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Titanium dioxide nanoparticles were immobilized on granular activated carbon (GAC) as a porous and low-density support
for photocatalytic degradation of furfural. The TiO

2
/GAC composite was synthetized using the simple sol-gel method and fully

characterized. The effects of the operational parameters of furfural concentration (200–700mg/L), initial pH (2–12), TiO
2
/GAC

composite dosage (1–3.5 g/L), and irradiation time (20–120min) were studied. The synthetized TiO
2
/GAC composite exhibited a

total pore volume of 0.13 cm3/g and specific surface area of 35.91m2/g. Removal efficiency of up to 95% was observed at initial pH
of 10, TiO

2
/GAC dosage of 2.5 g/L, irradiation time of 80min, and initial furfural concentration of 500mg/L. The photocatalyst

could be reused at least four consecutive times with a mere 2% decrease in furfural removal efficiency. Mineralization efficiency of
94% was obtained within 80min. Pseudo-first-order kinetics best fit the photocatalytic degradation of furfural under experimental
conditions.

1. Introduction

Discharge of organic wastes such as furfural from petro-
chemical installations, oil refineries, and other chemical
industrial plants into the environment is an important source
of water pollution. Some of these organic compounds inhibit
metabolism and are toxic to organisms [1, 2]. Furfural is
an organic chemical and an excellent solvent used in oil
extraction units and the petrochemical industry to separate
hydrocarbons. Furfural is highly resistant and has a very
slow speed of decomposition in the environment. Adsorption
of furfural through the skin is toxic and harmful to the
nervous system. The mechanism of furfural toxicity is a
chemical reaction with internal cell components, damage to
cell membranes, and prevention of cell metabolism [3–8].
Development of efficient treatments for the degradation and
mineralization of furfural from effluents is essential [9, 10].

Photo-induced oxidation techniques have been increas-
ingly studied for degradation of complex and recalci-
trant organic chemicals. Heterogeneous photocatalysis is an

advanced oxidation technique which oxidizes a range of
organic compounds under ambient conditions. Photocataly-
sis is the integration of light irradiation with oxidizing agents
and mineral catalysts [11–18].

Titanium dioxide (TiO
2
) is a semiconductor which is

a promising photocatalyst for degradation of recalcitrant
organics. It offers excellent photocatalytic features, low toxic-
ity, ease of access, strong oxidizing ability, stability, reusability,
and ability to be immobilized on carbon and zeolite beds.
TiO
2
exists mainly in anatase, rutile, and brookite crys-

talline forms, each exhibiting different physical properties
and photochemical reactivity. Anatase TiO

2
exhibits higher

photocatalytic activity than the rutile or brookite types;
however, problems exist in the practical application of TiO

2

for photocatalytic degradation. These include difficulty of
separation of TiO

2
from the treated solution, difficulty of

application of particulate suspensions in continuous flows,
and the tendency of suspended TiO

2
to aggregate, especially

at high concentrations [19–33].
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Immobilization of TiO
2
on a support material has been

proposed to overcome these problems. Initially, studies
focused on immobilization of TiO

2
on fixed supports such

as glass fiber, quartz, glass, and stainless steel; however,
the efficiency of photocatalysis usually decreases on such
immobilized TiO

2
composites because of limitations in mass

transfer [17]. In order to increase mass transfer, a suspension
system is preferred that allows suitable contact between cat-
alyst, light irradiation, and pollutant in an aqueous solution
[17, 34].

TiO
2
immobilization on porous beds such as silica, alu-

mina, zeolite, activated carbon, and LECA has been studied
[3, 22, 32, 35–38]. The main features of a support material are
high specific surface area to allow immobilization of a greater
amount of catalyst and low density to allow fluidization of the
catalyst.

Granular activated carbon (GAC) has a high specific
area and low density, which makes it a suitable support for
synthesis of TiO

2
/GAC. Other advantages of GAC as a sup-

port are mitigation of toxic shock to the system by adequate
adsorption of contaminants, increased production of radicals
to aid degradation [39–42], and the ability of GAC to adsorb
pollutants and release them onto the surface of the TiO

2
.

This forms a concentration gradient of pollution around
the TiO

2
in the solution that will increase the degradation

rate of the pollutants [43]. Intermediates produced during
photocatalysis can be adsorbed byGAC and further oxidized,
allowing removal of secondary pollutants produced during
decomposition [44].

The current study examined immobilization of syn-
thetized TiO

2
nanoparticles on GAC and the effect of initial

pH, photocatalyst dosage, irradiation time, and furfural con-
centration on the degradation rate of furfural in an aqueous
phase. The reusability of TiO

2
/GAC composite, adsorption

effect, and kinetics of reactions were also studied.

2. Materials and Methods

2.1. Materials. Titanium butoxide (Ti(OC
4
H
9
)
4
, 97%), etha-

nol (C
2
H
6
O), furfural (C

5
H
4
O
2
), acetyl acetone (C

5
H
8
O
2
),

granular activated carbon, hydrochloric acid (HCl), and
sodium hydroxide (NaOH) were all of analytical grade
(Merck, Germany). Raw TiO

2
(Degussa, Germany) was

composed of 75% anatase and 25% rutile forms with a
mean particle size of 25 nm and BET specific surface area
of 48m2/g. The GAC was washed with deionized water and
dried in an oven at 105∘C. All chemicals were used as received
without further purification and all solutions were prepared
using deionized water.

2.2. TiO2/GACComposite Synthesis. ThenanosizedTiO
2
/GAC

composite was synthetized by the sol-gel method using tetra-
n-butyl titanate (C

16
H
36
O
4
Ti) as the precursor. For synthesis,

25mL of Ti(OC
4
H
9
)
4
was dissolved in 100mL ethanol and

stirred for 1 hwith amagnetic stirrer (1000 rpm) at room tem-
perature. For hydrolysis of the sol, a solution containing 2mL
HCl (35%) and 1mL deionized water was added dropwise

(1)

(2)

(3)

Figure 1: Schematic of fluidized bed photoreactor. (1) Adjustable
UVC lamp. (2) Rectangular cubic reactor. (3)Magnetic stirrer.

while stirring. Following this, 2.5mL of acetyl acetone was
slowly added as a stabilizer and the solutionwas continuously
stirred (1200 rpm) for 1 h under vigorous mixing until a clear
transparent sol was obtained. Then, 15 g GAC was added,
the temperature was adjusted to 80∘C, and the system was
stirred (500 rpm) for 4 h until the titanium sol/GAC became
titanium gel/GAC. After aging for 36 h at room temperature,
the gel was dried for 2 h at 105∘C in an oven and then calcined
at 500∘C for 2 h [11, 19, 32].

2.3. Experimental Setup. Figure 1 is a schematic of the batch
photoreactor. A rectangular cubic glass photoreactor with a
total volume of 480mL (4 cm × 4 cm × 30 cm) without the
upper face was used. The light source comprised two 8W
UVC lamps installed above the reactor at a distance of 3 cm
from the reactor edge. The reactor contents were mixed with
an agitator system and 200mL of synthetic wastewater was
introduced to the photoreactor in all runs.

2.4. Photocatalytic Degradation. The photocatalytic degra-
dation of furfural was performed in batch mode. Synthetic
wastewater was prepared by the addition of the desired
amounts of furfural to deionized water. Experiments were
performed at ambient temperature and the pH of the solution
was adjusted by addition of 0.1 N HCl and/or 0.1 N NaOH.
The optimum conditions for initial pH (2, 4, 6, 8, 10,
and 12), TiO

2
/GAC composite dosage (1, 1.5, 2, 2.5, 3, and

3.5 g/L), irradiation time (20, 40, 60, 80, 100, and 120min),
and furfural concentration (200, 300, 400, 500, 600, and
700mg/L) were studied consecutively. All experiments were
carried out at room temperature at a constant stirring speed
of 250 rpm. The furfural removal was determined using

Removal efficiency (%)
= ((Furfural0 − Furfural𝑡)(Furfural

0
) ) × 100, (1)

where furfural
0
and furfural

𝑡
denote furfural concentrations

before and after the photocatalytic reaction, respectively.



International Journal of Photoenergy 3

TOC analysis was conducted to study mineralization.
The degree of furfural mineralization in the photocatalytic
processes can be calculated using

Mineralization efficiency (%)
= ((TOC

0
− TOC

𝑡
)

(TOC
0
) ) × 100,

(2)

where TOC
0
and TOC

𝑡
denote the TOC concentrations

before and after the reaction, respectively.
TOC was measured with a TOC analyzer (TOC-VCSH;

Shimadzu, Japan). The effect of furfural adsorption on GAC
was studied in the absence of light irradiation under the
optimal conditions. To evaluate the feasibility of repeated
use of TiO

2
/GAC composite, four cycles of photocatalytic

degradation of furfural were carried out under optimal
conditions.

2.5. Analytical Methods. After a specified contact time, the
reaction was terminated by turning off the UVC lamps. The
photocatalysts were then separated and the furfural concen-
tration was determined using a UV-vis spectrophotometer
(DR 5000; Hach, USA) at 𝜆max = 277 nm. The crystallo-
graphic phase of the synthesized TiO

2
on the GAC sample

was determined using a JNR (MPD300) X-ray diffractometer
with a Cu anode at 𝜆 = 0.15060 nm, a voltage of 40 kV, and
current intensity of 30mA. The mean crystallite size was
calculated using the Scherrer formula [45, 46]:

𝐷 = 𝑘𝜆𝛽 cos 𝜃 , (3)

where 𝜆 is the wavelength of X-ray radiation, 𝑘 which is
usually 0.89 is the Scherrer constant, 𝜆 = 1.5060 Å is the
wavelength of the X-ray radiation, 𝛽 is the peak full width at
halfmaximum in radians, and 𝜃 is the Bragg diffraction angle.
The specific surface area and pore volume of the samples
were measured by nitrogen adsorption-desorption at 77K
using the BET method with a BELSORP-mini II (Bel, Japan).
The micrographs of the TiO

2
/GAC and original GAC were

examined by field emission scanning electron microscopy
(FESEM; Mira 3, Tescan).

3. Results and Discussion

3.1. Characterization of TiO2/GACComposite. It is commonly
accepted that, in catalytic processes such as photocatalysis
with crystalline TiO

2
, the dispersion of the catalyst has a

direct effect on catalytic efficiency [47]. A catalyst with finer
particle sizes should, thus, produce higher activity during
catalysis [48, 49]. The peaks in XRD analysis at 25.35∘,
37.78∘, 48.1∘, 53.95∘, 54.98∘, 62.66∘, 68.41∘, and 74.91∘ are the
diffraction values of (101), (004), (200), (105), (211), (204),
(116), and (220) planes of the anatase form, which is in
agreement with standard JCPDS card PDF 21-1272 (Figure 2).
The peaks appearing at 20.96∘, 50.23∘, 60.02∘, and 26.74∘
can be attributed to SiO

2
, which is in good agreement

with standard JCPDS card PDF 5-490. The results of XRD
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Figure 2: The XRD pattern of TiO
2
/GAC composite.

indicate that the synthetized TiO
2
existed in an anatase state

and there were no peaks that could be attributed to the
brookite or rutile forms. Because of the existence of oxidizing
solution and calcination at high temperatures, the silicon
in the GAC structure oxidized and turned to SiO

2
. The

high performance of photocatalysis observed in this study
for TiO

2
/GAC composite suggests that a certain amount

of crystalline phase TiO
2
nanoparticles was loaded with a

high degree of dispersion onto the surface of the GAC. The
average grain size of nanoparticles was estimated usingDebye
Scherrer’s equation based on the full width at half maximum
(FWHM) of the (101) peak of the composite. It was 21.4 nm.

Xue et al. synthesizedTiO
2
in an anatase state on activated

carbon and did not observe a brookite or rutile phase. They
calcined TiO

2
/GAC at 500∘C [19]. Yao et al. synthesized TiO

2

nanoparticles on activated carbon fiber and studied the effect
of calcination temperature.They observed an anatase state for
TiO
2
at a calcination temperature of 500∘C [32].

The TiO
2
/GAC composite was sputter-coated with gold

and examined by FESEM. Figure 3(a) shows the electron
micrograph of the surface of raw GAC and Figure 3(b)
of the surface of the TiO

2
/GAC composite. The surface of

the raw GAC is heterogeneous and grainy. Comparison of
the GAC and TiO

2
/GAC composite indicates that the TiO

2

nanoparticles fixed on the surface of GAC uniformly and the
morphology of the surface of the GAC was modified after
coating with TiO

2
.

The particle size of the TiO
2
nanoparticles was 15–25 nm.

This was caused by the high surface area of the GAC matrix,
which favored a high degree of dispersion of TiO

2
nanopar-

ticles. As expected, TiO
2
particles were deposited onto the

surface and themesopores andmacropores of the GAC. TiO
2

on the surface had a greater chance to receive light irradiation
and exhibited higher photocatalytic activity. Moussavi et
al. used GAC as a support for synthesis of MgO/GAC
composites and observed that the MgO nanocrystals were
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(a) (b)

Figure 3: (a) Electron micrograph of the surface of raw GAC. (b) Electron micrograph of the surface of the TiO
2
/GAC composite.

Table 1: Characteristics of GAC and the TiO
2
/GAC composite.

Parameter Value
GAC TiO

2
/GAC

BET (m2/g) 226.78 35.91
Total pore volume (cm3/g) 0.182 0.130
Average pore diameter (nm) 3.22 14
BET constant 146 95

uniformly fixed onto the surface of the GAC and that the
surface morphology of the GAC was noticeably modified
after being coated with MgO [50]. Zhang et al. synthesized
TiO
2
/activated carbon using the AP-MOCVDmethod. They

observed that the AC was covered with TiO
2
particles [43].

The nitrogen adsorption isotherms for the TiO
2
/GAC

composite and GAC are shown in Figure 4. The BET surface
areas of GAC and TiO

2
/GAC were 226.78 and 35.91m2/g,

respectively. The total pore volume of the TiO
2
/GAC com-

posite was lower than that of the GAC, which decreased from
0.18 to 0.13 cm3/g, indicating that some pores were blocked by
the TiO

2
film (Table 1).The increase in average pore diameter

of TiO
2
/GAC composite to the GAC can be attributed to

calcination at 500∘C.These results are in accordance with the
results of other researchers [19, 32, 51].

3.2. Photocatalytic Degradation of Furfural

3.2.1. Effect of Initial pH. The results indicate that initial
solution pH of up to 10 increased furfural degradation and
higher values adversely affected removal efficiency (Figure 5).
At acidic pH values, a high amount of conjugated base was
added to the solution. The anion Cl− reacted with hydroxyl
radicals and formed inorganic radical ions (ClO−). These
inorganic radical anions showed much lower reactivity than
the hydroxyl radicals (OH∙) and did not participate in the
degradation of furfural. There was also intense competition
between furfural molecules and anions for OH∙ [52, 53]. An
increase inOH− and its reactionwith the positive holes (ℎvb+)
on the surface of the TiO

2
in the composite increased OH∙

production. The hydroxyl radical was an extremely strong,
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Figure 4: Nitrogen adsorption isotherms for the TiO
2
/GAC com-

posite and GAC.

nonselective oxidant (𝐸0 = +3.06V) which caused partial or
complete mineralization of furfural. More efficient formation
of hydroxyl radicals occurred in an alkaline solution and
increased degradation efficiency [54, 55].

A decrease in degradation efficiency of furfural occurred
at initial pH values above 10. At a high concentration of
OH− (pH > 10), two mechanisms may cause deactivation of
OH∙. First, H

2
O
2

∙ and HO
2

∙ radicals form in the reaction
of OH with OH−, but the reactivity of these radicals with
organic materials is less than with OH∙ [52, 53]. Second,
the presence of high amounts of hydroxyl radicals causes
radical-radical reactions at higher pH values and leads to a
scavenging effect onOH∙ [56].These results are in accordance
with the results of Mousavi-Mortazavi and Nezamzadeh-
Ejhieh in which they observed the same results for furfural
degradation using FeO-clinoptilolite [3]. Shavisi et al. also
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Figure 5: Effect of pH on degradation of furfural. TiO
2
/GAC

composite dosage: 1.5 g/L, irradiation time: 40min, and initial
furfural concentration: 300mg/L.

observed similar results for degradation of ammonia in
petrochemical wastewater using TiO

2
/LECA photocatalyst.

They recorded their best degradation efficiency at pH = 10;
however, they justified these results on the basis of the zero
point charge of TiO

2
[38].

3.2.2. Effect of TiO2/GACDosage. During photocatalytic deg-
radation, the catalyst dosage is important and the opti-
mum catalyst dosage must be determined to avoid the use
of excess catalyst for efficient degradation of furfural in
aqueous solutions. The catalyst dosage has both positive
and negative impacts on the photodegradation rate. An
increase in the amount of active sites on the catalyst surface
increases the interaction between the photocatalyst and the
furfural molecules or deactivates them by combining them
to form a dense layer of catalyst [40, 54, 55, 57]. With an
increase in catalyst dosage up to 2.5 g/L, photon absorption
increased, which increased the degradation rate.The addition
of catalyst beyond 2.5 g/L resulted in the deactivation of
activated molecules in suspension through collision with
other molecules. This means that as the amount of catalyst
increased, UVC-activated molecules collided with the excess
catalyst that eventually caused their deactivation as shown in

TiO
2

∗/GAC + TiO
2
/GAC

󳨀→ TiO
2

#/GAC + TiO
2
/GAC (4)

where TiO
2

∗/GAC represents the catalyst with active species
and TiO

2

#/GAC represents the deactivated form of the
catalyst.

Aggregation (particle-particle interaction) began at pho-
tocatalyst dosages of >2.5 g/L and reduced the effective
surface area of the catalyst and adsorption of the reactants.
The results clearly indicate that an increase in photocatalyst
concentration from 1 to 2.5 g/L increased furfural removal
from 29.33% to 64.8% during the 40min irradiation time
(Figure 6). Increasing the catalyst dosage increased turbidity
of the suspension and UV light penetration decreased as a
result of the increased scattering effect, decreasing photoacti-
vation efficiency [58–60]. Because the most effective removal
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Figure 6: Effect of TiO
2
/GAC composite dosage on the degradation

of furfural. Irradiation time: 40min, initial furfural concentration:
300mg/L, and initial pH: 10.
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Figure 7: Effect of irradiation time on the degradation of furfural.
TiO
2
/GAC composite dosage: 2.5 g/L, initial pH: 10, and initial

furfural concentration: 300mg/L.

of furfural was observed at 2.5 g/L TiO
2
/GAC, further testing

was carried out at this dosage.

3.2.3. Effect of Irradiation Time. Furfural removal increased
significantly as UV irradiation time increased but remained
almost unchanged after 80min of irradiation (Figure 7). The
removal efficiency of furfural increased with an increase
in OH∙ generation as more UV light irradiation became
available [11]. An optimum irradiation time of 80min was,
thus, selected.

3.2.4. Effect of Initial Furfural Concentration. Furfural re-
moval efficiency decreased from 98.5% to 85.42% as ini-
tial furfural concentration increased from 200 to 700mg/L
(Figure 8). This indicates that as the initial furfural con-
centration increased, molecule adsorption on the surface of
the TiO

2
/GAC increased. The high amount of contaminants

adsorbed onto the surface of the composite inhibited the
reaction of furfural molecules with the photogenerated holes
and hydroxyl radicals by preventing direct contact between
them. An increase in contaminant concentration caused
the furfural molecules to absorb UV rays and the photons
never reach the photocatalyst surface; thus, photocatalytic
degradation efficiency decreased [12, 61]. Faramarzpour et
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Figure 8: Effect of initial furfural concentration on the photocat-
alytic degradation of furfural. TiO

2
/GAC composite dosage: 2.5 g/L,

irradiation time: 80min, and initial pH: 10.

Table 2: The cyclic photocatalytic performance of TiO
2
/GAC

composite for furfural degradation with furfural concentration =
500mg/L, initial pH = 10, photocatalyst dosage = 2.5 g/L, and
irradiation time of 80min.

Number of cyclic usage Degradation efficiency %
First cycle 95.2
Second cycle 94.6
Third cycle 94.2
Fourth cycle 93.4

al. observed similar results for degradation of furfural using
TiO
2
/perlite photocatalyst [62].

3.3. Reusability of TiO2/GAC Composite. To evaluate the
feasibility of repeated use of TiO

2
/GAC photocatalyst, four

cycles of photocatalytic degradation of furfural were carried
out as shown in Table 2. The degradation efficiency of
furfural over the four cycles indicated that the photocatalytic
activity remained at about 93% for an irradiation time of
80min. Removal in the first cycle was 95.2%; thus, furfural
removal efficiency decreased by only about 2% over the
four cycles. This very small decrease resulted from the slight
dislodging of TiO

2
from the GAC under stirring or from the

decrease in adsorption capacity and active sites on the reused
photocatalyst.

Shavisi et al. observed a decrease in efficiency of photo-
catalysis after each reuse to be about 14%. They attributed
this to the decrease in adsorption capacity and active sites
on reused catalyst. They experienced about a 41% decrease in
catalyst efficiency after three regenerations and usages. Their
photocatalyst was TiO

2
/LECA [38].

It appears that the anatase TiO
2
firmly attached to

the GAC surface and could not be easily exfoliated under
mechanical stirring of the solutions. It is also shown that the
final removal of organic pollutant from solution is caused
by photocatalytic degradation rather than by adsorption, as
adsorption would undoubtedly result in saturation of the
organic pollutant on the photocatalyst. Yao et al. attained
87% degradation efficiency of methyl orange at an irradiation

2.9
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Figure 9: Comparison of the furfural removal efficiency in adsorp-
tion, UVC/TiO

2
, and UVC/TiO

2
/GAC processes at the same oper-

ational conditions irradiation, time = 80min, photocatalyst dosage
= 2.5 g/L, initial furfural concentration = 500mg/L, and initial pH =
10.

time of 2 h and 83.58% degradation efficiency of phenol at an
irradiation time of 4 h after four cycles of TiO

2
/ACF [32].

3.4. Adsorption Effect. To investigate the effect of adsorption,
one experiment was performed under optimum conditions
without UV irradiation. A degradation efficiency of 2.6%
(Figure 9) indicated that the influence of adsorption was
very low and that photocatalysis was the main mechanism in
furfural removal.

3.5. Photocatalytic Degradation of Furfural through UVC/
TiO2. The influence of UVC/TiO

2
under optimum condi-

tions was compared with TiO
2
/GAC composite. A degra-

dation efficiency of 75% was observed using TiO
2
as a

photocatalyst (Figure 9) and indicates that the efficiency of
photocatalysis when GAC is used as a support increases and
successfully solves the problems associated with raw TiO

2
.

TiO
2
dispersion on the surface of theGACdecreases TiO

2

agglomeration and increases the effective surface area of the
TiO
2
nanoparticles which in turn increases the formation of

hydroxyl radicals. In addition, GAC has a good adsorption
ability and the organic pollutant adsorbs to TiO

2
/GAC

composite and enhances the probability of degradation.
Hence, integration of the photocatalytic activity with the
adsorption capacity of GAC in the supported TiO

2
induces

a synergistic effect, causing a considerable enhancement in
the photocatalytic activity [63].

3.6. Mineralization of Furfural. TOC was measured under
optimum conditions to determine the mineralization rate.
TOC removal of 94%was observed and nearly completemin-
eralization was observed within 80min. It can be deduced
that the furfural experienced nearly complete mineralization
into CO

2
and H

2
O and that most intermediate products

degraded during the process.

3.7. Mechanism of Photocatalytic Degradation. The mecha-
nism of decomposition of organic pollutants catalyzed by
TiO
2
follows three main stages: (1) movement of pollutant
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from the liquid bulk to the catalyst surface; (2) adsorption
of organic pollutants onto the surface of the TiO

2
/GAC

composite; (3) photodegradation of organic pollutants onto
the surface of the composite; (4) movement of the final
products from the surface of TiO

2
/GAC composite to the

bulk of solution. The photodegradation of organic pollutants
is the step that involves direct charge transfer from the
semiconductor to the organic pollutants adsorbed at the
active TiO

2
/GAC spots.

Under UV irradiation, TiO
2
nanoparticles on the surface

of the GAC and in the porous structure of the GAC react
with the UV light to produce electrons (𝑒cb) and holes
(ℎvb+). The holes are trapped by H

2
O or O

2
on the surface

of the TiO
2
nanoparticle to yield H+ and OH∙ radicals,

an efficient oxidizing agent for decomposition of organic
components. Generally, in semiconductor photocatalysis,
photon-generated holes (ℎvb+), electrons (𝑒cb), superoxide
ions (O

2

∙−), and hydroxyl radicals (OH∙) take part in redox
reactions if thermodynamically favorable. ℎvb+, 𝑒cb, OH∙, and
O
2

∙− can thus degrade the organic pollutant into intermedi-
ates and the intermediates can be further degraded into CO

2

and H
2
O. In the current study, the degradation of furfural is

proposed to follow this path [19, 44, 64, 65]:

TiO
2
+ UV 󳨀→ ℎ+ (VB) + 𝑒− (CB) (5)

ℎ+ (VB) +OH− 󳨀→ OH∙ (6)

𝑒− (CB) +O2 󳨀→ O
2

∙− (7)

O
2

∙− + 𝑒− (CB) +H+ 󳨀→ H
2
O
2

(8)

O
2

∙− +O
2

∙− + 2H+ 󳨀→ H
2
O
2
+O
2

(9)

H
2
O
2
+ 𝑒− (CB) 󳨀→ OH∙ +OH− (10)

Furfural +OH∙
󳨀→ H

2
O + CO

2
+ other degradation products

(11)

Furfural +O
2

∙−

󳨀→ H
2
O + CO

2
+ other degradation products

(12)

3.8. Kinetic Study. The Langmuir–Hinshelwood model is
usually applied to describe the kinetics of photocatalytic
reactions in aqueous solutions for catalytic degradation of
organic compounds through adsorption [66, 67]. The model
relates the rate of photodegradation (𝑟) and the concentration
of furfural (𝐶) and is expressed as

𝑟 = −𝑑𝐶𝑑𝑡 =
(𝑘
𝑟
𝐾ad𝐶)(1 + 𝐾ad𝐶) , (13)

where 𝑘
𝑟
is the intrinsic rate constant (M/min), 𝐾ad is the

adsorption equilibrium constant of furfural on a catalyst
particle (M−1), and 𝑡 is the irradiation time (min). When
adsorption is rather weak, (13) can be simplified into (14)

0

0.5

1

1.5−
ln

(C
/C

0
)

2
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3

3.5

4

20 40 60 80 1000
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Figure 10: Pseudo-first-order plot for the photocatalytic degra-
dation of furfural; TiO

2
/GAC composite dosage = 2.5 g/L, initial

furfural concentration = 500mg/L, and initial pH = 10.

for pseudo-first-order kinetics with an apparent rate constant𝑘app (min−1):

ln( 𝐶𝐶
0

) = −𝑘
𝑟
𝐾ad𝑡 = −𝑘app𝑡. (14)

If pseudo-first-order kinetics are applicable, the plot of− ln(𝐶/𝐶
0
) against 𝑡 should yield a straight line, as indicated

in (14), from which 𝑘app can be obtained from the slope of
the plot [67, 68]. Figure 10 shows that the pseudo-first-order
kinetic model adequately fits the experimental data (𝑅2 =0.98) with 𝑘app of 0.046min−1.

4. Conclusions

The present study revealed that photocatalysis with TiO
2
/

GAC composite could be applied for treatment of effluent
containing furfural. Experiments indicated that photocat-
alytic degradation of furfural using UVC/TiO

2
/GAC was

feasible and that pseudo-first-order kinetics successfully
described the photocatalytic degradation behavior. Under
optimal operational conditions, furfural removal was 95%.
Anatase TiO

2
was firmly attached to the granular activated

carbon surface that could not to be easily exfoliated from the
granular carbon with mechanical stirring of the solutions.
Results indicated that furfural removal due to only physical
adsorption on GAC was low and photocatalytic removal of
furfural was efficiently promoted when GAC was used as a
support. TiO

2
dispersion on the surface of theGACdecreased

TiO
2
agglomeration and increased the effective surface area

of the TiO
2
nanoparticles which in turn increased the

formation of hydroxyl radicals and caused enhancement
of photocatalytic degradation of furfural using TiO

2
/GAC

composite.
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and characterization of TiO

2
photocatalysts supported on

various rigid supports (glass, quartz and stainless steel). Com-
parative studies of photocatalytic activity in water purification,”
Applied Catalysis B, Environmental, vol. 7, no. 1-2, pp. 49–63,
1995.
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