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a b s t r a c t

In this study, the adsorption capacities of two common odor compounds, 2-methylisoborneol (2-MIB)
and dimethyl disulfide (DMDS), onto nine common types of powdered activated carbon (PAC) were
comprehensively compared to screen the critical surface chemical properties affecting the adsorption
performance. The results showed that the adsorption capacities of all the PACs for DMDS were generally
lower than those for 2-MIB. The Spearman’s rank correlation analysis indicated that the adsorption
capacity for 2-MIB did not have any correlation with the PAC surface sites, while the DMDS adsorption
capacity was positively related to the number of basic sites. The effect of the PAC basic sites on the DMDS
adsorption was further verified by density functional theory (DFT) calculation in two adsorption modes
(facial mode and edge mode). The graphene structure in the edge mode was the most favorable for DMDS
adsorption with the lowest adsorption enthalpy, followed by the ketone-doped structure under the facial
mode. An independent gradient model indicated that van der Waals forces were dominant in the DMDS
adsorption. Moreover, thermal modification was conducted to further prove the relationship between
the basic sites and the DMDS adsorption. After thermal modification, the PAC with more basic sites and
graphene structures was found to be more effective for DMDS adsorption. Overall, this study could offer
guidance for water treatment plants with respect to the selection of PAC to solve the odor problems
caused by various compounds (e.g., DMDS or 2-MIB), and the modification of PAC, aiming at more
efficient odor removal.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Taste and odor (T&O) problem is one of the most serious chal-
lenges associated with drinking water treatment (Dietrich and
Burlingame, 2015). Among various odor compounds, geosmin and
2-methylisoborneol (2-MIB) are the most common, and they emit a
musty/earthy odor. Previous studies have demonstrated that the
musty/earthy odor in China most likely originates from 2-MIB
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rather than geosmin, as geosmin is detected less frequently and
in relatively low concentrations (0.69 ng L�1 and 0.85 ng L�1 in
source and finished water samples on average, respectively) in
China; moreover, it is easy to remove geosmin by pre- or post-
carbon adsorption. (Kim et al., 2014; Lin et al., 2002; Matsui et al.,
2015; Sun et al., 2014; Wang et al., 2019; Zamyadi et al., 2015). In
addition, thioethers represent another class of common odor
compounds in drinking water; they have a strong swampy/septic
odor and are highly toxic; however, they have received little
attention (Yang et al., 2008z; Talaiekhozani et al., 2016). Yang et al.
found that dimethyl trisulfide (DMTS) and related alkyl sulfide
compounds, not 2-MIB and geosmin, were the main odor-causing
compounds in Wuxi’s water supply in 2007 (Yang et al., 2008). In
a recently published work, it was reported that high concentrations
of thioethers, primarily dimethyl disulfide (DMDS) and DMTS, were
detected in the eastern and southern parts of China (Wang et al.,
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2019). In addition to China, DMDS has also been detected in River
Dee in North West England, possibly as a result of industrial
discharge (Campbell et al., 1994).

Several treatment methods, including adsorption, oxidation,
and biodegradation, have been applied to address T&O problems
(Summers et al., 2013; Zhao et al., 2016; Antonopoulou et al., 2014;
Doederer et al., 2019). Among them, adsorption using activated
carbon (AC) is one of the most widely used strategies for odor
treatment because of the high efficiency, convenient operation, and
low cost (Bunmahotama et al., 2017; Tennant and Mazyck, 2007;
Pendleton et al., 1997).

Many previous studies have shown that the internal particle
pore structure and particle size are the main factors affecting 2-MIB
adsorption (Tennant and Mazyck, 2007; Yu et al., 2007; Matsui
et al., 2013), and many researchers have suggested that the mi-
cropores (<20 Å) on carbon are critical for 2-MIB adsorption
(Newcombe et al., 2002). The mesopores could supply a tunnel for
2-MIB and thus influence its adsorption process. Regarding the
chemical properties associated with 2-MIB adsorption, previous
studies have suggested that the removal of low-polarity 2-MIB is a
physical process that occurs through non-specific sorption.
Although previous studies have suggested that carbon with many
oxygen groups demonstrates a relatively low 2-MIB adsorption, this
is primarily because an oxygen-rich carbon has more affinity to the
water, and this reduction is not evident in water containing natural
organic matter (Tennant and Mazyck, 2007; Considine et al., 2001).

Concerning thioethers such as DMDS and DMTS, only a very
limited number of studies have focused on their adsorption be-
haviors. As a small-molecule micropollutant, DMDS is also assumed
to be adsorbed onto the micropores of AC. In our previous study,
only three thioethers (DMDS, DMTS, and diethyl disulfide) were
found to be unsuitable for treatment by powdered activated carbon
(PAC) adsorption among 14 common odor compounds (Huang
et al., 2019). However, this study only used coal-based PAC to
evaluate the absorbability. It is not clear whether or not other types
of PAC are efficient for the adsorption of thioethers or which
properties are critical in the adsorption process. Previous study
have suggested that the hydrophobic properties of the adsorbate
would favor its adsorption (Matsui et al., 2015). Compared to 2-MIB,
DMDS is less hydrophobic, according to the calculated octanol/
water partition coefficient (log Kow) values of 2-MIB and DMDS, as
shown in Table 1, and the adsorption of DMDS is supposedly very
difficult (Ferrari et al., 2018). However, if hydrophobicity is the only
factor affecting the adsorption, the PAC, which has a relatively low
oxygen content, would have a high adsorption capacity for thio-
ethers. On the contrary, previous studies have demonstrated that
modified AC contains additional oxygen functional groups that
provide more adsorption sites and consequently increase the sulfur
adsorption capacity of AC (Cui et al., 2009; Lee et al., 2010). Cui et al.
(2009) found that the AC oxidized by HNO3/H2O2 or impregnated
with alkali exhibited a higher DMDS adsorption capacity than
pristine AC. Lee et al. (2010) modified coconut-based AC with acids
Table 1
The structures and properties of the odor compounds.

Structure Molecular weight Log Kow
a

2-MIB 168.28 3.31

DMDS 94.19 1.77

a Source: Log Kow was calculated using the EPI suite.
and bases and found that the DMDS adsorption capacities were
increased by acid treatment and decreased by base treatment.
Further, Vega et al. (2015) increased the oxygen content of AC by
gamma irradiation; however, this modification could not improve
the DMDS adsorption, although it increased ethyl mercaptan
adsorption. Overall, the effects of the AC chemical surface func-
tional groups on the adsorption behavior regarding DMDS odor
problems are somewhat conflicting and have caused confusion in
the selection and modification of carbon for its treatment.

Therefore, the main objective of this study is to comprehen-
sively investigate the effects of the chemical surface properties of
activated carbon on the adsorption behaviors with respect to DMDS
and 2-MIB. Adsorption experiments using nine common PACs
(including three coal-based PACs, three wood-based PACs, and
three coconut-based PACs) were conducted to determine the
principal functional groups affecting the adsorptions of DMDS and
2-MIB onto PAC. Density functional theory (DFT) calculations and
an independent gradient model (IGM) were used to further
examine the adsorption behavior of DMDS. Finally, thermal modi-
fication was applied to further improve the adsorption capacity of
DMDS onto PAC, based on the above analysis. The results of this
work may inform the selection and modification of AC for
addressing various odor problems.
2. Materials and methods

2.1. Chemicals

The odor compounds 2-MIB and DMDS were purchased from
o2si (America). NaCl was obtained from Sinopharm Chemical Re-
agent Co. Ltd. (China) and was calcined at 450 �C for 2 h before it
was used for the measurement of the odor compounds. Stock so-
lutions of the two odor compounds were prepared in methanol
(HPLC-grade, J.T. Baker, and Center Valley, PA, USA). All other so-
lutions were prepared using deionized (DI) water.

Nine commonly used PACs were obtained from Ningxia Guan-
ghua Co. Ltd. (China). These selected 9 PACs were produced from
the three most commonly used raw materials (coal, wood, and
coconut shell) with three different iodine values, as shown in
Table 2, and similar sizes (200e325 mesh). The iodine values were
provided by the manufacturer and were determined according to
Chinese national standards: GB/T 7702.7e2008 (for coal-based
PACs) and GB/T 12496.8e2015 (for wood-based and coconut-
based PACs), which are widely used methods (Li et al., 2014;
Liang et al., 2020; Zhang et al., 2018). The PAC stock solutions were
prepared by dispersing 1 g of PAC in 1 L of DI water.
2.2. Adsorption experiments

Prior to the adsorption experiments, the PAC was washed with
DI water to clean the carbon surface. The adsorption experiments
Table 2
Iodine values and abbreviations of the nine PACs.

PAC Iodine value (mg g�1) Abbreviation

Coal-based 1000 PAC1
900 PAC2
800 PAC3
1000 PAC4

Wood-based 900 PAC5
800 PAC6

Coconut-based 1030 PAC7
958 PAC8
860 PAC9
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were conducted with a predetermined PAC dosage in 40-mL glass
bottles, and the adsorption time was set to 24 h. Water collected
from Jinze Reservoir (Shanghai, China) was used to prepare the
water samples, and the main characteristics of the raw water are
shown in Table S1. The initial concentration for experiment was
250 ng L�1 for both 2-MIB and DMDS. For these compounds, this
concentration is high relative to the concentrations detected in
lakes. At the end of the adsorption experiment, the suspensionwas
withdrawn using an injection syringe and filtered through a 0.45-
mmmembrane prior to the odor compoundmeasurement. The odor
compound concentration was determined immediately using
headspace solid-phase microextraction (SPME) combined with gas
chromatography/mass spectrometry (GC/MS, SHIMADZU, Japan).
The limit of quantitation (LOQ) values for 2-MIB and DMDS were
3 ng L�1 and 6 ng L�1, respectively (Koziel et al., 2017; Yu et al.,
2007). Each adsorption experiment was conducted three times in
this study.

The adsorption ratio (q, ng mg�1) at a set dosage was calculated
using the following equation:

q¼Cinitial � Cfinal
DPAC

(1)

Here, Cinital is the initial concentration of the odor compound
(ng L�1), Cfinal is the final concentration of the odor compound after
24 h of adsorption (ng L�1), and DPAC is the PAC dosage (mg L�1).
2.3. Characterization of PAC

The surface area and pore size distribution of the PAC samples
were characterized using an AUTSORB (Quantachrome, USA)
computer-controlled surface analyzer.

Fourier-transform infrared (FTIR) spectra of the PAC samples
were obtained using a NEXUS 670 FTIR spectrophotometer (Nicolet,
USA). The carbon samples were mixed with KBr (1: 300) to form
KBr pellets. The FTIR spectra of the samples were recorded from
4000 to 500 cm�1 at a resolution of 4 cm�1, with 200 scans for each
sample.

The numbers of basic and acidic sites on the carbon internal
surfaces were determined by Boehm titration (Boehm, 1994). The
acidic sites were also divided into three categories: carboxylic,
lactonic, and phenolic, according to Boehm titration. The PAC was
reacted with three different bases to determine the total acidity: (i)
NaHCO3, which neutralizes the carboxylic acid groups; (ii) Na2CO3,
which neutralizes the lactonic and carboxylic acid groups; and (iii)
NaOH, which neutralizes the phenolic, lactonic, and carboxylic
groups. The number of basic sites was estimated by neutralization
with HCl solution. The procedure consisted of adding 0.1 g of the
PAC in 25 mL of each different neutralization solution (0.1 M
NaHCO3, 0.1 M Na2CO3, 0.1 M NaOH or 0.1 M HCl). Afterward, the
samples were bubbled in N2, sealed, and kept under shaking for 5
days to guarantee equilibrium. Later, the solutions were filtered and
titrated with a 0.1 M HCl or NaOH solution.
Fig. 1. a) Adsorption capacities of DMDS and 2-MIB onto various PACs and b) the
median particle size (D(0.5)) and micropore volume (Vm) of various PACs.
2.4. Data analysis

Since most of the data about the carbon surface properties do
not follow the Gaussian distribution, the Spearman’s rank corre-
lation, which is a non-parametric analysis rather than the Pearson’s
correlation, was used in this study. The Spearman’s rank correlation
can describe the relationship between two variables without
making any assumptions about the frequency distribution of the
variables. It assesses monotonic relationships (whether linear or
not), and the coefficient (r) is calculated as follows:
r¼1� 6
Pn

i¼1ðUi � ViÞ2
nðn2 � 1）

; (2)

where Ui and Vi are the orders of the two samples. The r value is
generally between þ1 and �1, where 1 indicates a totally positive
linear correlation, 0 indicates no linear correlation, and �1 denotes
a totally negative linear correlation.

2.5. DFT calculation and IGM

DFT calculations were carried out using Gaussian program1 at
M06-2X/def2-TZVP//M06-2X/def2-SVP level2-4. IGM (wave func-
tion) analysis was performed using Multiwfn program5 (Lefebvre
et al., 2018; Zhao et al., 2006).

2.6. Thermal modification of the PAC

To further investigate the effect of the surface chemical prop-
erties on the adsorption of DMDS onto the PAC, carbon samples
were heated in a tube furnace to 500 or 1000 �C under N2 to modify
their surface characteristics without significantly changing their
textural structures (Pereira et al., 2010). The temperature increased
from ambient temperature to 500 or 1000 �C at a rate of 50 �C/min
in a N2 atmosphere, and was then maintained at 500/1000 �C for
2 h; finally, it was allowed to decrease to room temperature. The
DMDS adsorption performances of thesemodified PACswere tested
using a procedure similar to that described in Section 2.2. The only
difference was that the test water was synthesized using DMDS
with an initial concentration of 350 ng L�1 in DI water. Each
adsorption experiment was repeated three times.

3. Results and discussion

3.1. Adsorption capacities of DMDS and 2-MIB onto the nine PACs

The adsorption ratios of DMDS and 2-MIB onto various PACs are
illustrated in Fig. 1, and the effects of the PAC dosage on the removal
of DMDS and 2-MIB are shown in Fig. S1. The adsorption capacities
for DMDS were generally smaller than those for 2-MIB. Although
PAC7 exhibited the best adsorption performance for both DMDS
and 2-MIB, the adsorption capacity sequences for DMDS and 2-MIB
were completely different. For DMDS, PAC7 achieved the highest
adsorption ratio, while PAC4 exhibited the lowest adsorption ratio.
For 2-MIB, PAC7 exhibited the best adsorption performance, while
PAC6 showed the lowest adsorption capacity.
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Previous studies have shown that the micropores and particle
size of PAC will significantly affect its adsorption capacity for low-
molecular-weight substances, including odor compounds (Matsui
et al., 2015; Yu et al., 2007). Therefore, before analysis of the ef-
fect of surface chemical properties, the pore structure and particle
size of the nine PACs were characterized. The micropore volume
(Vm) andmedian particle size (D(0.5)) are shown in Fig. 1, and other
results of the pore structure and particle size are listed in Tables S2
and S4, respectively. Their correlations were also determined by
Spearman’s rank correlation analysis, and the results are displayed
in Fig. 1, Table S3, and Table S5. The adsorption capacities for both
compounds had significant positive correlations with their Vm
values, as shown in Fig. 1 and Table S3. The D(0.5) values showed
significant negative correlations with the adsorption capacities, as
shown in Fig. 1 and Table S5, which suggested that the PAC with the
relatively small particle size may exhibit enhanced adsorption
performance. The highest adsorption by PAC7 for both DMDS and
2-MIB may be due to its abundant micropores and small particle
size. Nonetheless, the DMDS and 2-MIB adsorption capacities
showed different variation trends, and the 2-MIB adsorption ca-
pacity correlated better with the Vm and D(0.5) than the DMDS
adsorption capacity. As shown in Fig.1 and Table S2, the Spearman’s
rank correlation coefficient for the DMDS adsorption capacity and
Vm/D(0.5) was 0.67/-0.72, which is smaller than that of the 2-MIB
adsorption capacity and Vm/D(0.5) (0.73/-0.80). Thus, it could be
concluded that although the physical character (including the
micropore volume and particle size) of the PAC is a crucial factor for
both DMDS and 2-MIB adsorption, there are other important fac-
tors (such as the surface chemical properties) that affect their
adsorption, which may be stronger for DMDS than for 2-MIB, as the
correlation between DMDS and the micropore volume/particle size
was significantly weaker than that for 2-MIB.
3.2. Effects of the PAC chemical properties on the adsorption
capacity

3.2.1. Infrared spectrum characterization
FTIR was applied to analyze the surface functional groups for the

9 PACs, and the spectra are shown in Fig. 2. The assignments of the
bonds at different wavenumbers are given in Table 3. Very similar
FTIR spectra were obtained for various PACs, except for PAC7 and
PAC8, whose spectra did not indicate the stretching of the C^C
Fig. 2. FTIR spectra of PAC samples.
bonds. However, the two PACs (PAC7 and PAC8) without the C^C
bonds, exhibited the best and the second-best adsorption perfor-
mances for DMDS, respectively. For 2-MIB, PAC7 also achieved the
highest adsorption capacity, whereas PAC8 had a median adsorp-
tion capacity. As discussed above, the physical character of PAC also
affects the DMDS and 2-MIB adsorptions. The highest Vm and the
smallest size (D(0.1), D(0.5), and D(0.9)) of PAC7 may promote
excellent adsorption for both DMDS and 2-MIB. PAC8 has abundant
micropores and a medium D(0.5) value, while its D(0.9) value is
rather large, indicating that its particle size is not uniform, which
could explain its mediocre 2-MIB adsorption performance. How-
ever, PAC8 exhibited superior DMDS adsorption performance
compared to other PACs. It is assumed that a PACwith relatively few
C^C bonds might exhibit enhanced DMDS adsorption.

However, PAC9, even with the presence of the C^C bond, also
exhibited good DMDS as well as 2-MIB adsorption performance.
Additionally, PAC2, PAC3, and PAC4 achieved high 2-MIB adsorp-
tions but low DMDS adsorptions. PAC9 had more abundant mi-
cropores and a relatively small size. Evidently, these beneficial
physical properties may counter the inhibiting effect of C^C on
PAC9. From the FTIR spectra, it can be inferred that the absence of
the C^C functional groups might result in improved DMDS
adsorption, although further demonstration is required.

3.2.2. Functional groups measured by Boehm titration
Considering that the surface groups of the PACs cannot be

quantitatively characterized by FTIR, the Boehm titration method
was applied for the quantification of the basic and acidic sites, as
shown in Table 4. Regarding the number of acidic sites, the wood-
based PAC4 had the highest, while other wood- and coconut-based
PACs had similar numbers. Evidently, the coconut-based PACs had
the highest number of basic sites. The coconut-based PACs
exhibited better DMDS adsorption performance than the wood-
and coal-based PACs, which may be attributed to the abundant
basic sites.

To further analyze the relationship between the PAC adsorption
ability and the basic/acidic properties, Spearman’s rank correlation
analysis was applied; the results are shown in Table 5. Only the
DMDS adsorption capacity displayed a significant positive corre-
lationwith the basic sites. Other groups, including the acidic group,
did not show any significant correlation with the adsorption ca-
pacities for DMDS and 2-MIB. The correlation results indicated that
the adsorption capacity for 2-MIB was independent of any func-
tional group on the surface of PAC, which is in agreement with
previous studies that suggested the 2-MIB adsorption is indepen-
dent of the oxygen content of the AC (Yu et al., 2007; Matsui et al.,
2015).

For DMDS, the adsorption capacity increased with the number
of basic sites, while other groups did not display any correlation
with the DMDS adsorption capacity. This result can explain the
opposing trends for DMDS and 2-MIB adsorptions onto wood-
based PACs. Although the micropore volume of wood-based PACs
(PAC4e6) decreased from PAC4 to PAC6, the DMDS adsorption ca-
pacity increased owing to the increase in the number of basic sites.
However, the adsorption capacity of 2-MIB increased from PAC4 to
PAC6 simply due to the micropore volume. Jana and Sarkar found
similar results, in that alkali-functionalized ACs had a high
adsorption ability for selected malodorous compounds containing
sulfides, such as methyl mercaptan, ethyl mercaptan, dimethyl
sulfide, and carbon disulfide (Jana and Sarkar, 2018). However, Vega
et al. (2013) found that the DMDS adsorption capacity was not
affected by the oxygen functional groups in AC because they did not
analyze the oxygen functional groups individually; moreover, the
total number of oxygen functional groups of AC were not relevant
to the adsorption capacity. This fact could be the reason for the



Table 3
FTIR spectra bond assignments.

Wavenumber (cm�1) Assignments Reference

3430 OeH stretching by the hydroxylic group and chemisorbed water Pradhan and Sandle (1999)
2917 CeH stretching in eCH, eCH2 and eCH3 groups were observed Pradhan and Sandle (1999)
2347 C^C functional groups Ooi et al. (2017)
1630 C¼C stretching Fanning and Vannice (1993).
1570e1403 combination of carboxyl C]O stretching of non-aromatic carboxylic acid and lactone structures Torrellas et al. (2015)
1174 CeO stretching in acids, alcohols, phenols, ethers, and/or esters groups Boehm (1971)
630 out-of-plane bending mode of the CeH or OeH group Ceyhan et al. (2013)

Table 4
Number of basic and acidic sites on PAC1-9.

PAC Basic site mmoL g�1 Acidic site mmoL g�1 Phenolic group mmoL g�1 Carboxyl group mmoL g�1 Lactonic group mmoL g�1

PAC1 0.38 0.30 0.05 0.22 0.03
PAC2 0.15 0.28 0.02 0.24 0.02
PAC3 0.13 0.27 0.02 0.22 0.03
PAC4 0.10 0.75 0.38 0.37 0.01
PAC5 0.34 0.50 0.27 0.26 0.02
PAC6 0.40 0.49 0.10 0.36 0.03
PAC7 0.58 0.50 0.11 0.38 0.02
PAC8 0.54 0.50 0.12 0.28 0.10
PAC9 0.43 0.45 0.12 0.22 0.11

Table 5
Results of the Spearman’s rank correlation analysis between adsorption capacities of
DMDS and 2-MIB and the PAC surface sites.

DMDS 2-MIB

Basic site r 0.82 0.15
p 0.01 0.70

Acidic site r �0.09 �0.15
p 0.83 0.69

Phenolic hydroxyl group r �0.23 �0.27
p 0.55 0.49

Carboxyl group r 0.15 0.10
p 0.70 0.80

Aliphatic group r 0.29 �0.27
p 0.44 0.49

Table 6
Adsorption enthalpy calculated using DFT.

Model structure Adsorption enthalpy (kcal mol�1)

Graphene-facial �6.13
Graphene-edge �6.99
Ketone-facial �6.90
Ketone-edge �5.69
Pyrone-facial �6.01
Pyrone-edge �5.89
Chromene-facial �5.97
Chromene-edge �6.82
C^C-facial �4.01
C^C-edge �4.21
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contradictory results obtained in previous studies.
3.3. DMDS adsorption mechanism analysis

To further investigate the effects of the C^C bonds and PAC
basic sites on the adsorption behavior of DMDS onto PAC, a series
of DFT calculations was conducted to compute the adsorption
enthalpy. To simplify the simulation calculations, a simple gra-
phene structure composed of seventeen aromatic rings was
adopted as the PAC model. According to a previous study, the basic
properties of PAC are mostly derived from the graphene structure
and three typical basic functional groups (ketone, pyrone, and
chromene), as shown in Fig. S2 (Montes-Mor�an et al., 2004). In
addition, two active adsorption sites were considered: one on the
edge of the structure (denoted as the graphene/functional group-
edge), and the other on the facial part of the structure (denoted as
graphene/functional group-facial). The adsorption process would
occur in the low-energy mode. Therefore, five structures (as
shown in Fig. S2) and ten adsorption models were constructed,
and the results are shown in Table 6. All the adsorption enthalpies
for the various structures are negative. This result indicates that
the adsorption process for DMDS is exothermic (Weigend and
Ahlrichs, 2005). Notably, compared to the undoped graphene,
the C^C structure in the doped graphene layer would significantly
increase the adsorption enthalpy, thus making DMDS adsorption
more difficult. This could further prove the above inference, that
the C^C structure in the carbon layer was unfavorable for the
DMDS adsorption. Comparing different structures, the undoped
graphene and chromene-doped graphene structures favor the
DMDS adsorption in the edge mode, while for other structures
(ketone and pyrone-doped graphene), the adsorption enthalpy in
the facial mode was more negative. (Weigend and Ahlrichs, 2005).
In addition, the edge site of the undoped graphene structure had
the lowest adsorption enthalpy, followed by the facial mode for
the ketone-doped graphene structure and the edge mode for the
chromene-doped graphene structure, while the facial mode of the
undoped-graphene structure was the fourth. Overall, the undoped
graphene structure was generally outstanding regarding DMDS
adsorption, which suggests that the adsorption of DMDS primarily
relies on the weak chemical binding (pep electron
donoreacceptor (EDA) interactions) (Weigend and Ahlrichs, 2005).
Combined with the FTIR results, it can be inferred that relatively
few C^C bonds and more graphene C structures are favorable for
DMDS adsorption.

The IGM analysis was applied to investigate the non-covalent
interactions between the different structures and DMDS, and the
results are shown in Fig. 3. In this model, the nature of the
interaction can be distinguished directly by color codes related to
the electron density derivatives: red for strongly repulsive, green
for van der Waals forces, and blue for strongly attractive in-
teractions (Lefebvre et al., 2018). As illustrated in Fig. 3, van der



Fig. 3. IGMmodels of various structures: a) undoped graphene in the facial mode; b) undoped graphene in the edge mode; c) ketone-doped graphene in the facial mode; d) ketone-
doped graphene in the edge mode; e) chromene-doped graphene in the facial mode; f) chromene-doped graphene in the edge mode; g) pyrone-doped graphene in the facial mode;
h) pyrone-doped graphene in the edge mode.
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Waals forces played a major role in the adsorption of DMDS in
various configurations. Additionally, the IGM method can provide
a quantitative analysis of the impact of an atom or several atoms
on the total interaction between two or more molecules. From the
IGM figures, it can be observed that in the facial mode, the two S
atoms contributed to the adsorption behavior, while in the edge
mode, the two eCH3 groups contributed more to the adsorption
behavior. The oxygen-containing basic sites did not play critical
roles in the adsorption of DMDS. The pep interactions by the
graphene structure may dominate the DMDS adsorption. Previous
studies have shown that an increase in the graphene structure will
lead to an increase in the basicity of PAC (Montes-Mor�an et al.,
2004; Pereira et al., 2010). Therefore, the graphene structure is
more favorable to adsorb DMDS than the oxygen-containing basic
sites.
3.4. Effect of thermal modification of PAC on its adsorption for
DMDS

The thermal modification of PAC could reduce the surface acidic
sites and contribute to the exposure of basic sites with minimal
change to the textural structure of the PAC (Pereira et al., 2010).
Therefore, the thermal modification of PAC9 was conducted to
further verify the correlations between the basic properties of the
PAC and the DMDS adsorption capacity. PAC9 was selected for the
thermal modification due to its large number of basic sites and
because it contains C^C bonds. After the thermal modification, the
PACs were employed for DMDS adsorption, as illustrated in Fig. 4(a)
and (b). The adsorption capacity and adsorption rate were
improved by thermal modification, and PAC-1000 was the most
effective in terms of DMDS adsorption. The surface basic and acidic



Fig. 4. The thermal modification of PAC: a) effect of the PAC dosage on the DMDS adsorption; b) effect of the adsorption time on the DMDS adsorption; c) Raman spectra; d) pore
size distribution.
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sites were characterized by Boehm titration and Raman spectros-
copy, as shown in Table 7 and Fig. 4 (c), respectively. The pore size
distribution was also characterized to indicate that the change in
the DMDS adsorption capacity was not due to the variation in the
pore size, as shown in Fig. 4 (d). The numbers of the basic sites of
PAC-1000 and PAC-500 increased significantly compared to those
of the initial PAC, particularly PAC-1000, while the numbers of the
acidic sites of PAC-1000 and PAC-500 were similar and less than
that of the initial PAC. The result agreed with that in Section 3.2.2,
which demonstrated that the basic property of PAC has a positive
correlationwith the DMDS adsorption. In addition, according to the
Raman results, the intensity ratio of D band and G band of PAC-
initial, PAC-500, and PAC-1000 were 1.20, 1.17, and 1.10, respec-
tively, indicating that the degree in the disorder decreased after
thermal modification (Barranco et al., 2010). It can also be inferred
that carbon was graphitized after thermal modification, as evi-
denced by the enhanced adsorption capacity for DMDS, which
agrees with the DFT calculations.
4. Conclusions

In this work, the adsorption capacities of two distinct odor
compounds, DMDS and 2-MIB, onto 9 PACs with different charac-
teristics was compared, and the effects of the PACs’ surface chem-
ical properties on the adsorption performance were fully
Table 7
Basic and acidic sites of the modified PACs.

PAC Basic site (mmoL g�1) Acidic site (mmoL g�1)

PAC-initial 0.43 0.45
PAC-500 0.62 0.31
PAC-1000 0.78 0.32
investigated. The results indicated that all the nine PACs exhibited
weaker adsorption performances for DMDS than for 2-MIB. The
Spearman’s rank correlation analysis results showed that the DMDS
adsorption capacity correlated significantly with basic sites, while
no significant correlations were observed between the 2-MIB
adsorption capacities and the surface sites. DFT calculations indi-
cated that graphene structure in the edge mode significantly
favored DMDS adsorption, followed by the ketone-doped graphene
structure in the facial mode. The IGM model indicated that van der
Waals forces played certain role in the DMDS adsorption. The re-
sults also suggested that thermal modification could enhance the
basicity and graphene content, thus increasing the DMDS adsorp-
tion performance. Overall, it could be concluded that the PAC with
more basic sites, particularly the graphene structure, demonstrated
a relatively higher adsorption for DMDS. The results could direct
the modification of PACs to improve their efficiency for the removal
of some special odor compounds.
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