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A new photocatalytic reactor for hexachlorobenzene removal in water
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ABSTRACT

A new photocatalytic reactor with a thin-film TiO, catalyst attached on the inner wall of quartz
glass pipes under UV light radiation was assembled and applied for the removal of hexachloro-
benzene (HCB) in water. The results indicated that the degradation effect of HCB was higher in
the UV/photocatalytic system at lower flow velocities owing to the longer residence time. As the
UV light intensity increased, the degradation efficiency of HCB was enhanced correspondingly.
Moreover, an enhancement on the removal effect of HCB was observed with the addition of humic
acid. It should be noted that the improvement extent of HCB removal rate was much higher at low
humic acid concentration compared to that at higher humic acid concentration. The phenomenon
can be ascribed to the photosensitization in the presence of suitable amount of humic acid in the
photoreaction system. To further describe these effects, a mathematical model was developed and
then verified with experimental data, which validated the predictive capability and demonstrated
the removal ratio in terms of initial HCB concentration and UV light intensity.

Keywords: Drinking water treatment; Hexachlorobenzene; UV; TiO, film; Photocatalytic oxidation;
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1. Introduction

Hexachlorobenzene (HCB) is a kind of hazardous and
persistent toxic pollutant previously used as a fungicide,
and has been banned globally by the Stockholm Convention
on Persistent Organic Pollutants [1,2]. Although the produc-
tion and utilization of HCB has ceased in the last century, the
compound is still generated inadvertently in many coun-
tries as a byproduct of manufacturing of various chlorinated
compounds such as pesticides [3]. HCB can be found in
aquatic systems from industrial discharge and surface run-
off close to the sites of production and/or disposal. Several
studies reported that 311.7 ng L' HCB was found in natu-
ral water in Brazil [4] and 12.2 pg g™ dry weight HCB was
detected in river sediments surrounding PCP-producing
factories in China [5]. Although the detected concentration
of these substances in natural waters is generally low, it is
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bioaccumulative and harmful to humans and the environ-
ment, since it is considered a carcinogen [6,7]. The level of
HCB is also regarded as one of the non-regular indices in
the newly issued drinking water standard in China [8].

Slightly soluble hazardous materials can hardly be
removed by conventional water treatment processes [9].
Several methods have been able to remove persistent organic
pollutants (POPs) from water including membrane filtra-
tion [10] and adsorbents [11]. However, these methods only
transfer pollutants from one phase to another, rather than
chemically destroying the toxic compound. Fenton-based
processes have been reported to effectively remove POPs in
soil and water [12-14], but the optimal pH for the Fenton
process is typically between 3.0 and 4.0, which provides a
big constraint for drinking water treatment.

Titanium dioxide (TiO,) is a semiconductor that has
been frequently used as a photocatalyst for environmen-
tal and energy applications including water treatment [15].
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Conventional TiO, can undergo photoexcitation under
UV-irradiation and generate an electron-hole pair with a
high redox potential that will enable the degradation of
aqueous organic compounds, particularly at ambient tem-
perature and pressure conditions [16]. Many research efforts
have been focused on the practical application of TiO, in the
water treatment system. Initially, TiO, powder was directly
used as a photocatalyst to remove pollutants in water [17],
but the need of a post-treatment to separate the TiO, slurry
from the treated solution is not considered cost-effective
[18,19]. Recently, depositing TiO, films on different types
of substrates has been tested in order to substitute the need
of an additional unit operation in the treatment plant. For
example, glass beads [20] or rings [21], cotton materials
[22], perlite granules [23], quartz [24], porous aluminum
foil [25], stainless steel [26], glass tubes [27], and pumice
stones [28] have been used as substrate for the immobili-
zation of this photocatalyst. These studies have shown that
immobilizing TiO, on substrates is effective for the degra-
dation of many pollutants including pesticides, pharma-
ceuticals, and dyes [29-33]. From these studies, two main
factors can be directly correlated to the degradation effi-
ciency of pollutants: one is the photocatalyst specific surface
area and the other is the UV light intensity.

In this study, the specific objectives included: (1) to
develop a novel and tubular reactor with immobilized TiO,
in glass that can be operated continuously for long reaction
time; (2) to investigate the kinetics and impact factors of
the degradation effect of HCB in the photoreaction system;
(3) to establish a mathematical model to validate the predic-
tive capability and demonstrated the removal ratio in terms
of initial HCB concentration and UV light intensity.

2. Experimental
2.1. Materials and methods

All the chemicals were at least ACS grade and purchased
from Sinopharm Chemical Reagent Co., Ltd. The synthesis
of the TiO, photocatalyst was done by employing the sol-
gel method [34]. Titanium tetra-butoxide (97% purity) was
used as the precursor material. Calculated quantity of tita-
nium butoxide was dissolved in inisopropyl alcohol (IPA)
under intense stirring. HNO, as the catalyst was added
drop wise to increase the rate of reaction. The molar ratio of
titanium tetra-butoxide to water was 1:1. Then, deionizing
water (1.5 mL) have been added drop wise for hydrolysis
of the sol. The solution had a transparent yellowish tinge
and was kept for 24 h at room temperature until film depo-
sition. The raw water was prepared with distilled water
spiked with calculated amount of HCB standard sample.

2.2. Determination of hexachlorobenzene

The photodegradation of HCB was monitored using a
gas chromatographer (Shimadzu GC-2010) with a HP-5
fused silica capillary column (30 m x 0.32 mm LD, film
thickness of 0.25 um). Residual concentrations of HCB in
water were extracted with n-hexane, and one microliter of
the extraction was analyzed in the GC apparatus. The analy-
ses were carried out under the following conditions: injector

temperature, 250°C; detector temperature, 290°C. The tem-
perature of the GC oven was programmed as follows: 100°C,
isothermal for 2 min, then the temperature was raised at
10°C/min to 250°C and held at 250°C for 4 min. N, was the
carrier gas at a flow rate of 3.0 mL/min.

2.3. Reactor set-up and procedure

The averaged UV irradiance in this study was deter-
mined by using KI/KIO, actinometer method proposed
by Bolton et al. [35] based on the following photochemical
reaction (1).

81" +10; +3H,0+ hv — 3I; + 60H )

The actinometer solution was composed of 0.6 M potas-
sium iodide (KI) and 0.1 M potassium iodate (KIO,) in a
0.01 M sodium tetraborate (Na,B,O,) buffer solution. The
concentration of photoproduct (triiodide complex, I;) can be
accurately quantified using its maximum spectral absorp-
tion at 352 nm without being interfered by other compo-
nents in the actinometer solution. The quantum yield of
[; (@) at different wavelengths was calculated using the lin-
ear equation developed in a prior study (® = 3.558-0.0113 A)
[36].

The following Egs. (2)—(6) illustrate the procedures of
irradiance measurements:

A (sample) - A, (blank)

I— M — 352 2
|: *J( ) S(M—lcm—l) @)
moles I; =T, | x V(L) 3)
Einsteins (moles of photons) = moles I, 4)

(1)( mol/ einsteins)

einsteins

Photon irradiance ( E, einstein s'em™? ) = N
area (cm ) x time (s)

®)
irradiance(E,Wcm'z) = E, x photonenergy =E xhv,N, (6)

where A_, (sample) and A, (blank) are the absorbance of
sample and blank solutions at 352 nm (cm™), respectively,
at specific exposure time; € is the molar absorption coef-
ficient of I; (27,636 M cm™); V is the total irradiated vol-
ume of the sample solution (L); & is the Planck constant
(6.626 x 10*] s); v, is the wave frequency (s'); N, is the
Avogadro constant (6.022 x 10* mol™).

2.4. Reactor set-up and procedure

The experimental unit was composed of a raw water
tank, pressure stabilizing tank, and photoreactor, as shown
in Fig. 1. The pressure stabilizing tank was used to keep the
flow uniform. The photoreactor was composed of 30 quartz
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raw water tank

pressure stabilizing tank

quartz glass tube with
inner TiOz2 film

UV lamp effluent
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Fig. 1. Schematic diagram of the reactor set-up designed to photocatalytically assess the catalyst supported in the quartz glass tubes.

glass tubes with UV lamps inside each tube. The inside
diameter of the tubes was 3 mm, and they were placed in
a circle, joined in line with short silicone tubes. The TiO,
was supported on the inner wall of the tubes by a repeated
dip-coating method, air drying and calcination at 400°C for
10 min. When the coating process was completed and the
tubes were sufficiently cooled, they were washed in dis-
tilled water assisted by air bubbling in a vessel for a few
minutes in order to remove the titanium that was not prop-
erly attached to the tubes. A control valve was mounted
on the effluent pipe to regulate the flow rate. The UV light
intensity was adjusted by changing the number of UV
lamps. The wavelength of the lamps was 254 nm and the
relationship between UV light intensity and the number of
the lamps is shown in Table 2.

3. Results and discussion
3.1. Effect of HCB concentration

Different initial concentrations of HCB in water were
treated in the photoreactor under the same UV light
intensity of 80 uW/cm?. Fig. 2 shows the effluent concen-
tration of HCB at different flow rates for each initial HCB
concentration tested. The experimental data were linearly
fit and the corresponding fitting equations are shown in
Table 1. According to Fig. 2 and Table 1, the HCB concen-
tration in the effluent increased with the variation of the
flow velocity when the flow velocity ranged from 0.03 to
0.16 m/s. Specifically, the degradation efficiency of HCB
deteriorated along with the increase of the flow velocity.
The phenomenon can be attributed to the higher residence
time at lower flow velocities that allowed relatively more
complete degradation of HCB in the UV/photocatalytic sys-
tem [37]. To be noted, the degradation efficiency of HCB
almost stayed the same regardless of the initial concentra-
tion level of HCB, which demonstrated that the initial con-
centration of HCB had little influence on the degradation
effect of HCB when applying the photoreactor system.

The degradation effect of HCB at very low flow
velocities was further investigated. As depicted in Fig. 2,
when the initial concentration was at 51.6 ug/L and
the flow velocity was less than 0.025 m/s, the HCB

Table 1
Fitting equations at different initial concentrations under the UV
intensity of 80 uW/cm? (flow velocity > 0.02 m/s)

Initial HCB concentration Fitting equation

C,=235 ug/L y=16392x +0.66 R>=0.959
C,=37.0 ug/L y=16835x+9.71 R>=0.996
C,=51.6 ug/L y=188.15x +27.41 R>=0.906

C,=240.0 ug/L y=168.54x +9.62 R*=0.996

concentration in the effluent rose. The diffusion of the
solute in water was mainly caused by two factors includ-
ing the concentration gradient and turbulent diffusion
[38]. When the water was in a relatively static state, the
effect of turbulent diffusion tended to be negligible.
Therefore, the low turbulence intensity and the small
transmission capacity of such low HCB concentration
failed to offer effective diffusion to promote degradation.

3.2. Effect of UV light intensity

UV light intensity is a critical factor in the degrada-
tion effect of HCB. To explore the effect of ultraviolet
light intensity on the degradation of HCB, the inten-
sity of UV radiation in the photoreaction system was
adjusted by changing the number of UV lamps. Table 2
lists the corresponding relationship between the num-
ber of lamps and the UV light intensity. The degrada-
tion effect of HCB at the initial concentration of 240 ug/L
under different UV intensities are shown in Fig. 3. When
increasing the UV light intensity, the degradation effect
of HCB was enhanced obviously. The experimental data
were linearly fit and the corresponding fitting equations
are shown in Table 3. Therefore, the effect of removing
HCB can be greatly improved by enhancing the inten-
sity of UV radiation [39]. Moreover, the degradation
efficiency of HCB was on the decline with the increase
of flow velocity even at a much higher initial HCB con-
centration of 240 pg/L, which was consistent with the
results in Fig. 2.
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Fig. 2. Degradation effect of HCB at different initial concentra-
tions under the same UV light intensity of 80 uW/cm?.

Table 2
Number of UV lamps and their intensities

Number of lamps 1 2 3
UV light intensity (uW/cm?) 80 161 243

3.3. Effect of other organic matter

In actual water body, the existence of organic matter
in water may have an impact on the degradation rate of
HCB. To investigate the effect of organic matter, humic acid
as a model compound was added into the photoreaction
system. The experiment was conducted at the initial HCB
concentration of 240 ug/L in raw water under the UV light
intensity of 80 uW/cm? with the water flow velocity kept at
0.15 m/s. Different amounts of humic acid were added to
the raw water and the amount was expressed by COD,, .
As shown in Fig. 4, the HCB concentration in the effluent
decreased with the addition of humic acid. Particularly,
the removal rate of HCB at the humic acid concentration
of 2.0 mg/L COD,, achieved 63.6%. When further adding
humic acid to 4.2 mg/L COD,,, the removal rate increased
only 18.2%. Humic acid can play a double role as photo-
sensitizer and inhibitor. Hence, suitable amount of humic
acid can facilitate the degradation of HCB. However, the
humic acid can compete with the degradation of the tar-
get contaminant with the increase of humic acid, which
resulted in the reduction of the improvement of the pho-
todegradation efficiency of HCB [40]. Overall, the addi-
tion of humic acid can enhance the removal efficiency of
HCB in the photoreaction system.

3.4. Reaction model

The internal structure of the quartz glass tubes is shown
in Fig. 5 with a 2-D coordinate system. There is a thin TiO,
film inside the tube and the thickness of the film is (x,—x,)
mm. The UV light is positioned vertical to the tube and
I, is its initial intensity. The UV intensity and pollutant
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Fig. 3. The degradation effect of HCB at the initial concentration
of 240.0 pug/L under different UV intensities.

Table 3
Fitting equations at the initial HCB concentration of 240 pg/L un-
der different UV intensities

UV lamps Fitting equations

1 y=190.16x + 190.93 R?=0.968
2 y=434.29x +142.97 R*=0.955
3 y=1117.10x + 44.77 R*=0.989

concentration in the body water are I and S, respectively.
The HCB concentration on the surface of the TiO, film is
q, S, is HCB concentration in the water film near the sur-
face, and g is the HCB concentration adsorbed in the TiO
film.

In order to establish a kinetic model for the photore-
actor, some premises are put forward as follows: (1) the
UV lamp is a linear light source and the intensity is equal
around the lamp; (2) the thickness of the TiO, film loaded on
the quartz glass tube is uniform; and (3) the concentration
of the pollutant in the water is uniform. According to the
mass-balance principle in an ideal plug flow reactor oper-
ated in a steady state, the reaction equation in a differential
element volume is shown as Eq. (7):

2

nd® | dS, md® nd® nd®
4 d TZZTUSb*TU(Sb‘FdSb)‘FH(Sb)Tdy (7)

where y represents the total length of the quartz glass tubes
and v is the internal flow velocity; d represents the inside
diameter of the tubes; S, represents the HCB concentration
at the point y of the total length of the quartz glass tubes,
and p(S,) is the degradation rate of the pollutant.

During steady-state conditions, the pollutant concentra-
tion at a section does not change over time. That is to say,
ds,/dt = 0; thus, Eq. (7) can be simplified as follows:

o—L=p(S,) ®)
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During the TiO, photocatalytic reaction in a specific
reactor, the degradation rate is related to the UV intensity,
initial pollutant concentration, and some interfering sub-
stances in the water [41], which can be expressed as Eq. (9):

h(S,) =K'+ Xu(c) ©)
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Fig. 4. The effect of humic acid on the removal of HCB. (Exper-
imental conditions: initial HCB concentration = 240.0 pg/L,
UV light intensity = 80 pW/cm?, water flow velocity = 0.15 m/s).

235

where p(S,) is the degradation rate of the pollutant;
I represents the UV intensity in the TiO, film, W/cm? g is
the pollutant concentration in the TiO, film, mg/g; u(c)
is the effect of substance i on the degradation rate; and «
and { are the reaction orders.

The attenuation of the UV intensity in the photocata-
lyst film relates to the character of the photocatalyst and
the wavelength of the UV lamp [41]. Therefore, the relation
can be expressed by Eq. (10):

I=1,x107" x <x<x, (10)

where [ is the initial UV intensity, W/cm?* and vy represents
the attenuation coefficient of the UV intensity in the TiO,
film. It can be assumed that I is the average UV intensity and

Eq. (10) can be integrated into Eq. (11) as follows:

[ I, 10*7(){24) ) (1 _ 10—y(xz—x1))10

“ox,-x, yIn10(x, - x,)

I= =k]

I, X <x<x,(11)

In general, the adsorption of pollutants by photocata-
lysts have a Langmuirian isotherm nature [42]; therefore, the
pollutant concentration g on the TiO, surface is as follows:

q._.bS

= max w 12
=1y bS, 12)
where b represents the Langmuir-Hinshelwood adsorption
constant, L/mg; g is the maximum adsorption ability, mg/g;
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Fig. 5. The structure of the quartz glass tube with TiO, inside (a) profile and (b) sectional view.
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and S_ is the concentration of pollutant in the water film
near the photocatalyst, mg/L. If the mass transfer coef-
ficient of the pollutant in the water film is defined as
k,, then the relation between S_and S, can be expressed
as Eq. (13):

S, =ksS, (13)

When the pollutant concentration is very low, the value
of bS_ is far less than 1, and Eq. (12) can be modified as:

9w = qmaxbsw = k3qmaxbsb (14)

The transformation of the pollutant in the TiO, film can
be described in Eq. (15):

q=k,q, =kKkq,.,bS, (15)

Egs. (8), (9), (11) and (15) can be integrated into Eq. (16):

ds
v

2ok (L) (kkoganbS, ) + 2{ e

dy (16)

— Kk KEKKEGR, OIS+ Y ()
i=1

If there is no other substance affecting the reaction,

then the value of Z; u(Ci) is 0. By integrating along the
tube, Eq. (17) is obtained and rewritten as Eq. (18):

=8Iy + +
U(Sb(] _Sbi): B+01 (5501 _SEi 1) (17)
1-nt! :_(B+1)v 8)

1-n SpaIY
where d = kk,°kfkPq__PbP, n represents the removal ratio
of HCB, n = S,/S,. During the degradation experiment,
the values of 3 are approximately 1, so Eq. (18) can be sim-
plified as Eq. (19):

20
S, oI

bi~"0

T+n=— (19)

Based on Eq. (19), the removal ratio can be improved
by increasing the initial HCB concentration or the UV light
intensity, or by reducing the flow rate. In practical terms, it
is obviously not meaningful to improve HCB removal effi-
ciency by enriching its concentration, but it would be suit-
able methods by increasing UV light intensity or prolonging
the reaction time.

3.5. Experimental validation of the model

The experimental data with different initial HCB concen-
trations and flow, as mentioned above, are shown in Fig. 6.
It is clear that 1+n and v are well fit with linear curves and

20 | | : : T T T T
o = G235 pol
18 - k ; |
x ® C=37.0 oL
m_© A G516 gl
16+ A \\v\‘ o & C,=240.0 ug/L
14+ \ '\-—.;_,.\““1 7
L3 A
12 D 7
,'\,\’
1.0 | . ﬁ
0.8 | _
06 | | I i 1 1 1 1

000 0.2 004 006 008 010 012 014 016 0.18
Flow velocity (m/s)

Fig. 6. HCB removal ratio at different initial concentrations
under the UV light intensity of 80 pW/cm?.

the slope of the lines is —2/5, 0I%. The R* are 0.99, 0.96, 0.91
and 0.97 respectively for initial HCB concentrations 23.5,
37.0, 51.6 and 240 pg/L. And the HCB removal ratio will be
almost zero at flow velocity around 0.16 m/s, indicating that
an appropriate residence reaction time is essential for the
removal of HCB in this photoreactor system.

4. Conclusions

A novel photoreactor composed of quartz tubes
deposited with a TiO, film that is equivalent to a plug
flow reactor was employed to effectively and efficiently
remove the persistent toxic pollutant—HCB in water.
Different operational parameters including initial HCB
concentration, flow velocities, UV light intensity, and
the existence of organic matter were investigated. It was
found that the degradation effect of HCB can be improved
in the UV/photocatalytic system at lower flow velocities
due to the longer residence time, and higher degradation
efficiency occurred at flow velocity around 0.01-0.03 m/s.
Furthermore, the degradation efficiency was enhanced
remarkably with the increase of UV light intensity lin-
early, and the highest degradation efficiency was more
than 80% under three UV lamps. Besides, the presence
of humic acid can result in the enhancement on the
removal rate of HCB. Especially, the removal extent was
much higher at lower humic acid concentration, which
can be ascribed to the photosensitization of the system
upon adding suitable humic acid. Finally, a mathematical
model was developed in order to establish a kinetic model
for the photoreactor. The model was further verified with
experimental data, which validated the predictive capa-
bility and demonstrated the removal ratio in terms of
initial HCB concentration and UV light intensity.
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