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A B S T R A C T

The TiO2/diatomite composites with excellent adsorption and photo-degradation performances were leveraged
to investigate the influences of calcination temperature and operating factors on their properties. The results
showed that the calcination temperature was closely bound up with the crystallization of TiO2 and the specific
surface area of composite. The composite with calcination temperature of 550 °C exhibited enhanced photo-
catalytic owing to the high surface area and small TiO2 crystallite size. A series of dynamic degradation ex-
periments were conducted to investigate the effect of various operating parameters on acetone and p-xylene
adsorption/degradation performances of the composite. The results illustrated that when the relative humidity
(0–70%), gas flow rate (1–4 L/min), and VOC concentration (10–40 ppm) were set as the low values, the high
total organic carbon degradation rate could be acquired. The total organic carbon degradation rate reached to a
high value when the composite dosage was 3.76 mg/cm2. With the increase of light intensity (0.48–1.33 mW/
cm2), the total organic carbon degradation rate presented an upward trend and then kept stable. The absorbent-
photocatalyst hybrid TiO2/diatomite composite could be the promising VOC purification materials.

1. Introduction

Environmental pollution has become a pressing problem, especially
for air contamination such as dust pollution, haze, acid rain, etc.
Frequent pollution incidents made people aware of the seriousness of
air pollution, and also, some air quality indexes are attracting more
focuses [1–4]. Rapid urbanization and industrialization have led to the
increasing emissions of volatile organic compounds (VOCs). VOCs are
diverse, extensive, and complex. Release sources of VOCs are extensive,
including automobile exhaust, chemical industry, paper industry, pet-
roleum smelting, and textile industry; while indoor pollution sources
mainly come from building materials, furniture, coatings, office sup-
plies, and insulating materials [5,6]. Studies have shown that VOCs can
directly or indirectly trigger environmental issues [7]. VOCs are im-
portant precursors for urban haze and photochemical smog. The mas-
sive VOC emissions led to ozone layer destruction, abnormal weather,
sick building syndrome, and other air pollution problems. Exposure in
high VOCs concentration environment can cause adverse results for
human health, including damage to the respiratory and nervous

systems, headache, nausea, and other symptoms, and even cancer [8,9].
It is a common understanding to solve air pollution problems.

Nowadays, how to effectively purify the polluted air is a difficult yet
critical issue for researchers. Together with the technologies of solving
air pollution problems, various air purification materials are born out.
According to VOC species and concentrations, VOC purification treat-
ment methods are also relatively diversified. Commonly, VOC pur-
ification methods fall into two categories: recovery and destruction
method [10,11]. Among these air purification technologies, physical
adsorption, chemical absorption [12], advanced oxidation [13], mem-
brane separation [14], and other joint technologies are the focuses
[15]. Of all VOC treatment methods, adsorption is one of the opera-
tional, simple and low-cost VOC purification technologies. VOC ad-
sorption technology mainly relies on the large specific surface area and
pore volume of the adsorption material to fix VOC molecules. There-
fore, for the adsorption process, the key point is to identify the ad-
sorbent with high adsorption capacity and excellent adsorption effi-
ciency. However, the adsorption of VOC by porous materials is mostly a
physical adsorption process, which is prone to secondary pollution after
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saturation. If porous materials are endowed with catalytic ability, VOC
molecules after adsorption can be gradually degraded into non-toxic
and harmless molecules, and then the sustainability of air purification
can be realized. There are many studies on photocatalysis, mainly fo-
cusing on the basic principle of photo-degradation, enhancing the ef-
ficiency of photocatalyst, and expanding the application fields of pho-
tocatalysis [16,17]. The core part of this technology is the construction
of photocatalytic materials.

Mineral resources have enormous reserves on the earth. How to
implement them in air purification is a popular research area in the
field of mineral materials and environmental engineering. Porous mi-
nerals have special pore structure and outstanding adsorption perfor-
mance, which can provide special physicochemical adsorption or mi-
crochemical reaction sites. The principal components of these minerals
are silicon endowed with stable structure and chemical properties.
Adsorbent-photocatalyst hybrid materials have been widely used for
enhancing the photocatalytic performance of photocatalysts [18].
Natural porous minerals that have excellent adsorption and capture
functions are often been utilized as the adsorption carries [19]. Sup-
porting TiO2 nanoparticles on the surface of non-metallic minerals is
not only conducive to inhibit the growth of TiO2 grains but also con-
ducive to the recovery and utilization of photocatalysts. In the past few
years, some inherent non-metallic minerals had been used as supporting
minerals for TiO2 [20–24]. Diatomite is a biogenic siliceous sedimen-
tary rock composed of diatoms skeletal remains. The main phase of
diatomite is amorphous silicon dioxide. There has many regular large
pores arranged symmetrically on the surface of diatomite. The porous
structure, stable chemical properties, and abundant reserves make it
used extensively as adsorbents and catalyst supports. The preparation
and photocatalytic activities of these composites have been reported by
many literatures. However, there is lack of the researches about the
impacts of operating factors on the VOC purification performances of
these adsorbent-photocatalyst hybrid materials.

In view of this, this paper mainly detailed the VOC adsorption and
photocatalytic degradation performances of TiO2/diatomite compo-
sites. With formaldehyde, acetone, and p-xylene as the pollutants, the
effects of calcination temperature and operating parameters (relative
humidity, VOC concentration, gas flow rate, catalyst dosage, and light
intensity) on adsorption/photo-degradation performances were in-
vestigated.

2. Experimental

2.1. Materials

The TiO2/diatomite composite was used as a photocatalyst in this
work. The preparation and characterization methods of this composite
followed a reported procedure [25]. The dried samples after hydrolytic
precipitation were calcined at different temperatures for 2 h in an
electric muffle furnace (in air, heating rate of 5 °C/min). The composite
calcinated at 450 °C, 550 °C, 650 °C, 750 °C, and 850 °C were labeled as
TD-X (X means the calcination temperature). Formaldehyde, acetone,
and p-xylene were treated as the model VOC pollutants. The chemical
structures of VOCs are illustrated in Fig. 1.

2.2. Adsorption and photocatalytic degradation experiments

The adsorption and photocatalytic degradation experiments for
formaldehyde were evaluated by a photoreactor as described in the
literature [25]. Typically, a glass plate with 1.0 g of the composite was
placed in a formaldehyde environment and irradiated by UVA lamps
(8 W, 365 nm) at a relative humidity of 60%. The dark and illumination
time was 120 min and 90 min, respectively. The concentration of for-
maldehyde was evaluated according to the spectrophotometric method.
Experiments for acetone and p-xylene were evaluated by a continuous
stream device. The experimental setup is shown in Fig. 2. The VOC gas

was generated by injecting the liquid acetone or p-xylene into the air
stream using a syringe pump. The relative humidity of the experiment
was controlled by adjusting the flow rate of wet air and dry air. Powder
sample mixing with water was dispersed by ultrasonic and the slurry
was coated on an aluminum substrate. The aluminum substrate was put
in the reactor and sealed by the quartz plate. The reactor (0.13 L) was
illuminated by UVA lamps. The initial experimental conditions were set
as following: relative humidity (RH) is closed to 0% (dry compressed
air), VOC concentration is 10 ppm, catalyst dosage is 2.26 mg/cm2, gas
flow rate is 1 L/min, and light intensity is 0.78 mW/cm2. The total
organic carbon concentration was tested by a total hydrocarbon ana-
lyzer (Series 9000, Baseline Mocon).

3. Results and discussion

3.1. Effect of calcination temperature

The XRD patterns of TiO2/diatomite composites are shown in
Fig. 3(a). The TiO2/diatomite composites exhibited peaks corre-
sponding to anatase (JCPDS 21-1272). Starting from 450 °C, with the
increase of temperature, TiO2 gradually changed from amorphous to
anatase. When the calcining temperature is 450 °C, although the
characteristic peak of anatase TiO2 has appeared, the peak intensity is
weak. It indicated that the TiO2 was changing from amorphous to
anatase, but the crystallinity of anatase TiO2 is not high. When the
crystallinity of TiO2 is low, there are more defects in the body phase.
The defects will become the description center of photogenerated
electrons and holes, which is not conducive to the photocatalytic re-
action. When the calcining temperature is 550 °C, anatase TiO2 was
formed with relatively complete crystallization, and the complete
crystal structure is beneficial to the process of photocatalytic reaction.
With the gradual increase of calcining temperature, the characteristic
peaks of anatase TiO2 became more and more obvious, indicating that
the crystallinity of nano TiO2 was getting better and better, and the
grain size of TiO2 was getting larger and larger. When calcination
temperature reached 850 °C, part of anatase had transformed into the
rutile phase. According to the Scherrer equation, the average crystallite
sizes of TiO2 in TiO2/diatomite composites were calculated and listed in
Table 1. The crystallite size of TiO2 became larger with the rise of
calcination temperature. This may be due to the high frequency of
aggregation and sintering among the TiO2 nanoparticles. Generally, a
smaller crystallite size is beneficial to the photocatalytic activity.

N2 adsorption-desorption was carried out to examine the porous
structures TiO2/diatomite composites. Fig. 3(b) and Fig. 3(c) shows the
N2 adsorption-desorption isotherms and the BJH pore size distributions
of diatomite and TiO2/diatomite. As expected, the N2 volume adsorbed
by TiO2/diatomite composite dropped as the calcination temperature
climbed, which may be explained by the fact that the crystallite size of
TiO2 increased with the calcination temperature and also the meso-
porous structure of the diatomite may be damaged under high calci-
nation temperature. It can be seen from Table 1 that TD-450 showed

Fig. 1. Chemical structures of formaldehyde, acetone, and p-xylene.
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higher values of surface area and pore volume. As shown in Fig. 3(b),
the isotherms of TiO2/diatomite composites calcined at 450–650 °C
were identified as type IV with an H3 hysteresis loop, which was the
characteristic of mesoporous materials. Probably, the mesoporous
structure was thought to result from the deposition and aggregation of
TiO2 nanoparticles on the surface of diatomite. Using the BJH method
and desorption branches of the isotherms, the pore size distributions of
TiO2/diatomite fall into the range of 2 to 15 nm (Fig. 3c). The specific
surface area and pore structure parameters of the TiO2/diatomite
composites are listed in Table 1. It can be seen that the TD-450 pre-
sented the maximum specific surface area (52.2 m2/g) and pore volume
(0.082 cm3/g). The specific surface area and pore volume of TiO2/
diatomite composites showed a downward trend with the ascending
calcination temperature.

Fig. 3(d-f) presents the adsorption and photocatalytic activity of
TiO2/diatomite composites with different calcination temperatures for
formaldehyde and acetone under UV light irradiation. It is worth to
remark that the adsorption capacities of these composites declined with
the increasing calcination temperature. This is because that the TiO2/
diatomite composites prepared under low calcination temperatures had
higher surface area and pore volume. As for the acetone adsorption

breakthrough curves, the composite with high surface area and pore
volume had the long adsorption time indicating the high adsorption
capacity. Surprisingly, TD-450 with the highest adsorption capacity
showed a rather poor photo-activity for the degradation of for-
maldehyde and acetone. This may be due to the weak crystallinity of
TiO2 in TD-450. The low crystallization indicated more existing crystal
structure defects in TiO2, which resulted in the rapid recombination of
photo-induced electrons and holes. TD-550 had a higher degradation
efficiency for both formaldehyde and acetone, which was attributed to

Fig. 2. Schematic diagram of adsorption and photocatalytic degradation setup.

Fig. 3. (a) XRD patterns, (b) N2 adsorption-desorption isotherms, (c) pore size distributions, (d) formaldehyde adsorption-degradation, and (e, f) acetone adsorption
and degradation of TiO2/diatomite.

Table 1
TiO2 crystallite sizes, surface area, and pore volume of TiO2/diatomite com-
posites.

Sample TiO2 crystallite size
(nm)

BET specific surface area
(m2/g)

Pore volume (cm3/
g)

TD-450 8.9 52.2 0.082
TD-550 10.9 40.0 0.078
TD-650 14.2 25.6 0.053
TD-750 26.8 16.5 0.029
TD-850 29.2 10.3 0.019
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its higher adsorption capacity and TiO2 crystallization. The strong ad-
sorption performance provided more access to the photocatalytic active
sites of TiO2. The improved crystallization of TiO2 enhanced the se-
paration efficiency of the photo-generated electrons and holes because
of the decrease of recombination center in bulk TiO2 [26–28]. There-
fore, more radicals can be produced and reacted with formaldehyde and
acetone. However, with the rising calcination temperature up to 650 °C
and more, the surface area and pore volume of TiO2/diatomite declined
as well as the crystallite size of TiO2 increased. These trends gave rise to
the low adsorption capacity and photocatalytic activity of TiO2/diato-
mite. The results and analysis indicated that the coexistence of high
surface area and small crystallite size of TiO2 was required for obtaining
optimum photocatalytic performance.

3.2. Effect of operating parameter

In this series of experiments, acetone (polar VOC) and p-xylene
(non-polar VOC) were used as pollutants. Relative humidity, VOC
concentration, gas flow rate, catalyst dosage, and light intensity were
regarded as operating parameters. The composite TD-550 was used as
the photocatalyst. For the relative humidity experiment, the RH was set
as 0%, 15%, 30%, 50%, and 70%. The relative humidity experimental
results are presented in Fig. 4. The relative humidity had a significant
effect on the adsorption properties of p-xylene on composites. When
RH = 0%, the adsorption saturation time for p-xylene was the longest.
The adsorption saturation time was sharply reduced when the relative
humidity rose to 15%. With the gradual rising of relative humidity, the
adsorption saturation time of composite for p-xylene was gradually
declined. The amounts of p-xylene adsorbed by the composite under
different relative humidity reduced as the relative humidity gradually
increased. The effect of relative humidity on adsorption performance
was mainly due to the competitive adsorption of water molecules and
VOC molecules on the surface of the composite. When VOC gas with
certain humidity was introduced into the reactor, the water molecules
were more likely to be adsorbed on the surface of the composite. When
the water molecules occupied the adsorption sites over the surface of
the composite, the VOC molecules could no longer be adsorbed by the
composite and only be discharged out of the reactor along with the gas.
When the adsorption of the composite for VOC was saturated, the ul-
traviolet light was turned on, and the VOC gas began to be degraded.
Fig. 4(b) shows the variation curves of total organic carbon (TOC)
concentration during the photocatalytic degradation process. It can be
observed that after the start of the lighting, the TOC content at the
outlet of the reactor dropped rapidly, and after a period of time, it
tended to be stable. The TOC concentration changes were different
under different RH. When RH = 0%, the TOC concentration descended
around 60%. As relative humidity grew, the TOC concentration changes

were reduced. The average TOC degradation rate (after 20–30 min of
illumination) decreased from 63.4% to 12.2% as the RH rose from 0%
to 70%. The above analysis showed that the adsorption and photo-
catalytic degradation performances of the composite were susceptible
to RH [29,30].

For the gas flow rate experiment, the gas flow rate was set as 1, 2, 3,
and 4 L/min. The experimental results are shown in Fig. 5. The ad-
sorption saturation time of the composite decreased gradually with the
increase of flow rates. For acetone, the adsorption saturation time
dropped from 60 min to 20 min as the gas flow rate increased from 1 L/
min to 4 L/min. Depending on the above analysis, the effect of gas flow
rate on adsorption performance was mainly reflected by the fact that
the gas flow rate determined the amount of adsorbed VOC molecules
and the residence time of VOC molecules on the composite surface.
When a certain amount of VOC gas was introduced into the reactor, the
number of VOC molecules entering the reactor per unit time was de-
termined. The larger the flow rate, the more the VOC molecules in-
troduced per unit time, and the more favorable the acetone molecules
were adsorbed on the surface of the material. However, the residence
time of the VOC molecules on the surface of the composite was shor-
tened when the gas flow rate rose high enough [31,32]. Therefore, the
VOC molecules that were not adsorbed by the composite were taken out
by the subsequent acetone gas, inducing that the situation of low
acetone adsorption amount of composite. For the degradation curves of
composites under different gas flow rates, as the gas flow rate increase,
the TOC concentration changed differently. The average TOC de-
gradation rate was 52.5% (acetone) and 66.0% (p-xylene) when the gas
flow rate was 1 L/min. As the gas flow rate increased to 4 L/min, the
degradation rate dropped to 14.2% (acetone) and 29.2% (p-xylene).
The above analysis showed that the low gas passing rate facilitated the
process of VOC photocatalytic degradation. Furthermore, the residence
time of VOC molecules on the catalyst surface was the determinant of
the photocatalytic process. The long residence time was conducive to
the complete degradation and the high degradation efficiency of VOC
[31,32], which may be helpful for producing less intermediate pro-
ducts. Generally, the mass transfer rate of pollutants increased with the
increase of flow rates. With the rising flow rate, the gas residence time
became shorter. As a result, the generated intermediate products could
not be decomposed timely and the catalyst surface was covered by VOC
molecules, leading to the reduction of degradation rate.

For the VOC concentration experiment, the VOC concentration was
set as 10, 20, 30, and 40 ppm. The experimental results are shown in
Fig. 6. The adsorption saturation time of the composite decreased
gradually as the VOC concentration grew. The effect of VOC con-
centration on adsorption performance was mainly reflected in that the
VOC concentration determined the amount of VOC molecules entering
the reactor per unit time. The high VOC concentration rendered more

Fig. 4. Adsorption and photocatalytic degradation performances of TiO2/diatomite (TD-550) for p-xylene under different relative humidity.
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Fig. 5. Adsorption and photocatalytic degradation performances of TiO2/diatomite (TD-550) for acetone and p-xylene under different flow rates.

Fig. 6. Adsorption and photocatalytic degradation performances of TiO2/diatomite (TD-550) for acetone and p-xylene under different VOC concentrations.
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VOC molecules entering the reactor, resulting in VOC molecules were
capable of contacting the catalyst to facilitate the adsorption of more
VOC molecules by the catalyst. For the degradation curves of compo-
sites under different VOC concentrations, when the VOC concentration
was 10 ppm, the degradation rate of the composite was 52.5%
(acetone) and 63.5% (p-xylene). The degradation rate decreased gra-
dually to 14.1% (acetone) and 10.9% (p-xylene) as the VOC con-
centration grew to 40 ppm. The difference trend of degradation curves
between acetone and p-xylene may be related to their structures. p-
Xylene has more complex structure than acetone inducing the difficult
of degradation. The p-xylene and intermediate products were adsorbed
by the composite, which resulted in the poisoning of photocatalyst.
Therefore, the degradation curves of p-xylene had the increasing trend
after illuminating for a while, which means the decreased degradation
rate of p-xylene. The above test results showed that the low VOC con-
centration was a benefit for photocatalytic degradation. The high VOC
concentration resulted in more VOC molecules were adsorbed on the
surface of the composite. Although the certain gas purging was existing,
the acetone concentration was maintained at a higher concentration in
the reactor, which was not conducive to the removal of the photo-
catalytic products, and not helpful for the photocatalytic degradation
process of VOC molecules. The VOC had a high consumption rate for
free radicals under the high VOC concentration. As the VOC con-
centration increased, the catalyst surface active point was partially or
completely covered by VOC molecules and degradation intermediates,
which resulted in the deactivation of the photocatalyst and the reduc-
tion of degradation rate [33].

For the catalyst dosage experiment, the catalyst dosage was set as
0.75, 2.26, 3.76, and 5.26 mg/cm2. The experimental results are shown
in Fig. 7. The total adsorption amount of acetone under the condition of
different catalyst dosages increased with a rise of catalyst amount.
Fig. 7(b) is the curves of total organic carbon in the photocatalytic
degradation of composites. As the amount of catalyst increased from
0.75 mg/cm2 to 2.26 mg/cm2, the total organic carbon degradation rate
increased subsequently. During the increasing process of catalyst
amount from 2.26 mg/cm2 to 5.26 mg/cm2, the total organic carbon
degradation curve changed obviously. When the lamp was activated,
the total organic carbon concentration of catalyst dosage of 5.26 mg/
cm2 decreased slowly. The amount of acetone adsorbed by the photo-
catalyst during the adsorption process was large enough under the high
level of catalyst dosage. Under irradiation, the acetone adsorbed on the
surface of the composite was degraded firstly. Because of the large
amount of acetone adsorbed at this moment, more time was required
for the degradation process. The acetone molecules were gradually
degraded with the continuous illumination, then the dynamic de-
gradation equilibrium was reached, and the degradation rate of total
organic carbon tended to be stable. However, under the condition of
high catalyst amount, the adsorbed acetone molecules occupied the
surface-active sites of composite, which was not conducive to the des-
orption and degradation of photocatalytic intermediates, hence im-
peded the degradation process.

For the light intensity experiment, the light intensity was adjusted
to 0.48, 0.78, and 1.33 mW/cm2. The test results are shown in Fig. 7(c),
which shows variation curves of total organic carbon under different
UV light intensities. When the light intensity was 0.48 mW/cm2, the
total organic carbon degradation rate was 25.8%. As the light intensity
increased to 0.78 mW/cm2 the total organic carbon degradation rate
increased by two times to 52.5%. After continuing to enhance the light
intensity to 1.33 mW/cm2, the total organic carbon degradation rate
had hardly changed. This is because, to some extent, increasing the
light intensity enables more TiO2 to be excited, resulting in more hy-
droxyl radicals and thereby increasing the degradation rate of total
organic carbon. However, when the TiO2 has already been excited, the
increase of light intensity has no impact on the degradation rate ob-
viously.

4. Conclusions

The calcination temperature was a key parameter that determined
the crystallite size and phase of TiO2 nanoparticles. The surface area
and pore volume of TiO2/diatomite composite displayed a downtrend
with the increase of calcination temperature. TD-550 had a high for-
maldehyde and acetone degradation rate due to its excellent adsorption
performance and crystallinity of TiO2. The operating parameters, in-
cluding relative humidity, VOC concentration, and gas flow rate, had
significant effects on the adsorption and photo-degradation perfor-
mances of the acetone and p-xylene over composite. In the process of
testing the operating parameters, the higher the relative humidity was,
the smaller the adsorption amount owing to the competitive adsorption
of VOC and water and the worse the degradation of VOC on composite.
The high gas flow rate induced short VOC residence time on the com-
posite surface, leading to the low TOC degradation rate. The high VOC
concentration contributed to the high adsorption capacity and the low
total organic carbon degradation rate of the composite. The catalyst
dosage and light intensity also had an obvious influence on the ad-
sorption and photocatalytic degradation performances of the compo-
site. Overall, this work has practical implications for the application of
TiO2/diatomite composite.
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