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FARZANEH VEISI!, MOHAMMAD ALI ZAZOULI?,, MOHAMMAD ALI EBRAHIM ZADEH?
JAMSHID YAZDANI CHARATI, AMIN SHIRALIZADEH DEZFULI®

EFFECT OF SUNLIGHT AND ULTRAVIOLET RADIATION
ON THE EFFICACY OF Fe-DOPED TITANIUM DIOXIDE (Fe-TIO>)
NANOPARTICLES FOR THE REMOVAL OF FURFURAL
FROM AQUEOUS SOLUTIONS

Furfural, chemical compound very harmful to human health and difficult to degrade, is used or
generated in many industries, including petrochemical, paper, and oil refining industries. The study
evaluates the performance of Fe-TiO2 nanoparticles for the removal of furfural in the presence of sun-
light and UV radiation. Fe-TiO2 nanoparticles were prepared by the sol-gel method, and the character-
istics of the resultant nanoparticles were determined using scanning electron microscopy. Samples with
known concentrations of furfural and nanoparticles were individually exposed to sunlight and UV ra-
diation under varying conditions, and the residual furfural concentration was measured using high-
performance liquid chromatography. The results showed that for both processes the efficiency of fur-
fural removal increased with increased reaction time, nanoparticle loading, and pH, whereas the efficiency
decreased with increased furfural concentration. The highest removal efficiencies of the Fe-TiO2/UV and
Fe-TiO2/sun processes were 95 and 76%, respectively. In general, the degradation and elimination rate
of furfural using Fe-TiO2/UV process was higher than Fe-TiO2/sun process because TiO2 nanoparticles
can only be activated upon irradiation with photons of light in the UV domain.
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1. INTRODUCTION

Furfural is produced or used in many industries, such as petrochemical, petroleum
refining, pharmaceutical, food, pulp and paper industries [1]. This chemical is used as
a solvent for extractive refining of compounds containing oxygen or sulfur such as lu-
bricating oils. Furfural is also a feedstock for the production of furfuryl alcohol, which
is used to produce resins and tetrahydrofuran [2]. However, furfural is toxic when in-
haled or swallowed, and is harmful upon contact with skin. It can be easily absorbed
through the skin and thus cannot be released into bodies of water or sewer systems.
Long-term exposure can lead to feelings of weakness, liver enlargement, skin rash,
shuddering, nose bleeds, or inflammation, and furfural also shows some limited car-
cinogenic effects [2, 3].

Advanced oxidation processes (AOPs) are a new technology for the treatment of
toxic and polluted water and wastewater [4]. AOPs are based on techniques that nor-
mally involve the generation of strong oxidizing species such as hydroxyl radicals
("OH), which oxidize a wide range of pollutants to form less harmful substances, such
as water and carbon dioxide [4]. Among the variety of semiconductors available that
can be used to generate oxidizing species, titanium dioxide (TiO.) is the most widely
used because it is cost-effective, non-toxic, photochemically stable, widely available,
environmentally friendly, insoluble in water, and has a high removal efficiency for pol-
lutants under most environmental conditions [4]. However, the efficiency of TiO; is
limited by the rate of electron transfer to oxygen, and its large energy band gap of
3.2 eV, corresponding to a wavelength of 370 nm, which leads to the absorption of only
3-5% of solar light. Various methods have been developed to improve the photocata-
lytic activity of TiO» particles, including more efficient particle sizes, higher surface-to-
volume ratios, and surface modification with other semiconductor metal ions, such as
gold [5], palladium [6], platinum [7], silver [8], and lanthanum [9]. Li et al. [9] used the
lanthanum doping TiO, (La**-TiO,) photocatalysts for 2-mercapto-benzothiazole
(MBT) control. The results showed that both the adsorption capacity and adsorption
equilibrium constants of photocatalysts increased with an increase of lanthanum doping.
They concluded that the enhancement of MBT photodegradation using the La**-TiO,
photocatalysts mainly involved in both the improvement of the organic substrate
adsorption in photocatalysts suspension and the enhancement of the separation of
electron-hole pairs owing to the presence of Ti**. Pearson et al. [10] researched the
employment of the Keggin ion 12-phosphotungstic acid as a UV-switchable reducing
agent for the decoration of Au, Ag, Pt, and Cu nanoparticles onto the surface of TiO»
nanotubes. They reported that decoration with metal nanoparticles was observed to
enhance the activity of the photocatalytic process by upward of 100% with respect to
unmodified TiO, nanotubes. Primo et al. [11] recommended that the titania supported
gold nanoparticles (Au/TiO,) can be used as photocatalyst for environmental reme-
diation. Because iron ions, such as Fe(IIl) with a band-gap energy of 2.2 eV, have high
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photodegradation efficiency and are less expensive than other semiconductors, Fe(III)
was selected as an additive for photodeposition in this study[12]. Previous studies have
focused on the removal of furfural using titanium dioxide, however, Fe-doped titanium
dioxide nanoparticles have not been investigated for furfural removal. The objective of
this study is to investigate the effect of sunlight and ultraviolet radiation on Fe-doped
titanium dioxide (Fe-TiO,) nanoparticles for the removal of furfural from aqueous so-
lution.

2. EXPERIMENTAL

Reagents. This study was performed in a batch system. All chemicals used were
analytical grade, obtained from Merck and used without any further purification. The
desired pH was obtained using 0.1 M NaOH or 0.1 M H>SOj4. Double distilled deionized
water was used throughout the experiments. The primary characteristics of furfural ac-
cording to the manufacturer are presented in Table 1.

Table 1
Chemical structure and characteristics of furfural
o]
Chemical structure @g_“
o]

Molecular weight, Da 96.09
Density, g/cm? 1.159
imax, nm 254

pH 5
Solubility in water (20 °C), g/dm? 83
Color light brown
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Fig. 1. Schematic of the photoreactor
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Photoreactor. The schematic in Fig. 1 shows the reactor used, which is composed of
two cells. The exterior Pyrex cell holds the solutions and has a 2.0 dm® capacity, with
a 10 cm inner diameter and 15 cm height. Irradiation experiments were performed using
a UVC lamp (125 W) in the inner cell. The lamp was purchased from Arda Co., France.
The UV lamp was placed in a 5 cm diameter quartz tube with one end tightly sealed by
a Teflon stopper. The lamp and tube were immersed in the photoreactor cell, with a4.0 cm
long light path. A magnetic stirrer was used to ensure thorough mixing of the solutions.
To maintain a constant temperature, the reactor was surrounded by 10 dm® of cooling
medium.

Photocatalytic experiments. The experiments were conducted with two irradiation
sources; furfural was removed from synthetic solutions using Fe-TiO, nanoparticles un-
der UV light, or sunlight. The impact of variables such as furfural concentration, pH,
time, and dose of nanoparticles was also investigated.

In the study, the treatment with Fe-TiO, nanoparticles in the presence of UV radia-
tion was carried out using nanoparticle concentrations of 125, 250, 625, 1000, and 1375
mg/dm3 , furfural concentrations of 25, 50, 125, 200, and 275 mg/dm3, initial pH of 3,
4.5,6,7.5,and 9, and contact times of 15, 30, 75, 120, and 165 min.

For the solar process, the contact time was constant and furfural of concentrations
of 25, 50, 125, 200, and 251 mg/dm’ was used at pH of 3.4, 4.5, 6, 7.5, and 8.5, and
nanoparticle concentrations of 5, 250, 625, 1000, and 1250 mg/dm®. Experiments in the
presence of sun were performed in May with an average temperature of 29 °C. The
samples were exposed to sunlight from 10 am to 3 pm (5 h) in the area of the Mazanda-
ran University of Medical Sciences, Sari, Iran, which has a latitude and longitude of
48.17° and 38.15°, respectively.

Before being exposed to sunlight or UV radiation, the samples were ultrasonically
mixed for 15 min and kept in the dark for 30 min to homogenize the nanoparticles in the
solution containing TiO,. The UV photocatalytic process occurred in the solution closest
to the UV lamp and the solution was stirred continuously using a magnetic stirrer. To
prevent unwanted exposure to sunlight, all the samples and the reactor were covered with
aluminum foil. After completion, the Fe-TiO; particles were removed by centrifuging the
samples at 4000 rpm for 30 min followed by smooth filtering to 0.45 um [13].

Analytical methods. The furfural concentration in the samples was analyzed using
a high-performance liquid chromatograph (HPLC, Knauer Advanced Scientific Instru-
ments) with a UV absorption detector set at 254 nm. A Cig column was used and the
applied mobile phase comprised deionized water and gradient grade acetonitrile at the
ratio of 40:60 and flow rate of 1 cm®/min [13].

Synthesis of Fe-TiO, nanoparticles. The Fe-TiO, nanoparticles were prepared by
the sol-gel method. TiCls solution (4.128 cm®, 0.0375 mM) was added to ethanol (70 cm?)
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followed by the addition of Fe (NOs);-9H,0 (0.05g in 2 cm’ distilled water). While
stirring, propylene oxide (17 cm®) was added dropwise at 50 °C. The gel formed over
ca. 5 min; the time required for gel formation depends on the rate of propylene oxide
consumption. The resulting gel was aged at room temperature for 48 h and dried for
12 h at 80 °C. To generate the anatase form, the dried gel was calcined for 2 h at
350 °C. The obtained powder was used to perform the tests. Analysis of the prepared
Fe-TiO; nanoparticles was performed using a scanning electron microscope (Leo 1455
VPSEM) [14].

Experimental design. The central composite design (CCD) model was used to esti-
mate the number of experiments required and investigate the combined effect of the
independent variables. In this model for the UV irradiation, four independent variables
were pH, catalyst dose, initial concentration, and contact time. For the sunlight irradia-
tion, three independent variables were pH, catalyst dose, and initial concentration. A to-
tal of 20 and 31 experiments were introduced for the Fe-TiO»/sun and Fe-TiO,/UV pro-
cesses, respectively. Table 2 shows the ranges and values of the independent variables
for the two processes. The range of each variable associated with the model was esti-
mated using the regression formula. Values were obtained using placement-associated
codes (2,1,0,—-1,—2) and (1.68179, 1, 0, —1, —1.68179) for the UV and sunlight meth-
ods, respectively.

Table 2
Independent variables, their coded levels and actual values
. Range and level
Symbol Variable > | 0 _1 )
. X1 pH 9 7.5 6 | 4.5 3
Fe-T ]
e-Ti0/UV X2 furfural concentration, mg/dm? 275 200 | 125 | 50 25
X3 catalyst dose, mg/dm? 1375 1000 | 625 | 250 125
X4 contact time, min 165 120 | 75 | 30 15
. Range and level
Symbol Variable 168179 1 | 0 | -1 [-1.68179
Fe-TiO2/sun X1 pH 8.5 7.5 6 |45 34
X2 furfural concentration, mg/dm? 251 200 | 125 | 50 25
X3 catalyst dose, mg/dm’® 1250 1000 | 625 | 250 5

Statistical analysis. A full quadratic model (FQM) was used to assess the obtained
data. Optimizations were performed using the Design Expert 16 software. The experi-
ments were conducted randomly to prevent systematic error. The coefficients of the full
quadratic model were used to determine the furfural removal rate as an independent
variable.
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The results were fitted to an empirical quadratic polynomial model to determine the
parameters using response surface method (RSM) for both processes, as follows:

Y=A0 + A1(X1) — A2(X2) + A3(X3) + A4(X4) — A5(X3)? — A6(X4)’ (D)

where Y denotes the responding variable (furfural removal percent), 40 is the intercept,
Al, A2, A3, and A4 are the coefficients of the independent variables, 45 and A6 are the
quadratic coefficients, and X1, X2, X3, and X4 are terms for the coded values of the inde-
pendent variables, i.e., pH, furfural initial concentration, catalyst loading, and contact
time, respectively. X3 was used as the catalyst loading parameter for both experiments,
and X4 as the contact time for UV experiments. The data were analyzed using the analysis
of variance (ANOVA) and multiple regressions. The amount (p < 0.05) was set as the
level of significance. The ability of the final model was evaluated using numerical and
graphical analysis. This statistical model gives the final form of the equation [15].

3. RESULTS AND DISCUSSION

Figure 2a shows a SEM image of the Fe-TiO, nanoparticles. The titanium oxide
powders have spherical microstructures with an average diameter of 37.89 nm, as de-
termined using the measurement software. Figure 2b shows X-ray diffraction (XRD)
patterns of Fe-doped TiO; nanoparticles. As the prepared Fe-doped TiO, is composed
of only anatase, without any presence of iron oxide, regardless of the amount of Fe
dopant (less than 12 atomic %). The absence of iron oxide demonstrates that Fe’" ions
are successfully incorporated into the framework of the anatase TiO,, without the for-
mation of iron oxide on the surface of TiO,. The characteristic peaks for Fe-doped TiO,,
however, are shifted slightly to lower 2 @ values. Its incorporation gives rise to the struc-
tural expansion of the crystalline lattice, subsequently its structural distortion. The in-
crease in the interplanar distance of the anatase framework causes the XRD peak pat-
terns to shift to a lower 2@ values according to Bragg’s law. Thus, the peak shift can be
regarded as indirect evidence of successful iron doping into the TiO, crystal framework
[15]. Figure 3 shows the histogram of the particle size distribution.

Tables 3 and 4 show the results of furfural removal via the Fe-TiO»/sun and Fe-
-TiO./UV processes, respectively. Irradiation with UV light resulted in the removal of
a greater amount of furfural than the irradiation method under varying conditions. Based
on data analysis, the correlations between the furfural removal efficiency and parame-
ters for the Fe-TiO,/UV and Fe-TiO,/sun methods are represented by Eqs. (2) and (3),
respectively.

The efficiency of furfural removal using the Fe-TiO»/sun is described by:

Y=60.768 + 7.812(X1) — 4.590(X2) + 2.733(X3) — 3.577(X3)? 2)
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where Y is the percentage removal of furfural and X1, X2, and X3 represent the coded
values for pH, initial furfural concentration, and catalyst loading, respectively.

Intensity (a.u.)

20 (deg)

Fig. 2. SEM and XRD images of the prepared Fe-TiO2 nanoparticles

20-30 30-40 40-50 50-60 60-70
Nanoparticle diameter (nm)

Fig. 3. Histogram showing the Fe-TiOz particle size distribution



214 F. VEISI et al.

Table 3
CCD model with predicted and experimental results
for furfural removal using the Fe-TiO2/sun process
Experimental conditions Removal [%]
Run pH Furfure[z.rlnfg(jsrc;;}tratlon C?Lilg};ztrggse Experimental | Predicted
1 |45 50 250 57 55.73
2 134 125 625 53 52.51
3 6 125 625 62 60.76
4 6 25 625 74 71.36
5 6 125 1250 60 60.76
6 |75 200 250 70 64.17
7 145 200 250 59 63.19
8 |75 50 250 72 69.85
9 |75 200 1000 68 67.64
10 [ 4.5 200 250 43 39.05
11 |45 200 1000 50 50.51
12 | 6 125 625 60 55.24
13 16 251 625 51 55.93
14 6 125 5 39 46.05
15 | 8.5 125 625 76 78.78
16 6 125 625 60 60.76
17 |75 50 1000 67 69.32
18 | 6 125 625 62 60.76
19 | 6 125 625 60 60.76
20 | 6 125 625 61 61.76
Table 4
CCD model with predicted and experimental results
for furfural removal using the Fe-TiO2/UV process
Experimental conditions Removal [%]
Run pH Furfur?jncg(;grc;;]ltratlon Con[tralllcit1 Elme CzEgallg};zt n;i;}se Experimental | Predicted
1 7.5 50 120 1000 95 94.50
2 6 125 75 625 81 80.42
3 6 125 75 625 80 80.42
4 6 125 75 625 82 82.54
5 6 125 75 125 62 61.12
6 |45 50 120 250 71 74.16
7 6 125 75 625 79 81.62
8 3 125 75 625 65 70.79
9 9 125 75 625 95 90.95
10 [ 4.5 200 30 1000 63 62.00
11 [ 4.5 50 120 1000 82 82.54
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Table 4
CCD model with predicted and experimental results
for furfural removal using the Fe-TiO2/UV process
Experimental conditions Removal [%]
Run oH Furfura[lrlnfg(;grc;;]tratlon Con[trz;cﬁl ;1me C?Ifllg};zt nzi}(;se Experimental | Predicted
12 [ 45 50 30 1000 78 71.16
13 6 25 75 625 81 80.29
14 6 275 75 625 60 62.45
15 |45 200 30 250 49 47.50
16 | 6 125 75 625 80 80.42
17 7.5 50 30 250 63 62.00
18 [ 7.5 200 30 1000 73 67.83
19 |75 200 30 1000 70 74.87
20 | 6 125 75 1375 79 81.62
21 | 6 125 75 625 82 80.42
22 | 6 125 15 625 37 42.62
23 |75 200 30 250 56 55.79
24 145 200 120 1000 72 74.87
25 145 50 30 250 58 56.04
26 | 7.5 50 120 250 87 88.37
27 145 200 120 250 68 63.37
28 | 7.5 200 120 1000 83 85.20
29 | 6 125 75 625 81 80.42
30 | 6 125 75 625 82 82.54
31 |75 200 120 250 75 79.83

The efficiency of furfural removal by the Fe-TiO»/UV method is described by:

Y =80.4286+5.8750 ( X1)—5.2083( X2)+8.8750( X3)
+5.1250 (X 4)-4.9926 ( X3)" —2.2426( X4)’ 3)

where Y is the percentage removal of furfural and X1, X2, X3, and X4 represent the coded
values for pH, initial furfural concentration, catalyst loading, and contact time, respectively.

To acquire a suitable model, the results were summarized in a common ANOVA
table (Table 5). To confirm the fit between the model and the experimental results, the
regression coefficient (R-squared) analysis was applied. The adjusted R-squared values
close to 1.0 (minimizing the square of errors) indicate that the regression line fits the
experimental data well [16], This equation can be used to predict the results at specific
points with the accuracies of 79.21 and 83.57% for the sun and UV processes, respec-
tively. This model could also be used to predict the percentage of furfural removal at
other catalytic contents and times.



216 F. VEISI et al.

Table 5

Analysis of variance for proposed model for furfural removal
by the Fe-TiO2/sun and Fe-TiO2/UV methods

Process Source Degrees Sum Mean F-value P-Value
of freedom | of squares | square
regression 9 1591.61 | 176.845 9.08 0.001
linear 3 1223.01 | 407.669 20.84 0.001
square 3 268.10 89.367 4.57 0.029
Fe-TiO2/sun | interaction 3 100.50 33.80 1.71 0.227
residual error 10 195.59 19.559 R-squared 89.06%
pure error 5 4.83 0.967 | Adj. R-squared | 79.21%
total 19 1787.20
regression 14 4936.58 | 352.61 11.9 <0.0001
linear 4 4000.17 | 1000.04 33.75 <0.0001
square 4 807.04 201.76 6.81 0.0002
Fe-TiO2/UV | interaction 6 129.37 21.56 0.73 0.634
residual error 16 474.13 29.63 R-squared 91.24%
pure error 6 5.71 0.95 | Adj. R-squared | 83.57%
total 30 5410.71

The adjusted R-squared value is a modification of R-squared that adjusts for the
number of explanatory terms in a model. Unlike R-squared, the adjusted R-squared
value increases only if the new term improves the model more than would be expected
y chance. The adjusted R-squared valued can be negative and will always be less than
or equal to R-squared. The adjusted R-squared value is more suitable for comparing
models with different numbers of parameters [16]. The adjusted R-squared values for
the sun and UV processes are 0.7921 and 0.8357, respectively. Table 5 also shows that
the model statistically follows a linear pattern. However, there is significant relation of
Fe-TiO»/sun and Fe-TiO»/UV with the linear models.

The summary of the results of variance analyses for the Fe-TiO»/sun and Fe-
TiO,/UV processes are shown in Figs. 4 and 5, respectively. The analysis of the model
using ANOVA requires the following assumptions: (1) The residuals have a normal
distribution with a zero mean, (2) there is constant variance, and (3) the residuals are
independent. If these assumptions are valid, the selected model is adequate to fit the
experimental data. Otherwise, an alternative model should be selected and evaluated.

Figures 4a and 5a show normal probability plots of the residuals from the least-
squares fitting. The points on the plots lie reasonably close to a straight line, which
confirms that the errors have a normal distribution with a zero mean. In addition, the
input variables affect the responses. Figures 4b and 5b show random scatter plots of the
residuals versus the fitted values. The figures do not reveal an obvious pattern. The pre-
dicted results were revealed to be randomly scattered around the zero line (above and
below the x-axis), which supports the adequacy of the proposed model.
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Figures 4c and 5c show the frequencies of the residuals, and indicate that there are
no outliers in the data. Figures 4d and 5d show that the ordered residuals oscillate in
a random pattern around the zero line. Accordingly, the residuals appear to be randomly
scattered along the zero line, which indicates that the error terms do not correlate with
each other.
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Fig. 6. Surface plot (a) and contour plot (b) of the furfural removal efficiency (%)
as a function of reaction time (min) and pH for the Fe-TiO2/UV process;
initial furfural concentration 125 mg/dm?, catalyst loading 625 mg/dm?)
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Fig. 7. Surface plot (a) and contour plot (b) of the furfural removal efficiency (%) as a function
of catalyst dose (mg/dm?) and pH for the Fe-TiO2/sun process; initial furfural concentration 125 mg/dm?)

Three-dimensional surfaces and contour plots are graphical representations of re-
gression equations for the optimization of reaction conditions. The results of the inter-
actions between the independent variables and the dependent variable for the removal
of furfural using nanoparticles are shown in 3D plots and contour plots in the presence
of UV and sunlight in Figs. 6 and 7, respectively. It is evident that the removal efficiency
increases with increasing contact time and increasing pH. The removal rate of the UV
light process was higher than that of the sunlight process.

In the statistical method, all variables are examined at the same time; in order to eval-
uate the effect of concentration, all other variables should be kept uniform. Runs 10 and
12 in Table 2, for the photocatalytic method with UV, only vary in the concentration of
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furfural; the furfural concentrations in runs 10 and 12 are 200 and 50 mg/dm?, respectively.
The percent removals of furfural were 63 and 78% for runs 10 and 12, respectively. In all
experiments, the efficiency decreased with increasing furfural concentration, because the
constant light intensity results in lower number of furfural molecules absorbed the pho-
tons. This leads to a reduction the furfural degradation and lower efficiency; the concen-
tration varies linearly, which is in agreement with other studies [16]. As shown in Figs. 8
and 9, furfural removal efficiency decreases with increasing concentration.
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Fig. 8. Surface plot (a) and contour plot (b) of the furfural removal efficiency (%) as a function of
reaction time (min) and furfural concentration ( mg/dm?) for the Fe-TiO2/UV process;
pH 6, catalyst loading, 625 mg/dm?)
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Fig. 9. Surface plot (a) and contour plot (b) of the furfural removal efficiency (%) as a function
of furfural concentration (mg/dm?) and pH for the Fe-TiO2/sun process; catalyst loading 625 mg/dm?)

pH of a solution is one of the most crucial parameters in photocatalytic processes
for the degradation and removal of organic contaminants. pH governs the protonation
or deprotonation of target compounds in aqueous solutions, thus affecting the efficiency
of the photocatalysis process [17]. Figures 6 and 7show the removal efficiency of furfu-
ral at several initial pH using Fe-TiO, nanoparticles in the presence of ultraviolet and
sun radiation, respectively. The removal efficiency increases with increasing pH. pH of
the solution affects the electrostatic force between the catalyst surface and the pollutant.
Hydroxyl radical are produced due to irradiation of the catalyst. This radical reacts with
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furfural causing furfural degradation and conversion to the final products. The degrada-
tion rate of furfural increases with increasing concentration of hydroxyl radicals, and
the concentration of hydroxyl ions increases with increasing pH. The pH effect observed
in this study agrees with those reported by Chun-Li et al. [14], Sahu et al. [18].

According to Table 3 and Figs. 6 and 7, the relationship between the reaction time and
removal of furfural is predominantly linear and positive; the removal efficiency increases
with increasing reaction time. However, the chi-square reaction time (is statistically signifi-
cant and negative. As shown in Figs. 6 and 7, the removal efficiency of furfural did not
increase with time over 75 min; thus, the removal efficiency after 75 min was approximately
equal to that at 165 min for both processes. The removal efficiency increases with increasing
reaction time because the increased time enables more UV irradiation of the nanoparticles.
The results of this study agree with those of other studies [13].
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Fig. 10. Surface plot (a) and contour plot (b) of the furfural removal efficiency (%) as a function of Fe-TiOz
concentration (mg/dm?®) and furfural concentration (mg/dm?) for the Fe-TiO2/UV process; pH 6, 75 min
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Fig. 11. Surface plot (a) and contour plot (b) of the furfural removal efficiency (%) as a function of the
furfural concentration (mg/dm?) and Fe-TiO2 concentration (mg/dm?) for the Fe-TiO2/sun process (pH 6)

In all experiments, the removal efficiency of furfural increases with increasing na-
noparticle dosage. However, at concentrations higher than 1000 mg/dm?, the removal
efficiency decreases; this may be due to catalyst aggregation, which reduces the number
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of active sites available on the nanoparticle surface, which reduces the quantity of free
hydroxyl radicals and hence impairs degradation. Moreover, a high concentration of
photocatalyst will result in decreased light penetration through the suspension [19]. This
finding is in agreement with literature reports on the effect of catalyst concentration on
treatment efficiency [20]. Figures 10 and 11 show that removal efficiency increases with
increasing nanoparticle loading. However, if too high a concentration of nanoparticles
is used, the removal efficiency decreases.

Tables 3 and 4 show that the highest degradation of furfural in the Fe-TiO,/UV and
Fe-TiO2/sun processes were 95 and 76%, respectively. The removal efficiency under
UV light is more significant than that under sunlight because of the differences in energy
of these light sources below 370 nm. The Fe-TiO; energy gap is equal to 3.2 eV and,
therefore, it can only absorb wavelengths shorter than 370 nm. On the other hand, it can
absorb a small amount of solar energy [4]. The TiO, nanoparticles have a large band
gap and can only be activated by UV radiation. Ultraviolet light makes up only
4-5% of the solar spectrum, whereas approximately 40% of solar photons are in the
visible region. It is mean that TiO, nanoparticles can only be activated upon irradiation
with photons of light in the UV domain, limiting the practical efficiency for solar appli-
cations [21]. Therefore, in order to enhance the efficiency of TiO, under solar irradia-
tion, it is necessary to dope the TiO; to facilitate visible light absorption. In any case; in
the presence of sunlight, the band gap of TiO, decreases because the interaction of
highly reactive electrons with air molecules is expected to give rise to highly reactive
and strong oxidizing agents such as OH groups or other radicals, which can react further
with TiO nanoparticles. The interaction of TiO, with the high energy electrons gener-
ated by sunlight and oxidizing agents can result in the reduction of Ti*" to Ti**, or the
formation of oxygen deficient/rich species [22]. Moreover, the solar experiments were
performed in Sari County (north of Iran) in indirect sunlight; these factors contributed
to reducing the photocatalytic efficiency in the presence of sunlight. If these experi-
ments were performed in southern cities in Iran where the sun shines more directly, the
removal efficiency might increase. The study conducted by Zazouli et al. [23] showed
that TiO; in the presence of sunlight has very low efficiency due to its energy gap and
the corresponding absorbance wavelength. They showed that the highest degradation
efficiency of TiO,/UV and TiO,/sun (non-doped TiO,) methods were 87% and 45%,
respectively. Whereas in this study, it was observed that the degradation of furfural us-
ing Fe-Ti0O»/UV and Fe-TiO,/sun were 97% and 76%, respectively. In other words, the
efficiency of Fe-TiO» nanoparticles was higher than that of non-doped TiO» nanoparti-
cles.

Absorption of a photon with energy equal to or greater than the band gap of a ma-
terial, such as the Fe-TiO; catalyst, results in excitation of electrons from the valence
band to the conduction band to form positive holes in the valence band. The generated
electrons and holes are quickly distributed in the bottom layer and top layer conduction
bands, respectively, according to their kinetic energy. The electrons and holes are then
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available for redox reactions. The photocatalytic activity of Fe-TiO, depends on com-
petition between the rate of transferring surface charge carriers and the recombination
rate of electrons and holes [24, 25].

Fe-TiO, + hv — Fe-TiO, (e, +hyy ) (4)

h;, + organic compoound — organic” — oxidation of organic 5)
h,+H,0,, —>H +OH" (6)

h,, + OH — OH’ (7

e + 0, = OF (superoxide ion) ®)

O] + organic — organic-OO* )

O; +OH; +H" —» H,0, + 0, (10)

OH" + furfural — products of degradation (CO, + H,0 + ...) (11)

The photocatalytic degradation furfural with Fe-TiO proceeds as follows [26].The
holes and electrons are generated on the surface of the catalyst under irradiation (Eq. (4)).
Direct oxidation of organic compound can also occur due to an oxidative generated hole
in the catalyst (%, ) (Eq. (5)). Hydroxyl radicals can be formed either by decomposition

of water (Eq. (6)) or the reaction of hole with OH™ [Eq. (7)]. Electron in the conduction
band (e., ) can reduce molecular oxygen to a superoxide anion (Eq. (8)). This radical

may form organic peroxide or hydrogen peroxide (Egs. (9) and (10)). The hydroxyl
radicals are the primary sources of degradation of the organic compound.

In terms of thermodynamics, the reduction power of electrons in semiconductors is
dependent on the energy level of the conduction-edge layer. In contrast, the capacity of
the edge layer is a measure of the strength of the oxidizing holes in semiconductors.
Different semiconductors have different band gap edges. A layer edge with a higher
potential capacity corresponds with increased oxidizing intensity of the holes [27]. In
order to have complete photocatalytic activity towards a variety of organic molecules,
the band layer should have a relatively high potential. Semiconductors with a small en-
ergy gap more efficiently absorb the sunlight. Therefore, semiconductors with small
energy gaps are better for the utilization of sunlight. Selection of a semiconductor pho-
tocatalyst depends on the optimization of factors including oxidation power, overlap
with the solar spectrum, and photochemical and chemical stability. Titanium dioxide
has good chemical and photochemical stability. However, its applications as a catalyst
are limited by its poor overlap with the solar spectrum [27]. This study investigates
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doping TiO; to resolve this problem, as doping decreases the energy gap and brings the
wavelength of absorption from the UV range into the visible range.

4. SUMMARY

Fe-doped TiO» nanoparticles were successfully synthesized by the sol-gel method.
Properties of Fe-TiO, nanoparticles differ from those of TiO» nanoparticles, including
smaller particle size and extension of light absorption towards the visible region. Doping
TiO, with Fe induces a shift in the energy band gap to a lower energy, i.e., from 3.2 to
2.5 eV for pure TiO, and Fe-TiO; nanoparticles, respectively. These experiments re-
vealed that Fe-TiO, induces a more effective photocatalytic oxidation of furfural than
TiOs. A 95% degradation of furfural was observed using Fe-TiO»/UV in comparison to
76% using Fe-TiO/sun.
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