such as mixing,
stirring, filtering, drying, and grinding were conducted. Ini-
tially, 5.13 g of Mg (Nos), 6H,O was poured into a beaker
to make a 0.2 M solution in distilled water. Then, we dissolved
2.041 g (0.5 M) of NaOH in 100 ml of distilled water. Stirring
the magnesium nitrate solution using a magnetic stirrer was
kept for half an hour. Subsequently, dropwise addition of
0.5 M sodium hydroxide solution was done to the prepared
magnesium nitrate solution (MgNo3-6H,O) (while stirring it
continuously). After 30 min, a milky white precipitate of mag-
nesium hydroxide appeared in the glass. The pH of the solu-
tion was 12.5 (it was measured by pH paper). We filtered the
precipitate using a filter paper and washed it with methanol
three to four times to remove the ionic impurities. We then
dried it in the air. After drying, the white powder sample
was annealed in air for two hours at a temperature of 300 to
500 °C. We crushed the dried powder using a mortar and con-
verted it into a very fine powder (Cushing et al., 2004, Cui
et al., 2009).
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Fig. 2 Synthesis steps of MgONPs by co-precipitation method.

The chemical reaction that occurred during the synthesis as
well as the block diagram of the entire process are shown
below:

Mg (NO;),-6H20 + NaOH — Mg (OH),

1
+ 6NaNO; + H,O )

AMg (OH), — MgO + H20 ()

The SSA of NPs is a factor influencing the physical and
chemical properties. After the end of each process, the sample

Lamp Holder -
uvLamp ‘—th‘
Pyrex Glass . -
Magnet

Fig. 1

Magnetic Stirrer

Schematic of the reactor used in the photocatalytic process.
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was placed in a centrifuge for 10 min at a speed of 3000 rpm to
make the NPs settle and separate them.

2.2. Sample design and data analysis

At first, we estimated the number of samples through the Cen-
tral Composite Design (CCD) model to evaluate the effect of
independent variables on the performance of the response
and predict the best response value. The independent variables
in this study were pH (X1), the amount of NPs (X2), initial
concentration of furfural (X3), contact time (X4), and intensity
of UV radiation (X5); we designed a total of 64 runs in 3 levels
with 12 central repetition points (to estimate the error percent-
age of the sum of squares) using MINITAB 16 software. In
this statistical model, the experiments were conducted com-
pletely randomly and based on statistical principles. R-Sq
and R-Sqagjusted coefficients were utilized to determine the
quality of the polynomial model, and analysis of variance
(ANOVA) was our desired statistical method to analyze the
responses. Three-dimensional plots were designed to better
understand the effects of the variables. P < 0.05 was consid-
ered as the significance level. The reason for using this statisti-

25 KV 2.00 KX 10 um

25 KV 10.0 KX

25 KV  8.00 KX 10 um

KYKY-EM3900M SN:0678

KYKY-EM3900M SN:0683

cal model is the high cost of NPs, reducing the sample volume
and presenting the final linear equation.

3. Results and discussion

3.1. The synthesis of MgONPs

After the synthesis of MgONPs, we used the X-ray diffraction
spectrum to analyze the synthesized NPs, examine the crystal
structure of the particles, determine the phase, and evaluate
the size of the synthesized MgONPs. Also, scanning electron
microscopy (SEM) analysis was utilized to determine the mor-
phology of the NPs. Fig. 3 shows the SEM images of MgONPs
calcined at 400 °C. Fig. 4 shows the XRD analysis of the sam-
ple of the synthesized MgONPs.

3.2. Model optimization and statistical analysis

Based on the recorded initial amounts of furfural in the sam-
ples and the calculation of the remaining furfural, calculating
the removal efficiency of furfural was done at each RUN of
the experiment, the results of which are given in Table 2.

25 KV 10.0 KX KYKY-EM3900M SN:0684

25 KV 8.00KX 10um

KYKY-EM3900M SN:0682

Fig. 3 SEM analysis of synthesized MgONPs.
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Fig. 4 XRD analysis of synthesized MgONPs.

Based on the analysis of the variance of the test data pre-
sented in Table 3 (ANOVA), the model has a statistically sig-
nificant relationship for the photocatalytic process of furfural
removal with linear and cubic conditions.

3.3. Calculation of linear equations designed by software

Performing a multivariate regression analysis of the test data
was considered to estimate the regression coefficients. The final
model was obtained according to the linear equation of
Table 4, which shows the empirical relationship between the
tested variables and the coded removal efficiency. In these
equations, X1, X2, X3, X4, and X5 represent the pH, NP dose,
furfural initial concentration, reaction time, and UV radiation
intensity, respectively. The difference in values is significant
when 5% of the levels are significant.

Y = Ag+ A X AKXy 4+ AsXs + AgXy + AsX5 A(X)’
-A7(X2)2—A8 (X3)2 + Ag(X4)2 + Alo(Xs)2 +An

XiXo ApXi X ApXi Xe-AuX Xs + AsXoXs

+ A1 Xo Xy + A XoXs+15X3X4 + Ao X;Xs

3.4. Validation of the response surface model

Fig. 5 depicts the distribution plot of test data against the pre-
dicted values of furfural removal by the model, which indicates
the acceptability of the model.

Figures a and b depict the normality of the residuals. In
Figure a, the bisection line of the first quadrant is the expected
values of the normal distribution of the residual points. The
closer these points are to the line, the greater normality of
the residuals. In Graph a, no deviation could be detected in
normality of the residuals. Figure b, which is the histogram
of the residuals, also shows the same thing.

Figure ¢ shows the distribution diagram of the residuals
against the given values to examine the assumption of constant
variance of the residuals. This assumption is accepted if no
particular trend is seen in this diagram. No particular trend
indicating a change in the variance was observed, so we accept
constancy of the variance.

Figure d shows the distribution of residuals based on the
time order of data collection to check for independence
between residuals. If no particular trend, such as sinusoidal
nature of this graph, is observed, this assumption is accepted.
In this graph, we noticed no particular trend to reject the
assumption of the independence of the residuals.

According to the results, the normal probability and the
residuals outside the model design satisfactorily cover the data
of the ANOVA table. The residual values showed the normal
distribution of the applied variables near the mean values, so
the model can be used to predict the efficiency values of fur-
fural removal by the photocatalytic process. The above graphs
showed the agreement between the experimental and predicted
values.

As depicted by Fig. 6, the highest removal efficiency is
obtained in the middle range of NPs, after which the efficiency
decreases after applying an increase in the amount of NPs.
Also, the removal efficiency increased in the neutral pH value
compared to the acidic and alkaline states. The simultaneous
increase in the values of NP and pH had a positive effect on
removal efficiency, and the maximum efficiency of furfural
removal was about 81%.

As shown in Fig. 7, the efficiency has increased in the med-
ium amount of NPs and increased intensity of UV radiation.
However, it has decreased after increasing NPs from medium
to high, although the intensity of UV radiation has increased.

As seen in Fig. 8, the removal efficiency of about 84% has
been obtained in medium pH values with the application of the
maximum intensity of UV radiation. The pH variable has had



E. Bazrafshan et al.

Table 2 Results of variance analysis of the data tested at different levels for furfural removal.

RUN radiation contact time Initial concentration of The amount of pH Experimental Predicted
intensity (min) furfural nanoparticles efficiency efficiency
(uw/cm?) (mg/L) (mg) (%) (%)

1 1 -1 1 1 —1 84.100 83.6388

2 0 0 0 0 0 81.600 81.4992

3 -1 1 -1 -1 -1  59.500 59.4545

4 —1 -1 -1 -1 1 57.200 57.1689

5 -1 1 -1 -1 -1 59.400 59.4545

6 0 1 0 0 0 89.500 89.1930

7 -1 0 0 0 0 78.893 78.7291

8 1 -1 1 1 —1 83.200 83.6388

9 0 0 0 0 0 81.500 81.4992

10 0 0 0 0 -1 73.210 73.2191

11 0 0 0 0 0 81.400 81.4992

12 -1 -1 -1 -1 1 57.100 57.1689

13 0 1 0 0 0 89.200 89.1930

14 0 0 1 0 0 92.100 92.1996

15 1 1 -1 1 -1 62.770 63.0491

16 1 0 0 0 0 85.100 85.0097

17 0 0 0 0 -1 73.174 73.2191

18 0 0 0 0 1 77.049 76.7342

19 0 0 —1 0 0 66.070 65.7193

20 -1 1 1 -1 1 86.020 85.9851

21 0 0 0 0 0 81.300 81.4992

22 -1 1 1 1 —1 84.400 84.3579

23 0 0 0 0 0 81.200 81.4992

24 -1 -1 -1 1 —1 48.052 47.9777

25 -1 -1 1 -1 -1 78.020 77.9391

26 0 0 0 0 0 81.020 81.4992

27 0 0 -1 0 0 66.033 65.7193

28 1 -1 1 -1 1 85.330 85.2209

29 1 -1 -1 -1 —1 58.050 58.0603

30 0 0 1 0 0 92.010 92.1996

31 1 -1 -1 1 1 60.693 60.9751

32 1 1 1 -1 -1 93.713 93.6480

33 1 1 -1 -1 1 65.600 65.4313

34 1 1 1 1 1 97.200 97.2848

35 0 -1 0 0 0 81.716 81.3999

36 1 0 0 0 0 85.080 85.0097

37 0 -1 0 0 0 81.145 81.3999

38 0 0 0 -1 0 77.400 77.7585

39 0 0 0 0 0 81.650 81.4992

40 0 0 0 1 0 78.100 77.5779

41 0 0 0 0 0 81.500 81.4992

42 1 1 -1 1 -1 63.200 63.0491

43 1 -1 -1 -1 —1 58.100 58.0603

44 -1 -1 1 -1 -1 78.000 77.9391

45 0 0 0 0 0 81.350 81.4992

46 0 0 0 0 1 76.849 76.7342

47 -1 1 -1 1 1 64.100 64.1478

48 1 1 1 -1 -1 93.700 93.6480

49 -1 1 1 -1 1 86.000 85.9851

50 0 0 0 0 0 81.200 81.4992

51 0 0 0 -1 0 77.800 77.7585

52 -1 0 0 0 0 78.780 78.7291

53 -1 -1 1 1 1 80.000 80.0324

54 0 0 0 0 0 81.000 81.4992

55 0 0 0 1 0 77.748 77.5779

56 1 1 1 1 1 97.300 97.2848

57 0 0 0 0 0 81.770 81.4992

58 1 1 -1 -1 1 65.200 65.4313

59 1 -1 1 -1 1 85.200 85.2209

60 -1 1 —1 1 1 64.000 64.1478

61 -1 1 1 1 —1 84.300 84.3579
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Table 2 (continued)

RUN radiation contact time Initial concentration of The amount of pH Experimental Predicted
intensity (min) furfural nanoparticles efficiency efficiency
(pw/ecm?) (mg/L) (mg) (%) (%)

62 -1 —1 —1 1 —1  47.800 47.9777

63 1 -1 -1 1 1 61.100 60.9751

64 -1 —1 1 1 1 80.020 80.0324

Table 3 Regression coefficients of surface response model for photocatalytic furfural removal percentage.

Source Degree of freedom (DF) Ss M Seq”™” Adj ss Adj MS F

Pl

regression 20 25.8645 25.8645 26.432 84.675 0.000

linear 5 96.7323 96.7323 79.146 90.228 0.000

square or square 5 59.1207 59.1207 52.241 20.377 0.000

Interaction 10 70.113 70.113 37.11 63.177 0.000

Pure error 37 76.1 76.1 0.05 0.000

Total 63 10.864 0.000

e Ss = Sum of squares.

e M Seq = Mean squares.

Table 4 Regression coefficients of surface response model for photocatalytic removal of furfural.

Coefficient Estimation coefficient T The significance level

Fixed coefficient Ao 18.4992 1594.035 0.000
X1 Ay 1.7575 14.68 0.000
X> A, —0.0903 2.141 0.000
X3 Aj 31.2401 29.407 0.038
Xy Ay 3.8966 29.407 0.000
Xs As 3.1403 47.472 0.000
X3 Ag —6.5226 75.192 0.000
X3 A; —3.8311 -33.592 0.000
X3 Ag —2.5398 -22.27 0.000
X3 Ay 3.7972 33.295 0.000
X3 Al 0.03702 3.246 0.002
X X2 A 1.1695 62.148 0.000
X X3 Al —0.6401 —14.312 0.000
X Xy Als —0.2151 —4.81 0.000
X X5 Ajg —0.4431 —9.906 0.000
X 12Xy Ajs 0.4054 9.064 0.000
X X5 Ay 0.4137 9.249 0.000
X X 4 Ajg 0.409 9.145 0.000
X 3Xs Al 0.7944 17.763 0.000
X 4Xs Az 0.0432 0.966 0.34

oS = 0.253006 R-Sq = 99.97 R-Sq(adj) = 99.95.

a greater effect on the removal efficiency than the radiation
intensity. For this reason, the removal efficiency has decreased
by an increase in the pH value despite the maximum intensity
of radiation.

3.5. Characterization of MgONPs

According to Fig. 4, which depicts the XRD analysis of the
synthesized MgONPs, there are peaks in the range of 37, 43,
62, 74, and 78° (in terms of o) in the spectrum.

According to Fig. 3, which shows the SEM images of
MgONPs, the surface morphology and size of nanocatalysts

were examined using this technique. As seen in the Figure,
these nanoparticles are well distributed with a spherical
appearance and a diameter of 64 nm.

3.6. Effect of pH changes on the performance of MgONPs

In this statistical method, all the variables were examined
simultaneously and in combination. Therefore, among the
software-designed tests, we compared those in which all the
variables were constant, except for pH value, to examine the
effect of pH on them.
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According to Table 2, in tests 18, 17, 10, 4, and 46, all the
variables were the same, except for pH. In tests 10 and 17, the
pH value was 3, in which case the removal efficiencies were
reported to be 73.21% and 73.176%, respectively. In tests, 2,
9, and 11, where all variables were considered constant, the
pH value was 7, and the removal efficiencies were reported
to be 81.6%, 81.5%, and 81.4%, respectively.

Tests 4, 18, and 46 with a pH of 11 had removal efficiencies
of 57.2%, 77.029%, and 76.84%, respectively. As seen, the effi-
ciency increases as a result of an increase in the pH level until
neutral, then it decreases by an increase in the alkalinity. This
statistical method had the ability to analyze the effects of vari-
ables in linear, quadratic, and interferential forms. In all exper-
iments, linear, quadratic (pH x pH), and interferential (effect
of pH x NP dose, time, initial concentration of furfural, and
intensity of UV radiation) forms were all significant, meaning
that they influenced the removal efficiency.

This finding is consistent with the results of Lee et al.on the
removal of humic acid in the presence of chromium through
the photocatalytic decomposition of titanium dioxide
nanoparticles (Yang and Lee 2006) and Bazarafshan et al.s
study on the photocatalytic removal of aniline through the
use of MgONPs(Bazrafshan et al., 2016a). These studies
showed that the pH of the medium is effective on the oxidation
rates of photocatalytic decomposition, and it depends on the
type of contaminant, the point of zero charge of the catalyst
(pHzpc), the surface of the catalyst, the ionization conditions,
and the pKa value (and in fact the electrostatic interaction
between the catalyst surface and the contaminant) (Dehghani

and Fadaei 2015). The results of the studies indicated that
the reason for the decreased efficiency in alkaline media is that
high pH provides the opportunity for the formation of carbon-
ate ions, which is an effective scavenger of OH- ions and can
reduce the decomposition rate (Hasani et al., 2021). Consider-
ing available reports, the pH of the solution becomes alkaline
after adding MgONPs to it (Sasaki et al., 2011, Kermani et al.,
2013), and the pH of the medium becomes excessively alkaline
when the pH is adjusted in alkaline conditions. In these condi-
tions, magnesium oxides react with water molecules and
decompose (The following equation). As a result, magnesium
oxide loses its properties at very high pH levels, in which case
furfural removal efficiency decreases.

MgO + H,0 = Mg** + 20H" (4)

Moreover, in the photocatalytic decomposition process, an
electron pair is formed when NPs semiconductor is exposed to
photons with an energy equal to or greater than the energy of
the empty cavity. At neutral pH, the released electrons have
the ability to react with the oxygen atom as an electron accep-
tor, and the oxygen atom is converted from O, to O3 (Dianati
Tilaki et al., 2015). The produced O and OH® react with fur-
fural and cause its decomposition.

3.7. Effect of changes in NP dose on furfural removal

To observe the effect of MgONP dose on furfural removal, as
Table 2 shows, we analyzed tests 38, 40, 51, and 55, where all
the variables were the same, except for the NP dose. The
MgONP dose variable was significant in linear, quadratic, and
interferential forms, indicating that it had an effect on the
removal efficiency. In tests 38 and 51, NPs of 125 mg/L yielded
the removal efficiencies of 77.4% and 77.8%, respectively. In
tests 40 and 55, the amount of MgONPs was 1250 mg/L, result-
ing in removal efficiencies of 78.1% and 77.74%, respectively. In
tests 2, 9, and 11, where all variables were considered constant,
the NP dose was 687.5 mg/L, and the removal efficiencies were
81.6%, 81.5%, and 81.4%%, respectively. It indicates an
increase in MgONPs increases the rate of furfural removal.
However, according to tests 40 and 55, if the amount of NP
exceeds a certain limit, it no longer affects the removal of fur-
fural, but the decrease in efficiency is removed. The reason for
this is the aggregation or the accumulation of particles, which
reduces the contact surface. In addition, as a result of an increase
in the contact surface, the number of NPs that receive radiation
decreases, which leads to diminishing removal efficiency. Stud-
ies have shown that an increase in the amount of MgO causes
more production of hydroxide radicals because of the increase
in the number of active sites and the increase in the production
of free electrons in the conductive band. As a result, the contam-
inant removal percentage increases (Abramovic et al., 2013).
This finding is in line with the result of Zazouli et al.s study enti-
tled Effect of Sunlight and Ultraviolet Radiation in the Tita-
nium Dioxide (TiO,) Nanoparticles for Removal of Furfural
from Water (Zazouli et al., 2013).

3.8. Effect of changes in furfural concentration on the
performance of MgONPs

According to Table 2, in tests 14, 19, 27, 30, and 44, all the
variables were the same, except for furfural concentration.
The furfural concentration variable was significant in linear,
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quadratic, and interferential forms, indicating that it had an
effect on the removal efficiency. In tests 19 and 27, where the
concentration of furfural was 25 mg/L, the removal efficiency
rates were reported to be 66.07% and 66.03%, respectively.
However, tests 14 and 30 with furfural concentration of
275 mg resulted in removal efficiencies of 92.1% and
92.01%, respectively. In tests 2, 9, and 11, where all the vari-
ables were considered constant, the initial concentration of fur-
fural was 150 mg/L, and the removal efficiencies were 81.6%,
81.5%, and 81.4%, respectively. According to the results of the
tests, it is concluded that an increase in the initial concentra-
tion of furfural leads to an increase in removal efficiency.
The reason for that can be the greater access of the adsorbent
to the adsorbate, which can easily be in contact with each other
(Tewari et al., 2005).

Bazarafshan et al. also showed an increase in the removal
efficiency of cadmium from aqueous solutions by an increase
in cadmium concentration. An increase in cadmium dose from
25 to 150 mg/L led to an increase in the removal efficiency
from 68% to 79% (Bazrafshan et al., 2016b). The study by
Das and Ghuha on the removal of trivalent chromium using
biomass also demonstrated similar results (Das and Guha
2007).

3.9. Effect of UV radiation intensity changes on furfural removal

The radiation intensity is another factor affecting furfural
removal efficiency. The radiation intensity variable was signif-
icant in linear, quadratic, and interferential forms (except for
interference with reaction time, which was insignificant and
did not affect the removal efficiency), that is, it had an effect
on the removal efficiency.

In tests 7, 16, 36, and 52, all the variables, except for the
intensity of UV radiation, were considered constant. In tests
7 and 52, the UV radiation intensity was 8 pw/cm?, in which
case the removal efficiencies were reported to be 78.893%
and 78.78%, respectively. The UV radiation intensity value
was 30 pw/cm? in tests 16 and 36; for these tests, the removal
efficiencies were reported to be 85.08% and 85.1%, respec-
tively. Also, according to tests 2, 9, and 11, where all the vari-
ables were considered constant, the intensity of UV radiation
was 15 pw/em?, and the removal efficiency was 81.6%,

Table 5 A comparison of the results of optimization values of
furfural removal with those obtained by the test.

parameter Optimal Furfural removal

values efficiency%
experiments Predicted

pH 6 97.99 99.99

The amount of 1 g/l

nanoparticles

Initial concentration of 250 mg/L

furfural

contact time 160 min

radiation intensity 30 pw/cm2

Table 6 List of abbreviations used in the study.

MgONPs magnesium oxide nanoparticles
RSM response surface method

NPs nanoparticles

uv Ultraviolet radiation

CCD central composite design

COD Chemical Oxygen Demand
THF tetrahydrofuran

LC50 Lethal concentration 50

SEM scanning electron microscopy
TEM transmission electron microscopy
XRD x-ray diffraction

BET Brunauer-Emmett-Teller (BET)

81.5%, and 81.4%, respectively. It can be seen that an increase
in radiation intensity leads to an increase in the furfural
removal efficiency. Studies have represented that as a result
of an increase in the power of the lamp which leads to an
increase in the radiation intensity, NPs become more excited
and consequently produce more hydroxyl radicals. It is consis-
tent with the results of Ayati et al. obtained for removing acid
orange 7 by the ozonation/photocatalytic hybrid process
(Ayati 2015) and Arabkhani et al. detected for the photocat-
alytic removal of furfural with zinc oxide nanoparticles
(Parastar et al., 2012).

Optimal . lplg Nf?,o
D:0.9997 i | [.05758] [0.6267]

Low -1.0 -1.0

pollutan time uv
1.0 1.0 1.0
[0.9255] [0.9665] [1.0]
-1.0 -1.0 -1.0

Composite
Desirability
D: 0.9997

F(3)BEST
Targ: 99.990
y = 99.9793
d = 0.99973

Fig. 9 Optimal conditions designed for the photocatalytic removal of furfural by RSM.



Synthesis of magnesium oxide nanoparticles

11

3.10. Effect of changes in reaction time on furfural removal

In tests 5, 6, 13, 35, and 37, all variables, except for the reac-
tion time, were considered the same by the software. Tests
35 and 37, with a reaction time of 15 min, yielded the removal
efficiencies of 81.716% and 81.145%, respectively. The reac-
tion time variable was significant in linear, quadratic, and
interferential forms (except for interference with radiation
intensity, which was significant and did not affect the removal
efficiency), that is, it had an effect on furfural removal
efficiency.

According to tests 2, 9 and 11, where all the variables were
considered constant, an increase in the reaction time leads to
an increase in the furfural removal efficiency. Initially, more
removal efficiency could be recognized, but subsequently an
increase in time slows it down. It can be due to the decompo-
sition of the contaminant at the beginning of the process by
free radicals produced by the electron excitation of NPs. With
an increase in the reaction time, although the excitation pro-
cess of NPs and the production of hydroxyl free radicals did
not decrease, some of the produced free radicals were used
for the decomposition of these compounds due to the forma-
tion of intermediate organic compounds caused by the decom-
position of furfural, As a result, the amount of contaminant
removal decreased. Studies have shown that an increase in
the contact time results in an increase in the percentage of con-
taminant removal; this is due to the increased excitation of
NPs with time, and therefore, the increased number of OH
radicals and positive cavities produced (Parastar et al., 2012).
Ghasemi et al. investigated the photocatalytic removal of fur-
fural using UVC/TiO,/GAC at different times. They found
that the photocatalytic reaction of furfural removal is a
Pseudo-first-order reaction, where the maximum amount of
furfural removal increases with an increase in time and the
highest rate of removal efficiency occurs in 80 min (Ghasemi
et al., 2016).

3.11. Analysis of synthesized MgONPs

The crystal size measurement technique was emploiyed to
interpret the data in this study. In XRD spectra, the size of
the particles depends on the intensity of the peak, the height
of the peak, and the angle at which the maximum peak
appears. The lower the height of the peak, the smaller the par-
ticles will be. Also, according to Scherrer Equation, the size
depends on the value of e and g. Therefore, basically, the smal-
ler the angle of the peak in terms of e and the greater the width
of the peak, the smaller the particle size will be. As Fig. 4
shows, the XRD spectra of the synthesized samples have large
and sharp peaks, which indicates a good crystalline structure
in the synthesized NPs. In this analysis, we observed that the
synthesized MgONPs correspond to the reference JCPDS,
Card No. 1451-36. As seen in Fig. 3 related to the SEM anal-
ysis, the synthesized MgONPs are almost uniform. The parti-
cles are small and have a spherical structure.

3.12. Optimization of photocatalytic removal of furfural using
synthesized MgON Ps

In order to obtain the optimal conditions for removing furfural
using the photocatalytic process, the optimization process

searches for a combination of variable levels in which the maxi-
mum removal of furfural occurs. The response level software
selects and predicts the best operating conditions for the vari-
ables, which is considered the best achievable conditions of the
process. It searches for optimal conditions for each variable in
a special way and then optimizes this operation based on the tar-
get of the response. Fig. 9 shows the results of the optimal
amount of photocatalytic removal by the software.

A complementary test was performed with optimal condi-
tions designed by the software (Table 5), which confirmed
the results obtained with the values predicted by the software.

The final test was conducted with optimal conditions using
synthesized MgONPs (for comparison with commercial
MgONPs) and was repeated 4 times, resulting in efficiencies
0f 99.97%, 97.5%, 98.1%, and 99.98%. These results indicate
the high efficiency of the synthesized MgONPs in the photo-
catalytic removal of furfural. The list of abbreviations used
in the study is shown in Table 6.

4. Conclusion

The results of this study showed that the quadratic model was helpful
in the removal of furfural by the combined process, and the response
surface design can be used to evaluate a large number of variables with
the least number of tests. Statistical analyses for the maximum furfural
removal showed that the optimal values to achieve the highest removal
efficiency for pH variables, NP dose, reaction time, intensity of UV
radiation, and initial concentration of furfural were about 6, 1 g/L,
160 min, 30 pw/cm?, and 250 mg/L, respectively. Under optimal con-
ditions, a removal efficiency of 97.99% can be achieved. The results
indicated that it is possible to optimize the combined process used
for removing furfural using the response surface statistical model in
a certain number of tests in the final and optimized stages. This study
showed that the furfural optimization method is an appropriate
method with a high capability of meeting environmental standards.
Concerning the synthesis of MgONPs, it revealed that the direct pre-
cipitation method is reasonable thanks to the simplicity of the produc-
tion method, the lack of need for special expensive equipment for
production, and the environmentally-friendly nature of these materi-
als. Furthermore, considering the high efficiency of the synthesized
MgONPs in the photocatalytic removal of furfural under optimal con-
ditions, the use of MgONPs for removing furfural represents a promis-
ing approach to developing effective and sustainable methods for
treating industrial wastewater, and the synthesized NPs can be
replaced with commercial MgONPs for furfural removal.
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