I_J,II separations

Article

A Simple Preparation Method of Graphene and TiO; Loaded
Activated Carbon Fiber and Its Application for Indoor
Formaldehyde Degradation

Fang Liu **, Xuezhi Gao 1* and Man Peng 3

check for
updates

Citation: Liu, F; Gao, X.; Peng, M. A
Simple Preparation Method of
Graphene and TiO, Loaded
Activated Carbon Fiber and Its
Application for Indoor
Formaldehyde Degradation.
Separations 2022, 9, 31.
https://doi.org/10.3390/
separations9020031

Academic Editor: Alberto Cavazzini

Received: 28 December 2021
Accepted: 25 January 2022
Published: 27 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Beijing Key Laboratory of Heating, Gas Supply, Ventilation and Air Conditioning, Beijing University of Civil
Engineering and Architecture, Beijing 100044, China; gaoxuezhi@stu.bucea.edu.cn

Collaborative Innovation Center of Energy Conservation & Emission Reduction and Sustainable Urban-Rural
Development in Beijing, Beijing University of Civil Engineering and Architecture, Beijing 102616, China

S.Y. Technology, Engineering & Construction Co., Ltd., Wuhan 430200, China; pengman@sdic.com.cn

*  Correspondence: liufang@bucea.edu.cn

Abstract: Formaldehyde has a significant impact on human health. This study used a simple
dipping method to load graphene-titanium dioxide (GR-TiO,) on activated carbon fibers (ACFs). The
microstructure of GR-TiO, / ACF hybrid material was observed by SEM, combined with XRD and
BET analysis. The result showed that the GR-TiO, / ACF hybrid material had a specific surface area
of 893.08 m? /g and average pore size of 2.35 nm. The formaldehyde degradation efficiency of the
prepared material was tested under different conditions, such as ultraviolet (UV) radiation, air supply
volume, relative humidity, initial mass concentration. The results showed that the UV radiation
intensity, airflow and the initial mass concentration were positively correlated with the formaldehyde
removal rate, and the relative humidity was negatively correlated with the formaldehyde removal
rate. The GR-TiO,/ACF hybrid material had a maximum formaldehyde removal rate of 85.54%
within 120 min.

Keywords: indoor air; formaldehyde; TiO, / ACF; graphene; photocatalysis; purification technology

1. Introduction

People spend most of their time indoors, and pollutants in indoor air are an important
cause of human diseases [1-4]. As one of the main indoor pollutants, formaldehyde
has the characteristics of wide sources, significant harm, and a long release period [5,6].
Formaldehyde mainly comes from interior decoration materials, furniture and coatings.
Materials based on artificial boards and adhesives will release a large amount of free
formaldehyde [5,7,8]. Short-term exposure to formaldehyde can cause human eye and nose
irritation, respiratory discomfort, and even acute poisoning. Long-term indoor low-level
exposure to formaldehyde can cause neurasthenia, including headaches, dizziness, sleep
disturbance, memory loss, lung function damage and cancer [9,10].

As a kind of indoor air purification technology with a simple process and no secondary
pollution, many studies have been carried out on photocatalysis [11]. It can oxidize
formaldehyde and other VOCs into CO, and water in indoor environments. TiO; has
strong oxidizing properties and good stability. Thus, it is currently one of the most widely
studied and used photocatalysts [12,13].

In 1972, Japanese scientists Fujishima and Honda first discovered the phenomenon
of titanium dioxide (TiO;,) single crystal electrode decomposing water under the action of
photocatalysis, laying the foundation for the study of TiO, photocatalysis [14,15]. When
TiO, absorbs photons with energy greater than or equal to its bandgap, electrons (e™)
in the valence band are excited and migrate to the conduction band, thereby generating
holes (h*). Electrons and holes will react with the H,O attached to TiO, to generate strong
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oxidizing hydroxyl radicals (-OH), which can oxidize most VOCs, including formaldehyde
molecules, into CO, and water. At the same time, due to the low cost and safe use of TiO,,
it is now often used to remove indoor formaldehyde. Compared with the degradation of
acetaldehyde, TiO; has a better effect on the degradation of formaldehyde, and at the same
time, TiO; has shown a higher adsorption capacity than traditional adsorbents [16].

However, the easy recombination of photogenerated electrons and holes reduces
the photocatalytic efficiency. To enhance the photocatalytic activity of TiO, and further
improve the efficiency of formaldehyde purification, many studies have been carried
out on the modification of TiO,. The common modification methods of TiO, mainly
include photosensitization, semiconductor recombination, precious metal deposition and
ion doping, carbon element modification, etc. [17,18].

Graphene (GR) is a carbon material composed of a single-layer graphite sheet with
good electrical conductivity [19]. Graphene can promote the photoelectron transfer and
transition in photocatalytic reactions, and effectively inhibit the recombination of photo-
generated holes and electrons. Graphene materials can be used as dopants or photocatalyst
carriers to synthesize composite materials with TiO,, which can improve photocatalytic
efficiency [20-23]. Reports have shown that the composites with graphene as dopant have
a great effect on the degradation of formaldehyde [24,25].

Combining the photocatalytic method and physical adsorption method can signifi-
cantly improve the removal effect of indoor air pollutants [26]. Adsorption has been proved
to be good in the purification of indoor volatile organic compounds [27,28]. Xiao et al. pro-
posed an in-situ thermally regenerated process based on granular activated carbon, which
dramatically prolonged the sorbent’s life span [27]. However, a packed bed of granular ac-
tivated carbon usually exhibited significant pressure drop and poor purifying performance,
as the slow molecular diffusion inside the adsorbents [29,30]. Activated carbon fiber (ACF)
is cheap and stable. With a large specific surface area and rich microporous structure, ACF
can provide more surface area for the photocatalyst to remove indoor pollution to improve
the purification effect and is currently often used as a carrier for adsorption-photocatalytic
composite materials [31-35].

It may be a good method to combine graphene, TiO; and ACF to synthesize composites
for indoor formaldehyde degradation. This combination can improve the adsorption
and photocatalytic effect of the material on formaldehyde degradation [36]. Compared
with the combination of materials with different dopants, GR-TiO, /ACF may have better
advantages in removing formaldehyde [24,37]. In addition, due to different experimental
parameter settings, the performance of materials under different light intensity, air supply
volume, relative humidity and other conditions is also different [25,38]. Some studies
have shown significant differences in the initial degradation effects of materials at low
concentrations of formaldehyde [16,24]. Furthermore, many studies are carried out in
relatively closed small experimental systems to study the purification performance of
materials more rigorously. There are few studies in a large-volume indoor environment,
which is somewhat different from the actual application of materials.

In this study, a simple preparation method was developed to synthesize a GR-TiO, /ACF
hybrid material. An air circulation system was specially designed to carry the hybrid mate-
rials. Further, the formaldehyde degradation efficiency of the prepared material was tested
in an environmental cabin similar to the actual room size.

2. Experimental
2.1. Chemicals and Materials

GR-TiO, dispersion was purchased from Hangzhou Jiupeng New Material Co., Ltd.
(Hangzhou, China). in Zhejiang, using water as solvent. Formaldehyde gas was generated
by evaporating liquid formalin (37—40% solution; Tianjin Damao Chemical Reagent Factory,
Tianjin, China). Activated carbon fibers (ACF) (6 mm) were purchased from Jiangsu
Maoheng Carbon Industry Technology Co., Ltd. (Yixing, China). and treated as follows
before used: first placed in distilled water and washed for 30 min, then dried under 100 °C



Separations 2022, 9, 31

30f13

for 2 h. The UV light bulbs (10 W, 253.7 nm, quartz glass) were purchased from Snow
Wright Broadcasting Technology Co., Ltd. (Foshan, China). Light intensity of the UV light
was measured by TES-1333 data logging solar power meter (TES Electrical Electronic Corp.,
Taiwan, China).

2.2. Synthesis and Characterization

In this study, we chose a simple dipping method to synthesize GR-TiO, /ACF compos-
ite materials. The steps were as follows: a proper amount of GR-TiO, dispersion was put
into the tray, and the catalyst loading on the carrier was planned to be 50%. The treated
ACEF fiber (42 cm x 32 cm) was slowly immersed in the dispersion of GR-TiO, for 30 min,
then dried at 120 °C for 2 h to constant weight. This dipping method has been used in some
studies to synthesize materials [39-41]. Through the actual measurement and weighing of
the material before and after loading, the actual loading ratio of the GR-TiO, / ACF hybrid
material produced in this research was 43.6%.

The microscopic morphology and structural characteristics of the samples were carried
out with SU8010 SEM. During the test, the acceleration voltage was set to 3 kV. The
crystalline information of GR-TiO, / ACF hybrid material was measured by Ultima IV from
Rigaku Corporation (Japan). The test range is 10°~80°, the scanning speed of the instrument
is 10°/min, the X-ray working voltage is 40 kV, the working beam current is 40 mA, the
divergence slit parameter (DivSlit) is 1°, the height limiting slit parameter (DivH.L.Slit) is
10 mm, and the anti-scatter slit parameter (SctSlit) is 8.0 mm. Specific surface area, pore
volume and average pore diameter of the hybrid material were obtained from ASAP 2460
Accelerated Surface Area and Porosimetry System from Micromeritics Co. with nitrogen as
the adsorption medium. During the test, the degassing temperature was 250 °C, and the
degassing time was 3 h.

2.3. Experimental Methods

This study was conducted in an environmental chamber (4.8 m x 3.3 m x 3.3 m)
to simulate a realistic indoor environment. The chamber was completely enclosed, and
no fresh air entered. As shown in Figure 1, the experiment system is composed of an
air circulation system, a formaldehyde generator, two air quality monitors, and a fan for
assisting in the circulation of indoor air. Indoor temperature, humidity, and formalde-
hyde concentration were measured by two air quality monitors (JT2082, Beijing Century
Construction Technology Co., Ltd., Beijing, China), with the precisions of 0.1 °C, 0.1%,
and 0.001 mg/m3, respectively. The air quality monitors have built-in ZE08-CH,O sensor
module, which measures the formaldehyde concentration by electrochemical method and
are placed 1.1 m from the ground.

7 \e
1 2

Figure 1. The layout of the test system (1—Formaldehyde generator; 2—Air pipe; 3—Fan;

6

4, 5—Air quality monitor; 6—Environment chamber; 7—Turbo blower; 8—Purification material;
9—Purification device).
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The air circulation system consisted of an air purification channel and a turbo blower
with adjustable wind speed. The main frame of the whole system was built by acrylic
panels, including the supply and return air section, the purification section, the sampling
section and the fan section. The cross-section size was 420 mm x 320 mm, and the air
outlet size was 60 mm x 65 mm. The spatial arrangement of the test system is shown in
Figure 2. A card slot was set inside the purification section to fix the purification module,
and the purification material was also custom-framed and packaged by acrylic boards.
The materials were placed inside the purification section and tightly connected with the
device to prevent air leakage at the edge of the module from affecting the test results. Three
ultraviolet lamps were installed on the purification frame for subsequent photocatalytic
performance research. Figure 3 shows the purification section and fan section in the
purification system.

outlet

i
©

O
sampling point

Fan

0.5m

w gy

Pipes for transporting ﬁ
formaldehyde inlet

3.3m

Figure 2. The spatial arrangement of the test system.

Figure 3. Purification section and fan section.

The formaldehyde generator was placed outdoors. A quantitative amount of formalde-
hyde solution analytically pure was injected into the equipment through a micro-injector,
and the temperature of the heating plate in the equipment was raised to 70-80 °C through
electric heating. The air entered the constant temperature heating place through the air
pump inlet tube. Under the action of the air pump inside the device, the rapidly evaporated
formaldehyde gas was taken out, and the gaseous formaldehyde with a constant mass
concentration was stably released through the equipment outlet tube into the environ-
ment chamber.
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Besides, the environmental chamber is equipped with auxiliary humidity control equip-
ment. The background concentration of formaldehyde and the airtightness of the chamber
had been checked before this study. During the blank test period of 2 h, the background
concentration of formaldehyde in the environment chamber was 0.026 + 0.006 mg/m?, indi-
cating that the background concentration of formaldehyde in the chamber was relatively
low. In the airtightness experiment, the high concentration formaldehyde gas was used,
and the concentration fluctuation range was 1.851-1.825 mg/m?, which decreased by 1.39%
after 2 h, proving the airtightness of the environment chamber well.

Before starting the experiment, the GR-TiO, / ACF hybrid material was fixed in the
specially designed purification material frame and inserted into the card slot of the purifi-
cation system. After that, the air circulation system is completely sealed, except for the air
inlet and outlet. The outside of the purification device was wrapped with aluminum foil
to reduce the influence of external light. The circulation fan and the air quality monitors
were turned on to ensure that the indoor formaldehyde background concentration and
the natural attenuation rate of formaldehyde meet the requirements. The quantitative
formaldehyde solution was injected into the formaldehyde generator. After the formalde-
hyde concentration in the chamber reached the predetermined value and stabilized, the
purification device and the ultraviolet lamp were turned on.

After the experiment started, the formaldehyde concentrations in the chamber were
recorded by the air quality monitors, the total duration of this experiment was set as
120 min. The removal rate of formaldehyde was calculated as Equation (1):

G-
e

x 100% 1)

where 1 represents the removal rate of formaldehyde (%); Co represents the initial formalde-
hyde concentration in the chamber (mg/m?); Ct represents the formaldehyde concentration
in the chamber at time t (mg/ md).

3. Results
3.1. Characterization of the GR-TiO,/ACF Hybrid Materials

Figure 4 shows the SEM morphological characterization of the unmodified ACFs
and GR-TiO, /ACF hybrid materials. It can be observed that the surface of the ACF fiber
monofilament is wrapped by the GR-TiO, photocatalyst. A relatively uniform film is
attached to the ACF surface, and its gully structure can be clearly observed, indicating that
the load condition is good.

Figure 5 shows the XRD patterns of ACF, GR-TiO; and GR-TiO, / ACF hybrid materials.
The TiO, powder shows sharper diffraction peaks than TiO, / ACFs, which is consistent to
the fact that the TiO, / ACFs have lower TiO, content. It can be seen that the characteristic
peaks of GR-TiO,/ACF hybrid materials and GR-TiO, were not significantly different,
and the patterns were basically consistent. It shows that during the loading process of the
hybrid material, the phase structure of the GR-TiO, photocatalyst was not destroyed, and
the crystal form did not change significantly.

BET characterization of GR-TiO;, / ACF hybrid material showed that the specific surface
area of GR-TiO,/ ACF was 893.08 m?/g, and the pore volume was 0.52 m?/g. The specific
surface area of the YCS1300 ACF material used in the experiment was 1300 m?/g, and
the pore volume was 0.91 cm®/g. Compared with the carrier ACF, the specific surface
area of the loaded GR-TiO,/ACF material was reduced by 31.3%, and the pore volume
was reduced by 41.76%. It shows that during the loading process of the hybrid material,
GR-TiO; blocked the micropore structure of the ACF material to a certain extent.



Separations 2022, 9, 31 6 0of 13

Figure 4. SEM micrographs of the unmodified ACFs and GR-TiO, / ACFs photocatalyst: (a) original

ACFs, 2000x; (b) original ACFs, 1000x; (c) GR-TiO,/ACFs, 2000x; (d) GR-TiO,/ACFs, 700x;
(e) GR-TiO, / ACFs, 50,000 x; (f) GR-TiO, / ACFs, 10,000 .

GR-TiO,/ACF

Intensity

GR-TiO,

ACF

10 20 30 40 50 60 70 80
20(°)

Figure 5. XRD patterns of ACF, GR-TiO, and GR-TiO, /ACF.



Separations 2022, 9, 31

7 of 13

3.2. The Effect of Different Factors on the Degradation of Formaldehyde by GR-TiO,/ACF
3.2.1. Comparison of Formaldehyde Removal Rate before and after Activated Carbon Fiber
Loading GR-TiO,

The initial mass concentration of formaldehyde (1.000 mg/m?, 1.038 mg/m?, 1.011 mg/m?)
in the three testing groups differed by 3.8% between the maximum and the minimum values.
Figure 6 shows the change in the formaldehyde removal rate of activated carbon fiber
before and after loading GR-TiO; at an indoor temperature of 20 °C, air relative humidity
of 27%, and an airflow rate of 183 m?/h. It can be seen from Figure 6 that the formaldehyde
removal rate increased rapidly within 30 min after the purification device was turned on.
ACF adsorbed 0.422 mg/m? of formaldehyde, and GR-TiO, / ACF adsorbed 0.439 mg/m3
of formaldehyde. After 30 min, the formaldehyde purification rate gradually slowed down.
At 60 min, it gradually flattened out. At 2 h, ACF adsorbed 0.683 mg/m3 of formaldehyde,
and GR-TiO, / ACF adsorbed 0.727 mg/m? of formaldehyde. It is clear that under the same
working conditions, GR-TiO; / ACF hybrid material has a slightly higher formaldehyde
adsorption effect than the unloaded ACEF, indicating that under the test conditions, the
formaldehyde adsorption capacity of the ACF loaded with GR-TiO; is hardly affected.
Combined with relevant report [42], modified TiO, will not have a significant impact on
the adsorption effect of ACF, and the simultaneous photocatalytic degradation of adsorbed
formaldehyde can play an important role in the regeneration of ACF adsorption capacity.
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Figure 6. Comparison of formaldehyde removal performance before and after ACF loading GR-TiO,.

The synergistic reaction mechanism of adsorption and photocatalysis of formaldehyde
degradation by composite A is shown in Equations (2)—(11). The addition of graphene with
good conductivity makes the GR-TiO, / ACF hybrid material more effective in electron transfer
in photocatalytic reaction. In addition, the recombination of photogenerated holes and electrons
is inhibited, which improves the effect of the material on formaldehyde degradation.

TiO, + hv — h' + e~ )

H,O +h" — .OH + H" 3)

Oy +e” =05 4)

HCHO + -OH — -CHO + H,0O (5)
.CHO + -OH — HCOOH (6)
-CHO + -0, — HCO; @)
HCO; +H' — H,CO; — HCOOH 8)

HCOOH — H" — HCOO~ )
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HCOO™ + -OH — H,0 + CO, (10)

. +
co; MY o, (11)

3.2.2. The Effect of Different Radiation Intensity

The number of UV lamps was adjusted to change the radiation intensity. The radiation
intensity of the three UV lamps is 7.7 W/ m?,13.1 W/m?, and 19.9 W/m? when the three
UV lamps are turned on sequentially. In this experiment, the four groups of formaldehyde
initial mass concentrations (1.011 mg/m3, 1.025 mg/m3, 1.054 mg/m3, 1.038 mg/m3)
differed by 4.1% between the maximum and minimum values.

Figure 7 shows the effect of the system temperature at 20 °C, air relative humidity
of 27%, and an airflow rate of 183 m3/h on the formaldehyde purification performance
of GR-TiO; / ACF hybrid material. It can be seen from Figure 7 that within 25 min of the
purification device being turned on, the formaldehyde removal rate under various radiation
intensity conditions increased rapidly. Among them, the GR-TiO, /ACF under no-light
conditions had the worst formaldehyde degradation effect. The formaldehyde adsorption
capacity was 0.392 mg/m? at 25 min. The removal rate of formaldehyde is 38.77%, and the
hybrid material only adsorbs formaldehyde. The two sets of working conditions with an
irradiance of 7.7 W/m? and 13.1 W/m? have similar degradation effects on formaldehyde
within 120 min, and the purification efficiency is 76.58% and 76.85%. When the irradiance is
19.9 W/m?, GR-TiO,/ ACF has the best formaldehyde degradation effect, and the formalde-
hyde adsorption capacity is 0.614 mg/m? at 25 min and the formaldehyde removal rate
is 59.15%. It can be seen that within the scope of this test, with the increase of radiation
intensity, the removal rate of formaldehyde by GR-TiO, / ACF gradually increases. Under
the same working conditions, the efficiency of purifying formaldehyde under different
radiation intensities is as follows: 19.9 W/m? > 13.1 W/m? > 7.7 W/m? > 0 W/m?.
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Figure 7. Comparison of formaldehyde removal performance under different radiation intensity.

Compared with other modified TiO, materials, this material has shown good photocat-
alytic performance. The greater the radiation energy absorbed by GR-TiO, photocatalyst,
the more photons it receives, which excites and generates more photo-generated holes
with strong oxidation and photogenerated electrons with strong re-duction, and corre-
spondingly produces more hydroxyl radicals (-OH) and other active substances [43,44].
At 120 min, there is a 13.4% difference between the removal rate of formaldehyde under
no-light conditions and under 19.9 W/m?, indicating that the adsorption of ACF plays a
significant role in the purification of formaldehyde at this time.
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3.2.3. The Effect of Air Supply Volume

In this experiment, the air supply of the purification device was adjusted by the turbo
blower. During the experiment, all the ultraviolet lamps on the purification module were
turned on. The initial concentrations of three groups of formaldehyde were (1.054 mg/m?,
1.022 mg/m3, 1.038 mg/m?), and the difference between the maximum and minimum
values was 3%.

Figure 8 shows the influence of different airflow rates on the adsorption and degrada-
tion of formaldehyde by the GR-TiO, / ACF hybrid material under the indoor temperature
of 20 °C, air relative humidity of 27% and irradiance of 19.9 W/m?, and the setting of
airflow rate in the chamber were 70 m3/h, 130 m3/h, and 183 m3/h.
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Figure 8. Comparison of formaldehyde removal performance under different air volume.

It can be seen from Figure 8 that within 20 min of the purification device being
turned on, the removal rate of formaldehyde under different air supply rates increased
rapidly. After 20 min, the rate of formaldehyde purification began to slow down. After
40 min, the removal rate of formaldehyde gradually became flat. When the air supply
rate was 70 m®/h, GR-TiO,/ACF had the worst formaldehyde degradation effect, the
formaldehyde adsorption capacity was 0.365 mg/m?> at 25 min, and the formaldehyde
removal rate was 34.63%. It is because the gas flow rate is too low, the gas flow speed
cannot overcome the mass transfer resistance between substances, and the surface of the
hybrid material cannot absorb more formaldehyde molecules. At the same time, because
the amount of clean air provided by the purification device was relatively small, the indoor
formaldehyde concentration was still high. When the air supply rate was 183 m3/h, GR-
TiO, / ACF had the best formaldehyde degradation effect. The formaldehyde adsorption
capacity was 0.614 mg/m? at 25 min, and the formaldehyde removal rate was 59.15%. The
performance of purifying formaldehyde efficiency under different air supply volumes was:
183 m3/h > 130 m3/h > 70 m?/h. Within the scope of this test, the formaldehyde removal
rate is positively correlated with the air supply volume. The larger the air supply volume,
the higher the formaldehyde removal rate of the GR-TiO, /ACF hybrid material. This is
because with the increase in air supply, the mixing rate of formaldehyde molecules with
indoor clean air is increased, and at the same time, more oxygen molecules are provided for
the photocatalytic process, which inhibits the recombination of electron-hole pairs, thereby
increasing the formaldehyde purification efficiency. However, some studies have pointed
out that excessive airflow will reduce the residence time of pollutants on the ACF and thus
reduce the efficiency [45]. The formaldehyde degradation efficiency of the GR-TiO, /ACF
hybrid material under a larger airflow will also bring an improvement.
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3.2.4. The Effect of Relative Humidity

The relative humidity in the chamber is adjusted to 27%, 45% and 60% through a
humidity regulator. In this experiment, the difference between the maximum and minimum
values of the three groups of formaldehyde initial mass concentrations (1.008 mg/m?3,
1.024 mg/m?, 1.038 mg/m?>) was 2.9%. Figure 9 shows the effect of different relative
humidity on the adsorption and degradation of formaldehyde by the GR-TiO,/ACF at the
conditions of 20 °C, airflow of 183 m3/h, and UV irradiation of 19.9 W/m?.
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Figure 9. Comparison of formaldehyde removal performance under different relative humidity.

It can be seen from Figure 9 that when the relative humidity of the air was 60%,
the GR-TiO, /ACF hybrid material had the worst formaldehyde degradation effect. The
formaldehyde adsorption capacity was 0.659 mg/m? at 120 min, and the formaldehyde
removal rate was 74.41%. When the relative humidity of the air was 27%, the formaldehyde
degradation effect was the best. The formaldehyde adsorption capacity is 0.803 mg/m?
at 120 min, and the formaldehyde removal rate was 84.87%. From the final test results,
it can be seen that under the test conditions, the removal rate of formaldehyde increases
with the relative humidity increases and decreases, and the efficiency of the material
to purify formaldehyde under different relative humidity was: 27% > 45% > 60%. As
the relative humidity increases, more water molecules compete with formaldehyde gas
molecules for the adsorption sites on the surface of the ACF in the indoor environment,
which agrees with results reported by Mo et al. [46]. The unexpected competition will affect
the generation of hydroxyl radicals and other active substances, resulting in the inefficient
adsorption-photocatalytic reaction, thereby reducing the formaldehyde removal rate.

In the first 20 min of the test, the formaldehyde removal rate was the highest when
the relative humidity was 45%. This phenomenon may be because the competition be-
tween water molecules and the adsorption-photocatalytic reaction was not very serious
at the beginning of the test, and there was a certain amount of water molecules in the
air. It can provide -OH for the photocatalytic reaction, thereby improving the efficiency
of formaldehyde purification in a short time [45,47]. However, although the increase of
relative humidity will reduce the adsorption effect of ACE it can greatly increase the photo-
catalysis and further improve the purification effect of the material. The purification ability
of the material is affected by both adsorption and photocatalysis according to the results
reported by Bi et al. [48].
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3.2.5. The Effect of Initial Mass Concentrations of Formaldehyde

The initial mass concentration of formaldehyde can be changed by adjusting the amount
of formaldehyde solution injected into the formaldehyde generator. Figure 10 shows the
effects of different initial mass concentrations (0.25 mg/m3, 0.5 mg/m?, 1.0 mg/m?) on
the adsorption and degradation of formaldehyde by the GR-TiO, / ACF hybrid material.
(130 m3/h, 19.9 W/m?, 20 °C, 26%RH).
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Figure 10. Comparison of formaldehyde removal performance under different initial mass concentrations.

It can be seen from Figure 10 that at low initial mass concentrations, the removal rate
of formaldehyde was lower, and the growth rate was relatively gentle. Under high initial
concentration, the formaldehyde purification rate increased rapidly in the first 30 min, and
gradually became flat after 30 min. The removal rate of formaldehyde at high initial mass
concentration was significantly higher than that at low initial mass concentration because
there were more sparse free molecules in formaldehyde gas molecules at low concentrations
GR-TiO, / ACF hybrid material captures formaldehyde. As the concentration increased, the
formaldehyde gas molecules passing through the purification material increased signifi-
cantly, increasing the probability that the material could capture formaldehyde molecules.
More formaldehyde molecules are adsorbed and then photocatalyzed, so that the removal
rate of formaldehyde was improved.

4. Conclusions

In this work, we successfully synthesized the GR-TiO, / ACF hybrid material by a sim-
ple dipping-coating method. The structure and morphology of the synthesized materials
were characterized by means of XRD, SEM and BET. The characterization results of the ma-
terials. The characterization results of the hybrid material show that GR-TiO, will block the
micropore structure of ACFs to a certain extent during the loading process. The formalde-
hyde degradation performance of the hybrid materials under different conditions was
tested. The irradiance, air supply and initial mass concentration were positively correlated
with the removal rate of formaldehyde by the GR-TiO, / ACF hybrid material. The relative
humidity was negatively related to the removal rate of formaldehyde by GR-TiO,/ACF
hybrid material. The GR-TiO, / ACF hybrid material had a high formaldehyde purification
efficiency in the environment chamber within 20 min. The formaldehyde removal rate at
120 min was up to 85.54% under the best combination of conditions in this experiment
(19.9 W/m?, 183 m3/h, 45%RH). It indicates that the GR-TiO, / ACF hybrid material had
good adsorption-photocatalytic performances. Finally, the GR-TiO, / ACF hybrid material
synthesized using dipping-coating method have shown promising formaldehyde degrada-
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tion. In addition, the material’s removal effect on other indoor pollutants and its properties
under more conditions will be investigated.

Author Contributions: Conceptualization, FL. and X.G.; methodology, F.L. and X.G.; formal analysis,
F.L.; resources, EL. and M.P.; writing—original draft preparation, FL.; writing—review and editing,
F.L., X.G. and M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Beijing Municipal Science and Technology Project. Grant
Number: Z191100004419002.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data are available from the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Spengler, J.D.; Sexton, K. Indoor air pollution: A public health perspective. Science 1983, 221, 9-17. [CrossRef] [PubMed]

2. Tran, V.V, Park, D.; Lee, Y.-C. Indoor air pollution, related human diseases, and recent trends in the control and improvement of
indoor air quality. Int. |. Environ. Res. Public Health 2020, 17, 2927. [CrossRef] [PubMed]

3.  Brunekreef, B.; Holgate, S.T. Air pollution and health. Lancet 2002, 360, 1233-1242. [CrossRef]

4. Tian, E; Yu, Q.; Gao, Y.; Wang, H.; Wang, C.; Zhang, Y.; Li, B.; Zhu, M.; Mo, J.; Xu, G. Ultralow Resistance Two-Stage
Electrostatically Assisted Air Filtration by Polydopamine Coated PET Coarse Filter. Small 2021, 17, 2102051. [CrossRef]

5. Salthammer, T.; Mentese, S.; Marutzky, R. Formaldehyde in the indoor environment. Chem. Rev. 2010, 110, 2536-2572. [CrossRef]

6. Tian, E; Xia, F; Wu, ].; Zhang, Y,; Li, ].; Wang, H.; Mo, ]. Electrostatic air filtration by multifunctional dielectric heterocaking filters
with ultralow pressure drop. ACS Appl. Mater. Interfaces 2020, 12, 29383-29392. [CrossRef]

7. Rovira, J.; Roig, N.; Nadal, M.; Schuhmacher, M.; Domingo, J.L. Human health risks of formaldehyde indoor levels: An issue of
concern. J. Environ. Sci. Health Part A 2016, 51, 357-363. [CrossRef]

8. Hun, D.E,; Corsi, R.L.; Morandi, M.T; Siegel, ].A. Formaldehyde in residences: Long-term indoor concentrations and influencing
factors. Indoor Air 2010, 20, 196-203. [CrossRef]

9. Kim, K.-H.; Jahan, S.A.; Lee, J.-T. Exposure to formaldehyde and its potential human health hazards. J. Environ. Sci. Health Part C
2011, 29, 277-299. [CrossRef]

10. Main, D.M.; Hogan, T.J. Health effects of low-level exposure to formaldehyde. J. Occup. Med. 1983, 25, 896-900. [CrossRef]

11. Mo, J.; Zhang, Y.; Xu, Q.; Lamson, J.J.; Zhao, R. Photocatalytic purification of volatile organic compounds in indoor air: A
literature review. Atmos. Environ. 2009, 43, 2229-2246. [CrossRef]

12. Magalhaes, P; Andrade, L.; Nunes, O.C.; Mendes, A. Titanium dioxide photocatalysis: Fundamentals and application on
photoinactivation. Rev. Adv. Mater. Sci. 2017, 51, 91-129.

13. Huang, Y.; Ho,S.S.H.; Lu, Y.; Niu, R.; Xu, L.; Cao, J.; Lee, S. Removal of indoor volatile organic compounds via photocatalytic
oxidation: A short review and prospect. Molecules 2016, 21, 56. [CrossRef]

14. Fujishima, A.; Honda, K. Electrochemical photolysis of water at a semiconductor electrode. Nature 1972, 238, 37-38. [CrossRef]

15. Nakata, K.; Fujishima, A. TiO, photocatalysis: Design and applications. J. Photochem. Photobiol. C 2012, 13, 169-189. [CrossRef]

16. Noguchi, T.; Fujishima, A.; Sawunyama, P.; Hashimoto, K. Photocatalytic Degradation of Gaseous Formaldehyde Using TiO,
Film. Environ. Sci. Technol. 1998, 32, 3831-3833. [CrossRef]

17.  Hashimoto, K,; Irie, H.; Fujishima, A. TiO, photocatalysis: A historical overview and future prospects. Jpn. J. Appl. Phys. 2005,
44, 8269. [CrossRef]

18. Park, H.; Park, Y.; Kim, W.; Choi, W. Surface modification of TiO;, photocatalyst for environmental applications. J. Photochem.
Photobiol. C 2013, 15, 1-20. [CrossRef]

19. Geim, A.; Novoselov, K. The rise of graphene. Nat. Mater. 2007, 6, 183-191. [CrossRef]

20. Wen, J; Li, X,; Liu, W.; Fang, Y.; Xie, J.; Xu, Y. Photocatalysis fundamentals and surface modification of TiO, nanomaterials. Chin.
J. Catal. 2015, 36, 2049-2070. [CrossRef]

21.  Zhu, M.,; Muhammad, Y.; Hu, P; Wang, B.; Wu, Y,; Sun, X; Tong, Z.; Zhao, Z. Enhanced interfacial contact of dopamine bridged
melamine-graphene/TiO, nano-capsules for efficient photocatalytic degradation of gaseous formaldehyde. Appl. Catal. B 2018,
232, 182-193. [CrossRef]

22. Tao, Y, Li, S.; Zhao, S.; Li, D.; Wu, Y.; Liang, Z.; Cheng, H. TiO, /PANI/Graphene-PVA Hydrogel for Recyclable and Highly
Efficient Photo-Electrocatalysts. Ind. Eng. Chem. Res. 2021, 60, 10033—-10043. [CrossRef]

23. Jie, Z,; Xiao, X.; Huan, Y.; Youkang, H.; Zhiyao, Z. The preparation and characterization of TiO, /r-GO/Ag nanocomposites and
its photocatalytic activity in formaldehyde degradation. Environ. Technol. 2019, 42, 193-205. [CrossRef]

24. Yan, Z.;Xu, Z.; Yang, Z.; Yue, L.; Huang, L. Graphene oxide/Fe,O3 nanoplates supported Pt for enhanced room-temperature

oxidation of formaldehyde. Appl. Surf. Sci. 2019, 467468, 277-285. [CrossRef]


http://doi.org/10.1126/science.6857273
http://www.ncbi.nlm.nih.gov/pubmed/6857273
http://doi.org/10.3390/ijerph17082927
http://www.ncbi.nlm.nih.gov/pubmed/32340311
http://doi.org/10.1016/S0140-6736(02)11274-8
http://doi.org/10.1002/smll.202102051
http://doi.org/10.1021/cr800399g
http://doi.org/10.1021/acsami.0c07447
http://doi.org/10.1080/10934529.2015.1109411
http://doi.org/10.1111/j.1600-0668.2010.00644.x
http://doi.org/10.1080/10590501.2011.629972
http://doi.org/10.1097/00043764-198312000-00013
http://doi.org/10.1016/j.atmosenv.2009.01.034
http://doi.org/10.3390/molecules21010056
http://doi.org/10.1038/238037a0
http://doi.org/10.1016/j.jphotochemrev.2012.06.001
http://doi.org/10.1021/es980299+
http://doi.org/10.1143/JJAP.44.8269
http://doi.org/10.1016/j.jphotochemrev.2012.10.001
http://doi.org/10.1038/nmat1849
http://doi.org/10.1016/S1872-2067(15)60999-8
http://doi.org/10.1016/j.apcatb.2018.03.061
http://doi.org/10.1021/acs.iecr.1c01337
http://doi.org/10.1080/09593330.2019.1625955
http://doi.org/10.1016/j.apsusc.2018.10.123

Separations 2022, 9, 31 13 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Liu, G.; Zhou, J.; Zhao, W.; Ao, Z.; An, T. Single atom catalytic oxidation mechanism of formaldehyde on Al doped graphene at
room temperature. Chin. Chem. Lett. 2020, 31, 1966-1969. [CrossRef]

Mo, J.; Zhang, Y.; Xu, Q.; Yang, R. Effect of TiO, /adsorbent hybrid photocatalysts for toluene decomposition in gas phase. J.
Hazard. Mater. 2009, 168, 276-281. [CrossRef]

Xiao, R.; Mo, J.; Zhang, Y.; Gao, D. An in-situ thermally regenerated air purifier for indoor formaldehyde removal. Indoor Air
2018, 28, 266-275. [CrossRef]

Chen, H.; Mo, ].; Xiao, R.; Tian, E. Gaseous formaldehyde removal: A laminated plate fabricated with activated carbon, polyimide,
and copper foil with adjustable surface temperature and capable of in situ thermal regeneration. Indoor Air 2019, 29, 469-476.
[CrossRef]

Chen, Q.; Liu, F.; Mo, J. Vertical macro-channel modification of a flexible adsorption board with in-situ thermal regeneration for
indoor gas purification to increase effective adsorption capacity. Environ. Res. 2021, 192, 110218. [CrossRef]

Chen, Q.; Xiao, R.; Lei, X.; Yu, T.; Mo, J. Experimental and modeling investigations on the adsorption behaviors of indoor volatile
organic compounds in an in-situ thermally regenerated adsorption-board module. Build. Environ. 2021, 203, 108065. [CrossRef]
Li, M,; Lu, B.; Ke, Q.-F,; Guo, Y.-].; Guo, Y.-P. Synergetic effect between adsorption and photodegradation on nanostructured
TiO, /activated carbon fiber felt porous composites for toluene removal. J. Hazard. Mater. 2017, 333, 88-98. [CrossRef]

Liu, R,; Li, W,; Peng, A. A facile preparation of TiO, / ACF with C-Ti bond and abundant hydroxyls and its enhanced photocatalytic
activity for formaldehyde removal. Appl. Surf. Sci. 2018, 427, 608-616. [CrossRef]

Guo, X,; Dai, J.; Zhang, K.; Wang, X.; Cui, Z.; Xiang, J. Fabrication of N-doped TiO, /activated carbon fiber composites with
enhanced photocatalytic activity. Text. Res. J. 2014, 84, 1891-1900. [CrossRef]

Zhao, W,; Bai, Z.; Ren, A.; Guo, B.; Wu, C. Sunlight photocatalytic activity of CdS modified TiO, loaded on activated carbon
fibers. Appl. Surf. Sci. 2010, 256, 3493-3498. [CrossRef]

Yang, S.; Zhu, Z.; Wei, E,; Yang, X. Enhancement of formaldehyde removal by activated carbon fiber via in situ growth of carbon
nanotubes. Build. Environ. 2017, 126, 27-33. [CrossRef]

Ye, J.; Zhu, X.; Cheng, B.; Yu, J.; Jiang, C. Few-Layered Graphene-like Boron Nitride: A Highly Efficient Adsorbent for Indoor
Formaldehyde Removal. Environ. Sci. Technol. Lett. 2017, 4, 20-25. [CrossRef]

Destaillats, H.; Sleiman, M.; Sullivan, D.P; Jacquiod, C.; Sablayrolles, J.; Molins, L. Key parameters influencing the performance
of photocatalytic oxidation (PCO) air purification under realistic indoor conditions. Appl. Catal. B 2012, 128, 159-170. [CrossRef]
Yu, Z; Li, J.; Jin, Y. Photocatalytic degradation of formaldehyde over ACF with TiO; loadings. Ind. Catal. 2008, 7, 71-74.
Hamadanian, M.; Behpour, M.; Razavian, A.S.; Jabbari, V. Structural, morphological and photocatalytic characterisations of
Ag-coated anatase TiO, fabricated by the sol-gel dip-coating method. J. Exp. Nanosci. 2013, 8, 901-912. [CrossRef]

Sun, Q.; Lu, Y;; Ty, J.; Yang, D.; Cao, ].; Li, ]. Bulky macroporous TiO, photocatalyst with cellular structure via facile wood-template
method. Int. J. Photoenergy 2013, 2013, 649540. [CrossRef]

Mo, J.; Zhang, Y.; Yang, R.; Xu, Q. Influence of fins on formaldehyde removal in annular photocatalytic reactors. Build. Environ.
2008, 43, 238-245. [CrossRef]

Feng, B.; Xu, X.; Xu, W.; Zhou, G.; Hu, ].; Wang, Y.; Bao, Z. Self-assembled 3D ACF-rGO-TiO, composite as efficient and recyclable
spongy adsorbent for organic dye removal. Mater. Des. 2015, 83, 522-527. [CrossRef]

Puddu, V.; Choi, H.; Dionysiou, D.D.; Puma, G.L. TiO, photocatalyst for indoor air remediation: Influence of crystallinity, crystal
phase, and UV radiation intensity on trichloroethylene degradation. Appl. Catal. B 2010, 94, 211-218. [CrossRef]

Khaki, M.R.D.; Shafeeyan, M.S.; Raman, A.A.A_; Daud, W.M.A.W. Evaluating the efficiency of nano-sized Cu doped TiO;/ZnO
photocatalyst under visible light irradiation. J. Mol. Lig. 2018, 258, 354-365. [CrossRef]

Pei, ].; Zhang, ].S. Critical review of catalytic oxidization and chemisorption methods for indoor formaldehyde removal. HVACR
Res. 2011, 17, 476-503.

Mo, J.; Zhang, Y.; Xu, Q. Effect of water vapor on the by-products and decomposition rate of ppb-level toluene by photocatalytic
oxidation. Appl. Catal. B 2013, 132, 212-218. [CrossRef]

Mamaghani, A.H.; Haghighat, F; Lee, C.-S. Photocatalytic oxidation of MEK over hierarchical TiO, catalysts: Effect of photocata-
lyst features and operating conditions. Appl. Catal. B 2019, 251, 1-16. [CrossRef]

Bi, Y.; Sun, E.; Zhang, S.; Du, F,; Wei, H.; Liu, E; Zhao, C. Synergistic effect of adsorption and photocatalysis for the degradation of
toluene by TiO; loaded on ACF modified by Zn(CH3COO),. Environ. Sci. Pollut. Res. 2021, 28, 57398-57411. [CrossRef]


http://doi.org/10.1016/j.cclet.2019.12.023
http://doi.org/10.1016/j.jhazmat.2009.02.033
http://doi.org/10.1111/ina.12441
http://doi.org/10.1111/ina.12540
http://doi.org/10.1016/j.envres.2020.110218
http://doi.org/10.1016/j.buildenv.2021.108065
http://doi.org/10.1016/j.jhazmat.2017.03.019
http://doi.org/10.1016/j.apsusc.2017.07.209
http://doi.org/10.1177/0040517514532159
http://doi.org/10.1016/j.apsusc.2009.12.062
http://doi.org/10.1016/j.buildenv.2017.09.025
http://doi.org/10.1021/acs.estlett.6b00426
http://doi.org/10.1016/j.apcatb.2012.03.014
http://doi.org/10.1080/17458080.2011.620018
http://doi.org/10.1155/2013/649540
http://doi.org/10.1016/j.buildenv.2005.12.027
http://doi.org/10.1016/j.matdes.2015.06.061
http://doi.org/10.1016/j.apcatb.2009.08.003
http://doi.org/10.1016/j.molliq.2017.11.030
http://doi.org/10.1016/j.apcatb.2012.12.001
http://doi.org/10.1016/j.apcatb.2019.03.057
http://doi.org/10.1007/s11356-021-14539-5

	Introduction 
	Experimental 
	Chemicals and Materials 
	Synthesis and Characterization 
	Experimental Methods 

	Results 
	Characterization of the GR-TiO2/ACF Hybrid Materials 
	The Effect of Different Factors on the Degradation of Formaldehyde by GR-TiO2/ACF 
	Comparison of Formaldehyde Removal Rate before and after Activated Carbon Fiber Loading GR-TiO2 
	The Effect of Different Radiation Intensity 
	The Effect of Air Supply Volume 
	The Effect of Relative Humidity 
	The Effect of Initial Mass Concentrations of Formaldehyde 


	Conclusions 
	References

