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Abstract: In this paper, the Langmuir-Hinshelwood (L-H) model has been used to investigate the
kinetics of photodegradation of gaseous benzene by nitrogen-doped TiO2 (N-TiO2) at 25 ◦C under
visible light irradiation. Experimental results show that the photoreaction coefficient kpm increased from
3.992× 10−6 mol·kg−1·s−1 to 11.55 × 10−6 mol·kg−1·s−1 along with increasing illumination intensity.
However, the adsorption equilibrium constant KL decreased from 1139 to 597 m3·mol−1 when the
illumination intensity increased from 36.7 × 104 lx to 75.1 × 104 lx, whereas it was 2761 m3·mol−1 in
the absence of light. This is contrary to the fact that KL should be a constant if the temperature was
fixed. This phenomenon can be attributed to the breaking of the adsorption-desorption equilibrium by
photocatalytically decomposition. To compensate for the disequilibrium of the adsorption-desorption
process, photoreaction coefficient kpm was introduced to the expression of KL and the compensation form
was denoted as Km. KL is an indicator of the adsorption capacity of TiO2 while Km is only an indicator
of the coverage ratio of TiO2 surface. The modified L-H model has been experimentally verified so it is
expected to be used to predict the kinetics of the photocatalytic degradation of gaseous benzene.
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1. Introduction

Gaseous benzene released from paints, artificial panel or furniture is threatening to human
health, particularly for children. However, the gaseous benzene in indoor air is difficult remedy with
traditional methods due to its low concentration (ppm or ppb level) [1–3]. However, TiO2 can decompose
gaseous benzene under ultraviolet light irradiation, thus it has attracted growing attention [4–8]. In fact,
the photodegradation of gaseous benzene by TiO2 photocatalyst is a heterogeneous reaction occurring at
a gas-solid interface, and the reaction rate is strongly affected by the environmental factors, particularly
illumination intensity [9–11]. So the kinetic study of photocatalytic reaction is important for revealing the
effect of these factors on the photocatalytic reaction rate.

The heterogeneous reaction includes two consecutive steps. Firstly, the reactants are adsorbed
on the surface of the photocatalysts and secondly, the photocatalytic reaction commences. Generally,
the adsorption rate is slower than the photocatalytic reaction rate. So the overall photocatalytic reaction
rate is mainly dominated by the adsorption rate. Furthermore, the adsorption rate can be equivalently
expressed using the coverage ratio of the adsorbed reactants on the surface of the photocatalysts [12–15].
So the photocatalytic reaction rate r can be expressed as Equation (1) [16–18], which is widely known
as the original L-H model.

r = −dc
dt

= kpθ (1)
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where c is the concentration of the reactant, t is the photocatalytic reaction time, θ is the coverage ratio
of pollutants on the TiO2 surface, kp is photoreaction coefficient.

According to Langmuir adsorption theory, the coverage ratio is related to adsorption capacity
and the concentration of the reactant. KL was defined as adsorption equilibrium constant to measure
the adsorption capacity of TiO2 and coverage ratio θ can be expressed as Equation (2) according to
adsorption theory [19].

θ =
KLc

1 + KLc
(2)

Input θ from Equation (2) to Equation (1), the photoreaction coefficient r can be expressed as
Equation (3) [20–22],

r = kp
KLc

1 + KLc
(3)

Equation (3) is the much known expression of L-H model and has been widely used in investigating
the kinetics of photocatalytic reactions. Lin et al. [23] studied the photocatalytic degradation pathway of
dimethyl sulfide. They used original and derivative L-H models to study the kinetics under different
temperatures and found that temperature can enhance photocatalytic activity. Dhada et al. [24] investigated
the photocatalytic degradation of benzene by TiO2 under sunshine and UV light. They found that UV
light can promote photocatalytic reaction than visible light due to its higher energy of the photons.
Cheng et al. [25] studied the photocatalytic degradation of benzene. They found that higher temperature,
illumination intensity and humidity can promote the reaction rate greatly.

The works mentioned above are focused in revealing the effect of environmental factors such
as illumination intensity, the amount of the photocatalyst and some processing parameters on the
photodegradation ratio. However, the effect of illumination intensity on adsorption equilibrium
coefficient of gaseous pollutant was neglected in most articles. In liquid phase photocatalysis, some
authors have reported their research on the effect of the illumination intensity on both the photoreaction
coefficient and the adsorption coefficient [26–29]. Du [30] found that the value of the adsorption
coefficient calculated from the L-H model was illumination intensity-dependent in photodegradation
of liquid dimethyl phthalate (DMP).

Coincidentally, it has also been found that the adsorption coefficient has been affected by light
intensity in the gaseous photocatalytic reactions [31,32]. Brosillon [31] studied the kinetic model of
photocatalytic degradation of butyric acid, and they found that the adsorption coefficient KR can be
expressed as Equation (4)

KR =
(krLHCRads0 + kd1 + k′d2 I)K

kd1 + k′d2 I
(4)

where krLH is the reaction rate of the reaction between ·OH and reactants, kd1, k′d2 is the decomposition
rate of ·OH in the routes of ·OH→ OH− + h+ and ·OH + e− → OH−, I is the light intensity, K is the
adsorption constant without light irradiation. Their results indicate that the adsorption coefficient in
gas photocatalytic reaction is a function of light intensity, which is not reasonable as the adsorption
coefficient should be a constant under a fixed temperature. And, the parameter krLH, kd1, k′d2 are
difficult to calculate as the concentration of ·OH is difficult to accurately measure [33] during the
process of photocatalytic degradation of benzene and its concentration changes during the progression
of the photocatalytic reaction. So this model is not applicable to predict the concentration of the reactant
at different reaction times under different illumination intensities. He [32] investigated the degradation
of benzene by mesoporous TiO2 and also found that the adsorption coefficient could be affected by
light intensity. They attributed it to the decrease of available active sites as the increased photo-induced
radicals will occupy more of the active sites under higher illumination intensity. However, the effect of
photocatalytic decomposition of the adsorbed benzene by the increased radicals on the adsorption
coefficient was not considered. So, it’s necessary to accurately describe the relationship between the
adsorption coefficient and the illumination intensity in gaseous photocatalytic reactions.
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In the present work, the effect of illumination intensity on photoreaction coefficient kpm and
adsorption equilibrium coefficient has been studied under a constant 25 ◦C. Photoreaction coefficient
was introduced as the modification to KL and the compensation Km was used to replace KL in the
original L-H model. The modified L-H model can reveal the interaction between the adsorption,
desorption and photo-oxidation process. The results showed that the Km and kpm can be obtained
under different illumination intensity at 25 ◦C, thus the concentration at different reaction times can
be predicted.

2. Results and Discussion

2.1. Characterization of the N-TiO2 Photocatalysts

The N-TiO2 catalysts were characterized by X-ray diffraction (XRD), Transmission electron
microscopy (TEM), UV-Vis spectra (UV-Vis) and X-ray photoelectron spectroscopy (XPS) and the
results were illustrated in Figure 1. Figure 1a shows the XRD patterns of N-TiO2. It is clear that all the
diffraction peaks were indexed to that of anatase TiO2 (JCPDS no. 21-1272). The crystal size calculated
by Scherrer’s Equation was also around 10.2 nm. Figure 1b shows the morphology of the N-TiO2

powders. It can be found that the prepared sample was composed of spherical TiO2 and the size
was ranged from 9 to 12 nm, which is in consistent with the calculated result. The light absorption
spectrum was measured by UV-Vis spectrum and was shown in Figure 1c. It is well known that the
bandgap of pristine anatase is 3.2 eV, while the light absorption has been extended into the ranged
of 400 to 600 nm of as-prepared N-TiO2. And its bandgap energy was 2.9 eV shown in the inset of
Figure 1c calculated by using the method in other works [34,35]. The chemical state of N1s was also
investigated by XPS and the result was shown in Figure 1d. Only one peak located at 399.9 eV can
be found, which can be attributed to the interstitial doping of nitrogen into TiO2 lattice with Ti–O–N
bond [36].
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Figure 1. Characterization of N-TiO2 catalysts (a) XRD patterns, (b) TEM image, (c) UV-Vis spectrum,
(d) N1s binding energy peak.

2.2. Kinetic Study of Photocatalytic Degradation of Benzene under Different Illumination Intensity

Figure 2 shows the variation of benzene concentration with photocatalytic degradation time
under different illumination intensities. It shows that the concentration of benzene remained almost
unchanged during the first hour without light irradiation, indicating that adsorption and desorption
processes of benzene on TiO2 surface have reached equilibrium, thus the decrease of benzene after
illumination can be ascribed to the photocatalytic degradation process. When it was illuminated
for 4 h under different illumination intensity of 36.7 × 104, 46.9 × 104, 61.7 × 104 and 75.1 × 104 lx,
the removal ratio of benzene was 72.1%, 84%, 90% and 92.4%, respectively. The removal ratio increased
dramatically under higher illumination intensity, indicating that illumination intensity can promote
the photocatalytic degradation performance.
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During the photocatalytic degradation process, the amount of degraded benzene per unit time
can be calculated by Equation (5).

∆n = rV = −dc
dt

V (5)

where ∆n is the amount of degraded benzene per unit time, r is the photocatalytic degradation rate,
V is the volume of the reactor, c is concentration of benzene and t is photocatalytic degradation time.
The detailed form of r is shown by original L-H model in Equation (3) [32,37], so after inputting r from
Equation (3) to Equation (5), we can get

∆n = −dc
dt

V = kp
KLc

1 + KLc
(6)

In Equation (6), kp is the photoreaction coefficient of the whole reaction system and is related to
the mass of the catalysts. So the photocatalytic degradation rate coefficient per unit mass kpm can be
expressed in Equation (7)

kpm =
kp

m
(7)

Input kpm from Equation (7) into Equation (6), then we can get

− dc
dt

V = mkpm
KLc

1 + KLc
(8)

So the relationship between dc and dt can be expressed in Equation (9)

− V
mkpm

1 + KLc
KLc

dc = dt (9)

The relationship between c and t can be obtained after making integration to Equation (9), that is

− V
kpmm

∫ c

c0

1 + KLc
KLc

dc =
∫ t

0
dt (10)

The result of Equation is

t =
V

mkpm

[
(c0 − c) +

1
KL

(ln c0 − ln c)
]

(11)

After rearranging in terms of 1/(c0 − c), the linear form of Equation (11) is obtained.

ln(c0/c)
c0 − c

=
m
V

kpmKL
t

c0 − c
− KL (12)

In Equation (12), it can be found that ln(c0/c)/(c0 − c) and t/(c0 − c) is a linear relationship,
and the slope and intercept of the line is mkpmKL/V and KL respectively.

Figure 3 shows the plots of ln(c0/c)/(c0 − c) vs. t/(c0 − c) under different illumination intensity.
According to the obtained slopes and intercepts, the values of kpm and KL were calculated and
summarized in Table 1. And the standard deviation R2 for each case were also listed in Table 1.
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Table 1. Calculated Kpm and KL under different illumination intensity using the original L-H model.

Illumination Intensity/104 lx
kpm/

10−6 mol·kg−1·s−1
KL/

m3·mol−1 R2

36.7 3.992 1139 0.9981
46.9 5.731 1064 0.9847
61.7 8.589 791 0.9961
75.1 11.55 597 0.9674

It can be seen from Table 1 that kpm was calculated as 3.992 × 10−6, 5.371 × 10−6, 8.589 × 10−6,
11.55 × 10−6 mol·kg−1·s−1 corresponding to the illumination intensity of 36.7 × 104, 46.9 × 104,
61.7 × 104, and 75.1 × 104 lx, respectively. And kpm increased greatly with increases in illumination
intensity, which means that the photodegradation rate of benzene can be significantly promoted by
increasing the illumination intensity in our experiment conditions. It’s reasonable that the increased
illumination intensity means more photon irradiated on TiO2 surface, that can produce more ·OH,
which is the main radical in photocatalytic reaction. According to other works [32], photoreaction rate
coefficient kpm depends on illumination intensity in a power law

kpm = αIn (13)

The value of intensity coefficient α and exponent n was 2.24 × 10−14 and 1.482 obtained by using
the results in Table 1.

And the value of adsorption constant KL was decreased from 1139 m3·mol−1 to 597 m3·mol−1

when the illumination intensity was increased from 36.7 × 104 lx to 75.1 × 104 lx. That is, KL varied
with the variation of the illumination intensity. However, the adsorption constant KL is related to
the temperature and should be a constant as the temperature of the reactor was carefully maintained
at 25 ◦C according to Langmuir adsorption theory. So the obtained results are inconsistent with
the basic fact that the KL should be kept unchanged if the temperature was fixed for a certain
adsorption-desorption balance, which shows that original L-H model cannot be used to describe
the photocatalysis processes accurately.

Generally, it is widely recognized that the photocatalytic degradation of gaseous chemicals mainly
includes two steps, gas adsorption on the surface of the photocatalyst and photodegradation. After the
gas chemicals were adsorbed on the surface of the photocatalyst, certain amount of the adsorbed
molecules were decomposed by photocatalytic degradation.
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However, the original L-H model only considers the adsorption and desorption equilibrium of the
gas molecules on the surface of the photocatalyst. So the amount of the adsorbed benzene molecules
∆na and lost desorbed benzene molecules ∆nd of N-TiO2 surface per unit time can be defined as
Equation (14) and Equation (15) respectively [38].

∆na = kac(1− θ)S (14)

∆nd = kdθS (15)

where ka and kd is adsorption and desorption constant of benzene and is all thermodynamic constant.
When adsorption and desorption process reach equilibrium, there is ∆na = ∆nd, and the detailed

form is shown in Equation (16).
kac(1− θ)S = kdθS (16)

So coverage ratio θ and adsorption equilibrium constant KL can be obtained [19]

θ =
kac

kd + kac
=

ka
kd

c

1 + ka
kd

c
(17)

KL =
ka

kd
(18)

KL is thermodynamically constant due to ka and kd being thermodynamic constants, and is an
indication of adsorption ability of the catalysts. While in photocatalytic reaction, the degradation
process would cause the decrease of benzene on TiO2 surface, which is equivalent to the increase in
the desorption rate of benzene molecules. So the equilibrium between adsorption and desorption
process would be broken. However, adsorption equilibrium constant KL is only related to ka and kd in
Equation (18), which make it impossible to reveal the effect of degradation process on the equilibrium.
Therefore, original L-H model based on Langmuir adsorption theory is not entirely suitable for the
photocatalytic degradation of benzene and necessary modification should be applied to original L-H
model for better understanding kinetics of the photocatalysis process.

2.3. Modication to the L-H Model and Kinetic Results under Different Illumination Intensity

In the photocatalytic reaction, there are three processes: Adsorption, desorption and the photocatalytic
degradation process. The photocatalytic degradation process will cause decrease of benzene molecules on
interface, so the amount of lost benzene molecules ∆nb is the sum of desorbed and photocatalytic degraded
benzene molecules per unit time.

∆nb = kdθS + kpmθS (19)

Combing Equation (13) and (18), the coverage ratio θ becomes

θ =
kac

kd + kpm + kac
=

ka
kd+kpm

c

1 + ka
kd+kpm

c
=

Kmc
1 + Kmc

(20)

Km =
ka

kd + kpm
=

kd
kd + kpm

ka

kd
=

kd
kd + kpm

KL (21)

ka/(kd + kpm) can be defined as coverage coefficient Km in Equation (21). The coverage coefficient
Km is a function of ka, kd and kpm, so Km is not thermodynamic constant due to kpm is photodynamic.
The value of Km is equal to that of KL while there is no light due to kpm is zero without irradiation.
And the value of kpm will increase greatly under high illumination intensity, thus will result in a
decrease of Km, which is in accordance with the experimental results in Table 1.
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The original L-H model can be modified by using Km to replace KL in Equation (13) and (14)
there is

t =
V

mkpm

[
(c0 − c) +

1
Km

(ln c0 − ln c)
]

(22)

ln(c0/c)
c0 − c

=
m
V

kpmKmt
1

c0 − c
− Km (23)

The expression form of Equation (23) is similar to that of original L-H model except coverage
coefficient Km and equilibrium coefficient KL. KL in original L-H model is an indicator of adsorption
capacity of TiO2, while Km is the indicator of the amount of benzene on TiO2 surface. The parameters
kpm and Km can be obtained through the plots of ln(c0/c)/(c0 − c) vs. t/(c0 − c) which were shown
in Figure 4a and the results were listed in Table 2. And after taking reciprocal on both sides of
Equation (21), the linear relationship exists between 1/Km and kpm can be found in Equation (24) and
was shown in Figure 4b. Then the values of ka, kd and KL can also be obtained and summarized in
Table 2. The value of KL in modified L-H model is 2629 m3·mol−1 under different illumination intensity
at 25 ◦C, which is consistent with Langmuir adsorption theory. The value of ka and kd is constant in
a given temperature at 25 ◦C and the relationship of kpm and I is revealed in Equation (14), thus Km

under different illumination intensity can be obtained by Equation (21). Therefore, the concentration c
at different photocatalytic reaction time t under different illumination intensity I can be predicted from
Equation (22)

1
Km

=
kpm

ka
+

kd
ka

(24)
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Table 2. Results of modified L-H model under different illumination intensity.

Illumination
Intensity/104 lx

Photoreaction
Coefficient

kpm/10−6 mol·kg−1·s−1

Coverage
Coefficient

Km/m3·mol−1

Adsorption
Constant

ka/m3·kg−1·−1

Desorption
Constant

kd/mol·kg−1·s−1

Adsorption
Equilibrium Constant

KL/m3·mol−1

36.7 3.992 1139

9.242 × 10−3 3.514 × 10−6 2629
46.9 5.731 1064
61.7 8.589 791
75.1 11.55 597

2.4. The Adsorption Equilibrium Constant KL Obtained by Using Adsorption Theory

In fact, the adsorption equilibrium constant KL is thermodynamically constant and can be used to
evaluate the adsorption ability. In Langmuir adsorption theory, the adsorption equilibrium constant
KL without light irradiation can be obtained as follow [39–41]:

c0

(cT − c0)V
=

c0

cmV
+

1
KLcmV

(25)

where cT is total concentration of benzene filled into the reactor, c0 is initial concentration of gaseous
benzene after adsorption equilibrium, cm is the maximum concentration that can be adsorbed by
N-TiO2. It is obvious that there is a linear relationship between c0/(cT − c0)V and c0 in Equation (25).
By filling different volume of benzene into reactor, cT and c0 can be measured after adsorption
equilibrium and were summarized in Table 3. The plot of c0/(cT − c0)V vs. c0/cmV was shown in
Figure 5. The slope and intercept of the linear is 1/cmV and 1/KLcmV, respectively. The value of KL
was 2761 m3·mol−1, which is an indicator of the adsorption ability of benzene of N-TiO2 at 25 ◦C.
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Table 3. Concentration of benzene before and after adsorption equilibrium at 25 ◦C.

Total Concentration Filled into the Reactor ct/ppm Initial Concentration after Adsorption Equilibrium c0/ppm

15 7.79
18.75 10.29
22.5 13.41

26.25 16.17
30 19.56

2.5. Verification of the Modified L-H Model

To verify the modified L-H model, the photodegradation of benzene under the illumination
intensity of 23.8 × 104 lx was carried out by fixing other conditions except the initial concentration of
benzene was 14.81 ppm. In this case, the calculated kpm and Km is 2.101 × 10−6 mol·kg−1·s−1 mol and
1645 m3·mol−1 respectively. By inputting the values of kpm and Km into Equation (22), the predicted
concentration variation of benzene vs. irradiation time was obtained, which is shown in Figure 6
(denoted with the black solid line). The experimentally measured concentration of the benzene was
denoted with red solid squares in Figure 6. It is clearly seen that the theoretical prediction shows very
good agreement with the experimental results. So the modified L-H model can be used to predict
benzene concentration under different illumination intensities at a constant temperature.
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3. Materials and Methods

3.1. Preparation and Characterization of Samples

Nanocrystalline N-TiO2 powders were prepared by hydrothermal method following the route
used in our previous work [42]. The phase of the nano powders was determined by X-ray diffraction
(XRD) with Cu Kα source in the 2θ ranging from 20 to 80◦. The morphology of N-TiO2 was
characterized by Transmission electron microscopy (TEM, Hitachi, Jeol 200CX, Tokyo, Japan). UV-Vis
spectra of the as-prepared sample was measured by Pgeneral UV-1901 instrument. The valence state
of N was characterized by X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientic, Escalab 250,
Waltham, MA, USA). Then the N-TiO2 catalysts were dispersed into alcohol with ultrasonic wave
of 50 kHz by an ultrasonicato (S6103, Aladdin, Shanghai, China) for two hours. After dispersing,
the suspension was spray-coated on the surface of a SiO2 glass substrate (5 cm× 5 cm) and the amount
of coated N-TiO2 catalysts was 30 mg. The N-TiO2 coated glass was dried in air under 60 ◦C for 2 h.

3.2. Photocatalytic Reaction System

The schematic setup of the photocatalytic reaction system is illustrated in Figure 7. The cylindrical
reactor with 15 cm in height and 10 cm in diameter was made of 316 L stainless steel. The temperature
of the reactor were maintained at 25 ◦C by a bath circulator. A xenon lamp with a cut-off filter of
420 nm was used as the visible light illumination source. The illumination intensity could be adjusted
at the range of 0 to 80 × 104 lx. A quartz window was mounted on the reactor for light irradiation.
A gas chromatography (GC-2014, Shimadzu, Kyoto, Japan) was connected to the reactor to measure
the concentrations of charged benzene in the reactor. The gas chromatography was equipped with
Rtx-wax capillary column (Shimadzu) with 60 m in length, 0.53 mm in internal diameter and 1.0 µm
in thickness.

3.3. Photocatalytic Reaction Procedures

The N-TiO2 loaded glass was put into the photocatalytic reaction chamber. After a leakage check,
the reactor was pumped to a vacuum of 0.1 atmosphere pressure, then the reactor was irradiated for
24 h under 254 nm ultraviolet light to clean the possible pollutants that may be adsorbed on the surface
of the photocatalysts and the reactor as well. After a certain volume of benzene was charged/flushed
into the reactor, clean air (N2:O2 = 80%:20%) was flushed into the reactor until the inner pressure was
balanced with the atmospheric pressure. The concentration of benzene was set at 30 ppm as much as
possible. Then the reactor was kept in dark for 60 min to reach the balance of adsorption-desorption.
After that, the xenon lamp was turned on to make the irradiation through the quartz window, while
the illumination intensity was adjusted at 36.7 × 104, 46.9 × 104, 61.7 × 104 and 75.1 × 104 lx by
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adjusting the distance between the light source and the sample. The concentration of the benzene in
the reactor was measured and recorded every 30 min. The temperature of the reactor was maintained
at 25 ◦C by a bath circulator.
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4. Conclusions

The L-H model has been used to investigate the kinetics of photodegradation of gaseous benzene
by N-TiO2 at 25 ◦C under visible light irradiation. Experimental data indicates that the adsorption
equilibrium constant KL calculated according to the L-H model decreased from 1139 to 597 m3·mol−1

when the illumination intensity was increased from 36.7 × 104 lx to 75.1 × 104 lx, whereas it was
2761 m3·mol−1 when in absence of light. This is contrary to the fact that KL should be a constant if the
reaction temperature was fixed. The benzene molecules adsorbed on the surface of the N-TiO2 were
dynamically photodegraded by the photocatalyst and thus the equilibrium of adsorption-desorption
was broken would account for that. Photoreaction coefficient kpm was introduced in the L-H model
to compensate the disequilibrium of the adsorption-desorption caused by photodecomposition.
Experiment result shows that kpm is proportional to the light intensity I1.482. As a result, the new
parameter Km (ka/(kd + kpm)) is closely related to the light intensity. Therefore, the concentration
variation of benzene c vs irradiation time t under different light intensity I can be predicted.
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