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As a typical carbon-based material, activated carbon (AC) has satisfied
adsorption performance and is of great significance in the field of volatile
organic compounds (VOCs) pollutants removal. In order to further reveal the
optimization mechanism of AC adsorption performance, coconut shell-based
AC was selected as the research object, and different concentrations of HNOz
coupled with microwave were used for rapid modification and activation. The
characteristic changes of pore structure and surface chemical of AC before and
after rapid modification were analyzed, and the performance changes of VOCs
absorption were discussed from the perspective of reaction kinetics. The pore
structure and surface chemical properties of before and after modification were
analyzed by X-ray diffraction (XRD), Scanning Electron Microscopy (SEM),
Brunauer-Emmeta-Teller (BET) analysis, Fourier Transform Infrared
Spectroscopy (FTIR), and Boehm titration. The results showed that HNOs
coupled with microwave could significantly eliminate impurities in the pores
of AC. After impregnation in HNOs at a concentration of 1.5 mol L™ and under
microwave irradiation of 900 W, the number of micropore on the surface of
samples increased slightly. When the impregnation concentration of HNO+
continued to increase, the two adjacent pore structures of the samples merged,
which lead to a large decrease in the number of micropore and a corresponding
increase in the proportion of mesoporous. Meanwhile, the specific surface area
Sger of the modified NAC-6 sample increased to 1,140.40 m? g™, and the total
acidic oxygen-containing functional groups on the surface increased by
0.459 mmolg™ compared to that of the unmodified raw carbon.
Furthermore, by analyzing the experimental results of formaldehyde
adsorption on AC samples, it was concluded that the saturated adsorption
capacity of the modified NAC-6 sample was 43% higher than that of the raw
carbon. This study provides a more convenient and faster modification method
for AC in the field of gas phase pollutants purification, which is helpful to realize
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the practical engineering application of AC with high efficiency, energy saving

and sustainable.
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1 Introduction

Volatile organic compounds (VOCs) are precursors of
PM2.5 and ozone. By controlling VOCs, the synergistic
control of PM2.5 and ozone can be strengthened, which is of
great significance to realize the synergistic effect of pollution
reduction and carbon reduction and promote the continuous
improvement of ecological environment quality (Du et al., 2018;
Gao et al., 2022). Formaldehyde is one of the most representative
toxic VOCs in indoor pollutants, which can cause great harm to
human health. When people inhale high concentrations of
formaldehyde, it will cause irritation to mucosa and skin
(Awadallah and Al-Muhtaseb, 2019; Gao et al, 2021). If
people are exposed to low-dose formaldehyde for a long time,
it can cause chronic poisoning, which will weaken the respiratory
function of the body, disorder the information integration
function of the nervous system and affect the immune
response of the body (Shao et al., 2019; Civioc et al, 2020).
The World Health Organization’s International Agency for
Research on Cancer (IARC) added formaldehyde to its latest
list of carcinogens (Zhu et al, 2021). Therefore, exploring the
effective way to remove indoor formaldehyde is one of the
current research hotspots (Zahed et al., 2022).

In recent decades, various effective

formaldehyde
purification technologies have been explored, including
adsorption, membrane separation, catalytic combustion and
photocatalytic degradation (Gao et al, 2018; Chang et al,
20205 Ryu et al., 2022). Among them, the adsorption method
has been considered as one of the most practical and effective
technologies because of its low cost, simple operation and good
treatment effect (Gao et al,, 2019; Yu et al, 2019). Activated
carbon (AC) is widely used as an adsorbent for the removal of
pollutants due to its large specific surface area and abundant
surface functional groups (Isinkaralar et al., 2022). It has obvious
advantages in the treatment of gaseous pollutants, such as
benzene, toluene, formaldehyde, etc (Saglain et al, 2021).
However, the extensive use of traditional activated carbon raw
materials, such as coal and wood, will cause large consumption of
fossil fuels and huge losses of forest resources, and significantly
reduce the environmental friendliness of AC. Meanwhile, the AC
derived from biomass waste is becoming a research hotspot of
new carbon materials due to its wide source, low cost and
environmental friendliness. However, the performance of
biomass derived AC still needs to be optimized (Inal et al., 2020).

Regulating the functional groups and internal structure of
carbon-based materials is a key factor to improve their
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adsorption performance (Demiral et al., 2021). The adsorption
of VOCs by AC mainly depends on the physical adsorption of gas
molecules by micropore in its structure, but the adsorption
capacity is limited. Therefore, by means of modifying and
improving the functional group status on the surface of AC,
the adsorption of VOCs by AC can be transformed from physical
adsorption to physical-chemical combined adsorption, so as to
improve the adsorption performance of AC on VOCs(Du et al.,
2018).

In order to satisfy the selective adsorption function for
various pollutants, AC is required to have the appropriate
proportion of mesopore and micropore (Hu et al, 2022).
Meanwhile, the purpose of pore adjustment is to make the
AC pore size close to the molecular size of pollutants, so as to
achieve selective adsorption. Furthermore, the purpose of
structural modification is to obtain AC with larger specific
exhibit higher
structure and surface chemical

surface area in order to adsorption

performance. The pore
properties of AC can be changed by microwave heating
(Zhang et al., 2023).

The adsorption performance of AC prepared from olivine by
microwave modification was better than that of the raw AC.
Compared with the unmodified AC, the specific surface area of
the modified AC was increased by 27.48%, and the adsorption
capacity of Fe** was 62.50 mg/g (Alslaibi et al, 2014). The
adsorption capacity of modified AC on methylene blue (MB)
and remazole brilliant violet dyes was studied by microwave
treatment. Compared with the raw carbon, the modified AC had
higher adsorption capacity and faster adsorption rate for MB and
dye, because the AC micropores were expanded and more active
adsorption sites were obtained (Khasri and Ahmad, 2018).
Surface modification of activated carbon was carried out by
microwave as heat source. The results showed that the carbon
treated by microwave would be oxidized more or less, and most
of the oxygen-containing groups were removed from the surface.
Even under these conditions, it still had better surface properties
than the raw carbon (Li et al., 2016). The effect of modified AC on
the adsorption performance of SO, was studied by microwave
heating technology (Zhang et al., 2016). The AC with various
particle sizes was modified under different microwave power and
irradiation time. The results showed that after microwave
treatment of AC, the
functional groups were reduced, and the basic characteristics

surface acidic oxygen-containing
were enhanced, which was also the main reason for the increase

of the adsorption performance of activated carbon to SO, (Qu
et al.,, 2021).
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The surface functional groups of AC can be modified by
various methods, including acid/alkali treatment, chemical
oxidation or impregnation of metal elements (Abdulrasheed
et al, 2018). The acid-base properties of AC surface have a
significant effect on the adsorption performance. In the study of
AC adsorption of phenol, when the basic groups on the surface of
AC increase greatly, the phenolic hydroxyl groups on the
aromatic ring were close to the carbonyl groups on the
surface of AC, and the adjacent orbitals overlapped to form
new bonds, thus improving the adsorption performance of AC
for phenol (Li et al., 2020). The carbonyl group on the surface of
AC could also provide electrons to the benzene ring in phenol to
form electron pairs, thereby strengthening the adsorption of
phenol by AC (Rungrodnimitchai and Hiranphinyophat, 2020).

HNOj; modification increased the acid groups on the surface
of AC, which could improve the adsorption of gaseous pollutants.
From the perspective of surface chemical properties and
structural characteristics, the modification of AC by HNO;
significantly increased the acidic groups on the AC surface,
especially the carboxyl groups (Liang et al, 2020). At the
same time, the content of basic groups on the surface was
seriously reduced and almost disappeared. It was found that
the adsorption performance of acetanilide on AC modified by
HNOj; and H,SO, was enhanced. As exhibited in the experiment
of AC modified by HNO; and (NH,),S,0g the low
concentration of HNO; treatment improved the microporous
structure of AC samples, while high concentration of HNO;
destroyed the porous structure (Toledo et al., 2020).

The oxygen-containing functional groups on the surface of
AC are related to its preparation method, oxidation conditions
and porous properties of AC. Compared with physical oxidation
treatment, the surface of AC after HNO; oxidation treatment has
both abundant oxygen-containing functional groups and higher
acidity. However, the modification of coconut shell AC by HNO;
oxidation can lead to the reduction of pore structure. After HNO;
modification, although the acid oxygen-containing groups on the
surface of AC samples increased, the BET specific surface area
and the total pore volume of the modified AC showed a
decreasing the
(Rungrodnimitchai and Hiranphinyophat, 2020). But the
adsorption capacity of the modified AC for formaldehyde was

trend compared with original carbon

higher than that of the unmodified activated carbon. It can be
seen that acid modification changes the surface acidity and
oxygen-containing functional group content of AC, thereby
improving the selectivity and adsorption capacity of gaseous
pollutants (Tan et al., 2019).

By analyzing the concentration breakthrough curve and
temperature breakthrough curve of adsorbed pollutants, it is
found that the adsorption process is dominated by the diffusion
effect of micropores. The effects of pore structure and surface
chemical properties of AC on the adsorption of benzene (gas)
were studied. It was found that the larger the proportion of pore
size <0.7 nm, the better the adsorption effect of AC on benzene,
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and when there were oxygen-containing groups on the surface of
AC, the adsorption performance would be better (Zhang et al.,
20205 Yang et al,, 2022). The presence of hydroxyl groups can
increase the adsorption capacity of AC for VOCs. When AC
adsorbs acetone, the smaller the pore size of AC, the stronger the
effective diffusion of micropore depended on. After acid solution
impregnation modification, the polarity of AC sample was
enhanced, and the surface acidic groups were increased, so
that the adsorption effect of AC on polar adsorbates became
stronger.

According to the above research, it could be recognized that
the modification of AC by microwave had the function of pore-
forming and pore-expanding. The micropore structure of AC
was enriched by microwave irradiation. However, microwave
also affected the AC chemical properties at a certain extent.
Compared with the raw carbon, the content of acid oxygen-
containing functional groups on the surface of the regenerated
AC was relatively reduced under the microwave radiation. At the
same time, the basic functional groups were increased, resulting
in the polarity reduction of the regenerated AC, which was not
conducive to the adsorption of polar substances by AC. And the
AC modified by acid can increase the content of oxygen-
containing functional groups on the surface, improve the
internal pore structure, and enhance the adsorption capacity
of the sample to polar substances. This technology is suitable for
the purification of polar gas phase pollutants. In this study,
coconut shell-based AC was selected as the main research
object, and different concentrations of HNOj; coupled with
microwave irradiation were used to modify AC by rapid
impregnation. The pore structure and surface functional
groups of AC samples before and after modification were
determined by XRD, SEM, BET, FTIR and Boehm titration.
Using formaldehyde, a typical indoor gas pollutant, as a probe
molecule, the adsorption properties of the AC samples were
evaluated by dynamic and static adsorption experiments, and the
modification mechanism and reaction kinetics of the rapid
treatment of biochar by HNO; coupled with microwave were
studied. This paper will enrich the theoretical research of AC in
the removal of air pollutants and propose an efficient AC
modification method.

2 Materials and methods
2.1 Materials preparations

The raw AC was coconut shell derived carbon with specific
2 1

g
0.12-0.18 mm (Jianxin activated carbon factory, Tangshan,

surface area of 924.1m 80-120 mesh, particle size
China). At first, the raw AC was repeatedly cleaned with
deionized water to remove surface dust and impurities. After
drying at 110°C for 36 h, the pre-treated activated carbon was
placed in a desiccator for use. Four parts of 10 g pretreated
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activated carbon were put into a 300 ml conical flask, and then
added to HNOj; solution (AR, 68 wt%, laiyang Kant chemical,
China) with molar concentrations of 2molL™, 4molL™,
6molL™" and 8molL™, respectively, soaked under the
microwave irradiation of 900 W at 70°C for 4 h. The filtered
samples were placed in a blast drying oven and dried at 110°C for
36 h for later use. The final sample was denoted as NAC-x (x =
2,4,6,8), x was the impregnation concentration of HNOj solution.
Moreover, the unmodified AC was named NAC-0.

2.2 Materials characterizations

The crystal phase structure of the samples was determined by
X-ray diffraction analysis (XRD), recorded on a Bruker D8 Advance
powder diffractometer with reference to the International Center for
Diffraction Data (ICDD). The surface morphology of AC before and
after modification was observed by scanning electron microscope
(SEM) on a Zeiss MERLIN Compact ultra-high resolution field
emission scanning electron microscope. The surface area and pore
size distribution of the samples were measured by N, adsorption-
desorption isotherms at —196°C using specific surface area analyzer
via an American Macdonald Station Extended Specific Surface and
Porosity Analyzer ASAP 2460. A Germany Brooke Infrared
Spectrometer TENSOR-27 was used to test Fourier Transform
Infrared (FTIR) Spectrometer to compare the changes of oxygen-
containing functional groups on the surface of AC before and after
modification. The spectral resolution was 4 cm™’, the scanning
wavelength range was 4,000-500 cm™, and the scanning times
were 16. Boehm titration quantitative analysis was used to further
determine the specific differences in oxygen-containing functional
groups of the samples. The static adsorption value of formaldehyde
gas on modified AC samples under different concentration of HNO5
was measured by phenol reagent-visible spectrophotometry.

2.3 Adsorption experiments

Static adsorption experiment was to investigate the formaldehyde
saturation adsorption capacity of AC before and after modification in
the atmosphere saturated with formaldehyde. At room temperature, a
gas generation device was used to introduce the formaldehyde gas
through the quartz tube equipped with AC sample. Meanwhile, the
two ends of the quartz tube were blocked with quartz cotton, and the
bubble tube equipped with formaldehyde absorption solution was
used to absorb the exhaust gas. Before the adsorption experiment, the
impurities affecting the experimental results in the quartz tube were
purged out by background gas of N,. The residual concentration of
formaldehyde
spectrophotometry. After 24h of continuous adsorption, the

was measured by phenol reagent-visible
absorbance of the remaining absorption liquid in the colorimetric
tube 630nm of the

spectrophotometer. At this time, the evaluation of adsorption

was evaluated and measured at
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effect was determined by the amount of formaldehyde removed
by the sample at adsorption equilibrium.

The formaldehyde dynamic adsorption experiment focused
on the real-time dynamic adsorption of formaldehyde on AC. In
this experiment, the real-time dynamic adsorption curve was
drawn according to the adsorption amount of formaldehyde in
AC samples at different times. Finally, the saturation time was
obtained when the sample adsorption reached dynamic
equilibrium. A 300 mg sample was weighed and placed in a
quartz tube, both ends of which were blocked with quartz cotton.
Similarly, before the adsorption experiment, the sample was first
removed from the impurity in N, flow. The formaldehyde gas
flowed through the sample at a rate of 80 ml/min, and the exhaust
from the reaction tube was directed to a gas chromatograph
(GC), where the concentration was recorded every 10 min.

2.3 Theoretical analysis model

In the study of adsorption system, the adsorption isotherm
must be considered, because it showed the distribution of
adsorbate between gas phase and solid phase at different
equilibrium concentrations.

The Langmuir equation assumes that multilayer adsorption
occurred on solid surface with active sites, while the adsorbent
molecules occupy only a single point for the adsorption of
the
desorption dynamic model. However, multilayer adsorption

monolayer molecules, which formed adsorption-
was still the main method in practice. The Freundlich model
is based on the assumption that multilayer adsorption occurred
on heterogeneous surfaces and was applicable to a larger range.
The model is described in detail as following:
Langmuir formula of isothermal absorption (Giraldo et al,
20205 Prokic et al., 2020)
_ aquCe
=15 ac,

(1)

Freundlich formula of isotherm adsorption (Vikrant et al,
2019a; Zhang et al., 2019)

ge = ky (c.)" @

Where g, (mg-g™") was the calculated adsorption capacity, ¢, (mg-m™)
was the equilibrium concentration, a (m*>mg™”) was Langmuir
adsorption model constant, g, (mgm™) was saturated adsorption
capacity of monolayer adsorption, kr was Freundlich adsorption
model constant, n was Freundlich adsorption model index.

In order to further understand the adsorption mechanism of
formaldehyde on modified samples, quasi-first-order and quasi-
second-order fitting adsorption kinetics models were used to fit
and analyze the experimental data. The hypothesis of quasi-first-
order fitting adsorption kinetic equation assumed that the
adsorption process was physical adsorption, and the number
of AC adsorption sites determined the adsorption rate of the
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FIGURE 1

XRD patterns of the as-prepared AC samples.

adsorbent. The quasi-second-order fitting of the adsorption
kinetic equation assumed that the adsorption process was a
combination of physical and chemical adsorption.

The quasi-first-order fitted adsorption kinetic equation
(Vikrant et al., 2019b)

ky
t 3
2.303 ©)

lOg (Qe - Qt) = lOng -

The quasi-second-order fitted adsorption kinetic equation
(Cai et al., 2016)

AN -
Qt kZQg Qe

(4)

Where Q, (mgg') and Q, (mgg"') were the equilibrium
adsorption capacity at saturation and the instantaneous
adsorption capacity at t-time, respectively. k; (min™") was a
quasi-first-order adsorption constant, k; (gmg '-min™') was
the quasi-second-order adsorption constant. All kinetic
models and isotherm models were fitted to experimental data
using nonlinear equations. Non-linear regression analysis was
performed, since the non-linear modeling was considered the
best for estimating kinetic and isotherm parameters, due to the
inherent bias, diverse estimation errors, and fit distortions, which
might be resulting from the linearization.

3 Results and discussion
3.1 Structural characterization
3.1.1 XRD analysis

The crystallinity of NAC-x was analyzed by XRD as shown in
Figure 1. The as-prepared AC showed broad peaks, indicating the
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amorphous structure. The broad peak in the range of 20-30°
could be assigned to the (002) plane of amorphous carbon (Ryu
et al, 2022). And the broad hump in the range of 40-50" was
related to the (100) plane, which was caused by diffusion
scattering of the amorphous carbon (Giraldo et al, 2020).
After the AC was modified with HNO;, the (002) plane peak
of the sample NAC-x was significantly enhanced compared with
the (100) plane peak of the unmodified raw carbon NAC-0,
indicating that the pore structure in the modified AC was clearer
and more developed.

3.1.2 Microscopic morphology analysis

Figure 2 showed the SEM scanning images of the AC samples
before and after modification with a magnification of 3,000 times.
According to Figure 2A, it was found that the surface of
unmodified NAC-0 was rough and had many honeycomb
pores, in which there were a large number of fine carbon
particles or inorganic components. The surface pore structure
of NAC-2 modified by HNO; with a concentration of 2 mol L™,
as shown in Figure 2B, was evenly distributed, and the carbon
particles were partially removed, but the pore structure did not
change significantly. With the increase of HNO; concentration,
the impregnation of HNOj; at a concentration of 4 mol L™ had a
more obvious elimination effect on the fine particles in the
internal structure of NAC-4 as shown in Figure 2C. When the
concentration of HNOs3 was 6 mol L™, the internal pore structure
of the modified NAC-6 was clearer and more orderly, the pore
wall became thinner, the surface pores developed more open, and
the pore structure converted clearer, but a small amount of pore
structure was destroyed, as shown in Figure 2D. When the
concentration of HNOj; rose to 8 mol L™!, the carbon structure
lamellar of NAC-8 was eroded due to the high concentration of
acid, and the pore wall was also seriously damaged. In some areas,
adjacent pores merged to form super-large pores, as shown in
Figure 2E. Therefore, the excessive oxidation caused by high
concentration of HNO; could lead to the corrosion and
structural collapse of AC pores.

3.1.3 BET pore structure analysis

Figure 3 showed the N, adsorption-desorption isothermal
curve before and after AC modification. The structural
characteristic parameters of the samples were shown in
Table 1. According to the IUPAC classification method of N,
adsorption, when the relative pressure P/P, < 0.1, the N,
adsorption of the raw NAC-0 and the modified NAC-x with
different concentrations of HNO; all conformed to the type I
micropore adsorption. The N, adsorption capacity increased
sharply and tended to be saturated with the increase of
relative pressure P/P,, indicating that there were a large
number of micropore in AC before and after modification. In
addition, it could be seen from Figure 3A that the shape of
adsorption isotherms before and after modification had basically
not changed. When the concentration of HNO;3; was 2 mol L™,
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FIGURE 2

10.3389/fenrg.2022.1047254

SEM images of as-prepared activated carbon samples: (A) NAC-0; (B) NAC-2; (C) NAC-4; (D) NAC-6; (E) NAC-8.

FIGURE 3

Pore structure analysis: (A) N, sorption isotherms; (B) pore-size distributions of the as-prepared AC samples.
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TABLE 1 BET surface areas and pore size distributions of the as-prepared AC samples.

Samples Sper (m*g™") Smic (m*g™")
NAC-0 905.72 636.63
NAC-2 949.62 721.05
NAC-4 983.51 724.45
NAC-6 1140.40 804.21
NAC-8 938.47 616.86

4 mol L™ and 6 mol L', respectively, the N, saturated adsorption
capacity of modified NAC-2, NAC-4 and NAC-6 increased with
the increase of HNO; concentration. This phenomenon
indicated that the increase of HNOj; concentration had a
favorable effect on the microporous structure and specific
surface area of AC. However, when the concentration of
HNO; was 8 mol L', the N, saturated adsorption capacity of
modified NAC-8 decreased, which was lower than that of NAC-
6, indicating that the increase of HNO; concentration had
adverse effects on the microporous structure and specific
surface area of AC at this condition.

When P/P, > 0.45, hysteresis loops with inconsistent
adsorption and desorption curves were observed in the
isotherm, indicating that the sample had obvious mesopore
structure. In addition, it could be seen that with the increase
of HNO; concentration, the mesoporous distribution range of
modified AC became wider. As shown in Figure 3B, the pore size
distribution of AC samples before and after modification
exhibited that the proportion of micropore and mesoporous
of modified AC increased compared with unmodified AC.
When the concentration of HNO; was 6 mol L', part of the
micropore of NAC-6 began to develop into mesoporous, and the
proportion of mesoporous was further increased. When the
concentration of HNO; reached to 8 mol L™, the proportion
of mesopore of NAC-8 increased significantly, while the
proportion of micropore decreased. The above conclusion also
confirmed the reason for the decrease of N, saturation
adsorption capacity of modified NAC-8 in Figure 3A.

The structural parameters of AC modified with different
HNO; concentrations could be seen in Table 1. The specific
surface area (Sppr) of the raw NAC-0 was 905.72 m* g', and the
Sger of the NAC-x (x = 2,4,6) samples after HNO; modification

2 41

significantly increased to 949.62m*g’', 98351 m’>g"' and
1,140.40 m* g, respectively. Correspondingly, the S, of the
micropore area of NAC-x (x = 2,4,6) also increased. The P,,,; of
the modified samples changed from 70.29% to 75.73%, 73.66%,
and 70.52%, respectively. Although the micropore ratio P, of
sample NAC-6 was basically the same as that of sample NAC-0,
the number of micropores of sample NAC-6 was still significantly
higher than that of unmodified sample NAC-0, considering the
specific surface area Sgpr and micropore area S,,,;.. However, the
Smic of NAC-8 showed a downward trend compared with that of
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Pric (%) Pres (%) D (nm)
70.29 29.71 28
75.93 24.07 3.0
73.66 2634 3.0
70.52 29.48 32
65.73 3427 33

NAC-6, decreasing to 938.47 m*/g. In addition, the P,,;. of NAC-
8 micropore ratio also decreased to 65.73%. This indicated that
the number of micropores in the sample NAC-8 was greatly
reduced. However, at this time, the proportion of mesopores of
NAC-8 increased sharply, and the number of P, reached
34.27%, indicating that NAC-8 generated more and larger
mesoporous structures. This was because with the increase of
HNO; concentration, some micropore of AC was expanded by
the oxidation and the collapse of carbon skeleton structure under
the strong oxidation of HNO;, forming transition pores and
increasing the proportion of mesoporous. At the same time, with
the increase of HNOj; concentration, the average pore size D of
the modified NAC-x (x = 2,4,6,8) samples increased from 2.8 nm
to 3.3nm. Due to the reaction of HNO; with carbon, many
previously closed mesoporous pores were opened, and the pore
size of AC was increased by HNO; modification. In the process of
adsorption and removal of small molecular polar organic
pollutants in the gas phase, micropore played a major role in
adsorption, while mesoporous played the role of channels.
Abundant mesoporous were conducive to mass transfer of
pollutants in AC. The larger the specific surface area of the
sample, the richer the number of micropores, and the better the
adsorption capacity of the sample. Therefore, the variation law of
structural parameters of the modified AC sample NAC-x in
Table 1 also confirmed the isothermal adsorption trend of
Figure 3A.

3.2 Surface chemical properties

3.2.1 FTIR spectrum analysis

The number, type and position distribution of functional
groups were very important to the adsorption performance of
AC. In general, functional groups mainly existed on the
microporous surface of AC. The FTIR spectrums of AC
before and after modification were shown in Figure 4. The
characteristic peak of the sample at 3,423 cm™ belonged to
the phenolic O-H bond of the amino functional group (Zhang
et al, 2015). Compared with the raw NAC-0, the characteristic
peak of NAC-x sample at 3,423 cm™' showed that the infrared
luminosity decreased with the increase of the impregnation
concentration of HNOj;. Obviously, this was due to the
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FIGURE 4
FTIR spectra of the as-prepared AC samples.

increased number of O-H bonds in the AC structure. Meanwhile,
the absorption vibration peak of NAC-x sample at 1,712 cm™
corresponded to the C=O stretching vibration peak of carboxyl
group or carbonyl group, the absorption vibration peak at
1,530 cm™! was the stretching vibration of C = O bond, and
the characteristic peak at 1,315 cm™ was the carbonyl group
(Zhang et al., 2017; Cheng et al., 2018). The peak at 1,141 cm™
belonged to C-O-C bond and -OH bond vibration of carboxylic
anhydride (Nejabat and Rayati, 201s8).

In addition, the changes of these new vibration peaks were
similar: with the increase of the impregnation concentration of
HNO;, the infrared luminosity of the corresponding modified
NAC-x sample decreased, which indicated that the number of
carboxy anhydride and the vibration of -OH bond increased.
Therefore, it was inferred that CO and CO, were released after
HNO; oxidation, which led to the AC ablation and the pore
structure deformation. After O and H were adsorbed on the
deformed pore structure, oxygen-containing functional groups,
such as carboxyl groups and esters, were formed due to the
increase of adsorption active sites (Li et al.,, 2015; Fang et al,,
2017).

3.2.2 Boehm titration results of oxygen-
containing functional groups

In order to quantify the content of functional groups on
the surface of AC samples, Boehm titration analysis was
performed. The specific changes of surface functional
groups before and after modification were shown in
Table 2. It could be seen that Boehm titration results were
similar to the infrared spectrum analysis results. After HNO;
oxidation modification, the contents of carboxyl and lactone
groups on the sample surface enhanced significantly with the
increase of HNO; concentration. The modified NAC-6
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sample changed most dramatically with the carboxyl,
lactone increased by 0.230 mmol g™,
0.082 mmol g7,

Meanwhile, the total acid oxygen-containing functional

and hydroxyl
0.147 mmolg™',  and respectively.
group content also increased from 0.208 mmolg™' to
0.667 mmol g, with an increase of 0.459 mmolg™, as
shown in Figure 5. This indicated the content of acidic
oxygen-containing groups on the surface of AC increased
significantly after HNOj; oxidation modification, which was
more conducive to the absorption of gas-phase polar

pollutants such as formaldehyde.

3.3 Adsorption capacity of AC samples

In the static adsorption experiment, the formaldehyde
adsorption on AC before and after modification was
measured by phenol reagent-spectrophotometry, and the
test results were shown in Figure 6. The formaldehyde
saturation adsorption capacity of unmodified NAC-0 was
546.73 ug g .
modified by HNO; varied with the concentration of HNOj;.
When the concentration of HNO; was 6mol L™, the
saturation adsorption capacity of NAC-6 to formaldehyde

The saturated adsorption capacity of AC

reached the maximum of 963.67 pg g™'.

However, when the concentration of HNO; reached to
8mol L™, the saturated adsorption capacity of NAC-8 to
formaldehyde decreased. This indicated that, after HNOj;
the of
functional groups on the surface of AC samples increased, the

modification, content acidic  oxygen-containing
number of mesoporous cells enlarged, and the channel function
of mesoporous cells strengthened. But the proportion of
micropores on AC decreased, which was not conducive to
formaldehyde gas adsorption in terms of overall adsorption
performance. In conclusion, the rapid modification of HNO;
impregnation coupled with microwave radiation could promote
the adsorption of formaldehyde gas on AC. The adsorption
capacity of NAC-6 sample to formaldehyde was the strongest
(963.67 pug g '), which was about 43% higher than that of raw
NAC-0 (546.73 ug g ™).

The real-time dynamic adsorption curve was drawn
according to the formaldehyde adsorption amount of AC
samples at different times, and the saturation time when the
sample adsorption reached dynamic equilibrium was finally
obtained. Figure 7 showed the dynamic adsorption curves of
formaldehyde for AC samples before and after modification with
different concentrations of HNO3 under microwave radiation. At
the initial stage of adsorption, the adsorption rate of
formaldehyde on AC samples showed a rapid upward trend,
and then the curve trend gradually tended to be flat with the
growth of time. The slope of NAC-x curve was higher than that of
the raw carbon NAC-0. This phenomenon indicated that HNO;
coupled with microwave rapidly modified AC samples had a
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TABLE 2 Quantitative characterization of the surface compositions of the as-prepared AC samples.

Samples Carboxyl (mmol-g™") Lactone (mmol-g™") Hydroxyl (mmol-g™") Total
acidic group (mmol-g™
NAC-0 0.077 0.089 0.042 0.208
NAC-2 0.245 0.200 0.059 0.504
NAC-4 0.283 0.191 0.100 0.574
NAC-6 0.307 0.236 0.124 0.667
NAC-8 0.242 0.190 0.203 0.635
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faster adsorption rate of formaldehyde. In addition, the trend of
formaldehyde adsorption curve tended to be flat, which indicated
that AC adsorption reached saturation at this moment. It could
be seen that the formaldehyde saturated adsorption time of
NAC-x was than that of NAC-0. The final
formaldehyde saturation adsorption capacity of the modified
AC sample NAC-6 was the largest among the five test samples.
The adsorption of formaldehyde on the surface of AC depended
on its diffusion in pores. Instantaneous adsorption or external
surface adsorption was the result of superposition of adsorption
fields, where diffusion was the strongest. During the slow
adsorption stage, the internal diffusion of particles depended
on the adsorption rate factor of this stage, the adsorption rate
gradually slowed down at this period. The last stage was the final

longer

equilibrium stage, most of the pores were filled with adsorbents,
the diffusion rate of internal particles further slowed down, the
adsorption rate also further reduced and finally tended to be
saturated.
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Adsorption isotherm model curve fitting AC adsorption experimental data:

TABLE 3 Fitting parameters of Langmuir equation and Freundlich equation.

Samples Langmuir equation
-1
qmux/(mg'g ) “/
(m*mg™)

NAC-0 0.47 0.24
NAC-2 0.32 0.16
NAC-4 0.22 0.11
NAC-6 0.26 0.13
NAC-8 0.34 0.21

3.4 Adsorption model fitting of AC
samples

The c¢/q-c, and logg.-logec, fitting curves were drawn
according to the adsorption models of the samples before and
after modification, as shown in Figure 8, and the fitting
in Table 3. The fitting
parameters of Langmuir equation and Freundlich equation

parameters were summarized
could reflect the adsorption performance of formaldehyde to a
certain extent. The adsorption model constant ks of Freundlich
isothermal adsorption equation reflected the adsorption capacity
of AC samples. The larger k¢ value, the stronger the adsorption
capacity of the sample (Cheng and Bi, 2013). The adsorption
model index n was always larger than 1, indicating preferential
adsorption at this point. At this time, the key reason of the sample
adsorption of formaldehyde was mainly chemical bond force
rather than van der Waals force. It could be seen that HNOj;
coupling microwave rapid modification was conducive to the
adsorption of formaldehyde on AC, and the adsorption
performance of NAC-6 sample was the best.

The fitting results of the adsorption kinetic model were
shown in Figure 9, and the relevant fitting parameters were
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Freundlich equation

R kf n R’

0.992 0.17 2.53 0.999
0.988 0.16 3.22 0.995
0.998 0.28 2.07 0.975
0.976 0.42 2.09 0.989
0.959 0.31 1.27 0.958

exhibited in Table 4. It can be seen from the fitting parameters
that the fitting degree R’ of the quasi-first-order adsorption
kinetic model of modified AC samples under different HNO;
concentrations coupled with microwave irradiation was
relatively low. This demonstrated there was a deviation
between the model fitting and the experimental data. The
fitting degree R” of the quasi-second-order adsorption kinetic
model of modified AC samples under different HNO;
concentrations was larger than 0.99. This manifested the
data the quasi-second-order
adsorption model better, which further reflected the
formaldehyde adsorption of modified AC tended to be
physical-chemical combined adsorption.

experimental matched

3.5 Mechanism analysis

Formaldehyde was a polar molecular substance with the
carbonyl group of the polar functional group in formaldehyde,
in which the m bond was very unstable and easily broken.
Therefore, the existence of C=0 group of formaldehyde made
it easy to have addition reaction with oxygen-containing
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TABLE 4 Fitting parameters of Pesudo first-order model and Pesudo second-order model.

Pesudo second-order model

Q. (mgg™) k; (gmg "-min~") R

7.18 0.478 0.991
2.78 0.305 0.994
1.76 0.254 0.993
1.31 0.213 0.998
1.32 0.183 0.994

Samples Pseudo-first-order model

Q. (mgg™) ky (min™") R
NAC-0 0.07 0.060 0.984
NAC-2 035 0.052 0.990
NAC-4 0.41 0.053 0.935
NAC-6 048 0.056 0.978
NAC-8 0.52 0.057 0.994
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Formaldehyde adsorption reaction mechanism of HNOs
coupled microwave rapidly modified AC.

functional groups. The type and quantity of oxygen-
containing groups on the surface of AC which was a
weakly polar substance, directly determined the polarity of

Frontiers in Energy Research

AC surface. The more acidic functional groups (such as
carboxyl, lactone, hydroxyl and other acidic oxygen-
containing groups), the stronger the AC polarity, and the
more superior the adsorption capacity of AC for polar
pollutants. After the modification of AC by HNO;, more
acidic  oxygen-containing  functional  groups  were
introduced, and the number of carboxyl groups and lactone
groups on the surface increased significantly, as well as the
content of total acidic oxygen-containing groups, as shown in
Figure 10. After the AC modification by HNO; coupled
microwave, the number of carboxyl groups and lactone
groups on the surface increased significantly, and the
content of total acidic oxygen-containing groups also
improved. Compared with NAC-0, the surface oxygen-
containing functional groups of NAC-6 sample with HNO;
concentration at 6 mol L™" increased by 0.459 mmol g'. The
main function of low concentration HNO; was to remove
impurities in the AC pores, so that the pore structure of AC
became clearer and more abundant. In addition, during the
modification process, the low concentration of HNOj; reacted
with a small amount of basic oxygen-containing groups on the
AC surface, which reduced the surface proportion of basic

oxygen-containing groups of AC, and then increased the
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proportion of acid oxygen-containing groups. In the
of HNO;
concentration, the content of acidic oxygen-containing

modification process, with the increase

functional groups on the AC surface increased, which
enhanced the polarity of the sample surface and improved
the adsorption performance of the sample to polar molecules.
With the continuous increase of HNO; concentration, the
oxidation of HNOj gradually occupied a dominant position.
The oxidation and corrosion effects of HNO; on the pore
structure of AC was progressively obvious, which adversely
affected the specific surface area and micropore structure of
AC. The above results were consistent with the adsorption
isotherms and adsorption kinetics fitting results.

4 Conclusion

According to the above research results, it can be recognized
that AC is able to be rapidly modified by HNO; immersion
coupled with microwave irradiation. HNO; coupled with
microwave can simultaneously regulate the surface functional
groups and the internal pore structure of AC. The modified AC
has abundant surface chemical groups and developed specific
surface area, which greatly improves the adsorption capacity of
biochar to polar substances.

In this experiment, the excellent adsorption performance
of the modified samples was related to the different effects of
HNOs;. On the one hand, the corrosion effect of HNOj is
beneficial to obtain higher specific surface area and form more
micropores on the basis of retaining the physical structure of
the raw carbon. On the other hand, after adding HNO3, the
oxygen-containing functional groups on the surface of AC
increased sharply, which enhanced the surface acidity and
polarity of biochar, increased the adsorption active sites of AC
and enhanced the adsorption activity. These factors also
promote the adsorption and internal diffusion of
formaldehyde molecules on AC surface, simultaneously.
The specific surface area Sppr of NAC-6 sample reached
1,140.40 m> g”', and the increment of the total acid oxygen-
containing functional groups was 0.459 mmol g~' compared
with the unmodified raw carbon. Meanwhile, NAC-6 sample
had the best adsorption performance for formaldehyde, and
the saturated adsorption capacity was 963.67 ug g, which
was 43% higher than that of the raw carbon. The adsorption
behavior of formaldehyde on modified AC fitted well with the
Langmuir model and the Freundlich model, in line with the
basic requirements of adsorption mechanism. In addition, the
kinetic data of formaldehyde adsorption of the modified AC
samples matched the quasi-second-order fitting model, and
the fitting degree was very high, which satisfied the law of
physical-chemical combined adsorption.
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