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Abstract ;
vestigate their ability for the adsorptive denitrogenation of liquid hydrocarbons using two model fuels containing typical

Twelve activated carbon ( AC) samples with different physical and chemical properties were selected to in-

nitrogen compounds, indole and quinoline in decane. The surface oxygen-containing groups of the ACs were character-
ized by temperature-programmed desorption with a mass spectrometer to identify and quantify the type and concentration
of the oxygen-containing functional groups based on the CO- and CO,-evolution profiles. The adsorption behavior of AC
for nitrogen compounds in decane was found to obey the Langmuir adsorption isotherm. The adsorption parameters ( the
maximum capacity and the adsorption constant) were estimated. With these results, the correlation between the adsorp-
tion performance of the AC samples and their physical/chemical properties was evaluated by a multiple linear-regression
analysis, which indicated that the physical properties were not the key factors for the removal of the nitrogen compounds
in decane. Furthermore, the oxygen-containing groups of ACs, especially the carboxylic acid groups, were found to be

mainly responsible for nitrogen adsorption.
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1 Introduction

Deep denitrogenation of liquid hydrocarbon
streams has attracted great attention from the refinery
industry, because the nitrogen compounds coexisting
in the liquid-hydrocarbon streams strongly inhibit ul-
tradeep hydrodesulfurization (HDS) and further poi-
son many catalysts that are used in subsequent proces-
ses, including hydrodearomatization, hydrocracking,
and reforming''”'. In addition, denitrogenation is one
of the major tasks in the upgradation of coal-derived
liquids and other liquid hydrocarbons used for the pro-
duction of clean transportation fuels'*"*). Currently,
removal of nitrogen from various liquid hydrocarbon
streams is mainly carried out by the catalytic hydrode-
nitrogenation ( HDN) process in refineries *'*'*'%/,
However, HDN is more difficult to conduct than
HDS, because severe reaction conditions and a high
hydrogen consumption are required''”"*. Therefore,
adsorptive denitrogenation ( ADN) of liquid-hydro-
carbon streams using adsorbents with high selectivity
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has attracted great attention'®'>'*?') Some investiga-
tions on the ADN of liquid hydrocarbons on activated
carbons ( ACs) have been reported recently in litera-
ture'®'">°) " ACs, due to theirhigh adsorption ca-
pacity, selectivity, and good regenerability, have
been found to be very promising adsorbents for the se-
lective removal of nitrogen compounds'**'*’.

In general, the adsorption behavior of carbon
materials depends on both the physical and the chemi-
cal properties of the materials. However, previous
studies have indicated that, in the liquid phase, the
surface chemical structure of ACs plays a dominant
role in determining the adsorption performance, re-
gardless of the physical structure that comprises the
total surface area and the micro- and mesoporous
structure' ', The adsorption capacity for nitrogen
compounds increases with the total oxygen concentra-
tion on the surface of AC, whereas micropore volume
does not show any obvious effect on the adsorption
performance '/, Further investigations showed that
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the oxygen-containing functional groups on the AC
surface play a dominant role in the ADN on AC'*’.
The widely accepted predominant functional groups
present on the surface of ACs are the carboxyl, an-
hydride, lactone, phenol, carbonyl, and quinone
groups 2?1, Among them, the carboxyl, anhydride,
lactone, and phenol groups are considered the acidic
type group, whereas the carbonyl and quinone groups
are the basic groups. The acidic groups contribute
more toward adsorption of the basic nitrogen com-
pounds, whereas the basic oxygen-containing groups
may contribute more to the adsorption of neutral nitro-
gen compounds. Thus, the ADN performance of the
carbon-based adsorbents can be improved significantly
by enhancement of the desired oxygen-containing
functional groups on the surface.

In spite of many studies on the ADN of liquid-
hydrocarbon streams over ACs, the mechanism of
ADN on ACs, especially, the influence of the surface
chemistry of AC, has not been well clarified ®'*?.
To develop high-performance carbon-based adsorbents
for the ADN of liquid-hydrocarbon streams, under-
standing (1) the fundamental role of the type and
concentration of the carbon-surface oxygen-containing
functional groups present on the carbon surface and
(2) their effect on the performance of ADN is cruci-
al.

The present study focuses on examining the
effect of the surface chemistry, the type and amount
of the oxygen-containing functional groups on the ad-
sorption performance. It was reported that Quinoline
and indole have been reported to be the main nitrogen
compounds in different liquid-hydrocarbon
streams'*?). Here, the adsorption performance of
twelve representative carbon-based adsorbents for
these two typical nitrogen compounds, quinoline
(basic) and indole ( neutral), was evaluated in a
batch-adsorption system using two model solutions.
To build a structure-performance relationship for the
ADN on ACs, the type and the concentration of the
oxygen-containing functional groups on the carbon
surface were characterized by the temperature-pro-
grammed desorption method ( TPD ), which was
modified based on previous procedures??" 2 A vast
amount of work has shown that the TPD method is es-
pecially adequate for the identification and quantifica-
tion of the oxygen-containing functional groups on
carbon materials'> **!. The measured types and
concentrations of the various oxygen-containing func-
tional groups on the AC samples were correlated with
their ADN performance. The contribution of each ox-
ygen-containing functional group on the carbon sur-
face to the adsorption of both basic and neutral nitro-

gen compounds was estimated by multiple linear-re-
gression analysis. The regression coefficient showed
the relative contributions of the different types of oxy-
gen-containing functional groups on the adsorption of
nitrogen compounds.

2 Experimental

2.1 Carbon materials

Twelve AC samples with different physical and
chemical properties were used in this study. Table 1
shows the sources and BET surface areas of these AC
samples, which are denoted as ACI, AC2, AC3,
AC4, AC5, AC6, AC7, AC8, AC9, ACI0, ACI1,
and ACI2. Before using them in the experiments, all
the samples were pretreated at 110 C in a vacuum ov-
en overnight for removal of moisture and other ad-
sorbed volatile contaminants. Quinoline ( with a puri-
ty of 98% ), indole (with a purity of 99% ), and
decane (with a purity of 99% ) were purchased from
Sigma-Aldrich Chemical Co. and used without further
purification.

Table 1 Source and BET surface area of
the tested AC samples

Sample ID  Source Maker Sppp/m>g”!
AC1 pet. coke HORI* 1080
AC2 pet. coke HORI 851
AC3 pet. coke HORI 1357
AC4 pet. coke HORI 1100
ACS pet. coke HORI 1036
AC6 coal EMS Energy Institute 1050
AC7 coconut Calgon 993
AC8 wood WESTVACO 1603
AC9 wood WESTVACO 2320
ACI10 pet. coke Kansai 2263
ACl11 lignite coal Norit 650
ACI2 coal Norit 1151

OACI10* pet. coke EMS Energy Institute 1438

* HORI:; Heavy Oil Research Institute, China University of Petroleum
#This sample was an oxidized sample of AC10 by (NH,),S,04 ( APS)
at 60 C, for 3h with 2. 0 mol/L APS solution in 1 mol/LH, SO, , which
was prepared in EMS Energy institute.

2.2 Characterization of AC samples
2.2.1 Textural structure

The textural characterization of the materials was
carried out by studying the adsorption/desorption of
nitrogen at 77 K using an ASAP2010 surface area and
porosimetry analyzer. Standard Brunauer, Emmett
and Teller ( BET) and Dubinin and Radushkevich
(DR ) models were applied, respectively, to derive
the surface area and the micropore volume. The pore-
size distribution was calculated according to the densi-
ty functional theory (DFT) method.
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2.2.2 TPD-mass spectrometry

The oxygen-containing functional groups on the
carbon surface were analyzed and quantified by TPD
using the AutoChem2910 ( Micromeritics Instrument
Co. ,Georgia, USA) with a mass spectrometer. Heli-
um gas, charged with 5% argon as the internal stand-
ard, was used as the carrier gas for TPD characteriza-
tion. Approximately 100 mg of the sample were
placed in a quartz reactor. The reactor was then con-
nected to the instrument. After drying the sample at
110 C for 2 h under helium flow at 50 mL/min, the
temperature was increased to 1050 C at a rate of
10 C/min under helium flow at 50 mL/min ( under
standard temperature and pressure). The CO, CO,,
and H,O evolved were continuously measured using a
quadruple mass spectrometer ( Dycor, Model 2000 ).
The evolved gases were quantified by integration of
the peak area and the subsequent calibration with cal-
cium oxalate standard. All the integrated peak areas
were calibrated using the value of the argon signal
(internal standard) to correct the error caused from
equipment and other influences. The detailed informa-
tion about both the type and the concentration distri-
bution of the surface oxygen-containing complexes
was obtained by the modified deconvolution procedure
of the TPD-MS spectra based on the method previous-
ly described by Figueiredo and coworkers ‘2 %2
2.2.3 Diffuse-reflectance infrared spectroscopy

The spectra from diffuse-reflectance infrared
spectroscopy ( DRIFTS) were collected using a FTIR-
3000 spectrophotometer equipped with a diffuse-re-
flectance attachment. The carbon materials were dried
at 110 °C under vacuum before IR evaluation. The
samples were finely ground to a powder in an agate
mortar and then mixed with KBr at a mass ratio of 1:
60. The background was measured based on KBr.
Four hundred scans were taken at a resolution of
2cm.
2.3 Adsorption experiments and analysis of trea-
ted oil samples

Two solutions, S-1 and S-2, containing
20.0 pwmol/g of quinoline and indole in decane, re-
spectively, were prepared for use in evaluation of the
adsorption behavior of the AC samples toward acidic
and neutral nitrogen compounds. The adsorption tests
with different solution/adsorbent weight ratio were
conducted in a batch-adsorption system with magnetic
stirring at 300 r/min at room temperature for 4 h. Af-
ter the desired adsorption time, the mixture was fil-
tered. The total nitrogen concentration in the treated
solution was analyzed using an ANTEK 9000 series
nitrogen analyzer.

3 Results and discussion

3.1 Characterization of the surface chemistry of
AGCs

To clarify the relationships between the adsorp-
tion behaviors of different oxygen-containing groups
and different types ( basic or neutral ) of nitrogen
compounds, twelve active carbons with different con-
centrations and distributions of the surface oxygen-
containing groups were selected as the absorbents for
ADN investigation. The BET surface areas of these
ACs are summarized in Table 1, which range from
650-2 263 m’/g, with the largest difference being
~3.5 times. The oxygen-containing functional
groups were characterized by DRIFTS. The spectra of
two typical samples (unoxidized and oxidized sam-
ples, ACI10 and OACIO0, respectively) are shown in
Fig. 1. Three main bands can be identified in the
spectra, which confirmed the existence of oxygen-
containing functional groups. The first one at
1735cm™ was associated with C=O in lactones,
carboxylic acids, and anhydrides; the second one was
close to 1600 cm™, related to quinone and similar
groups; and the broad one centered at 1235cm™' was
characteristics of C—O stretching in ethers, lactones,
phenols, and carboxylic anhydrides. The intensity of
these three peaks was stronger in OAC10 than those in
AC10, which indicated that the amount of oxygen-
containing groups was increased after oxidation.
However, determining the amounts of the different
groups through DRIFTS was very difficult due to the
overlap in the peaks of similar groups. To obtain
qualitative and quantitative information on the individ-
ual functional groups of the carbon materials, TPD
was used in this work. The CO- and CO,-evolution
profiles were recorded with a mass spectrometer. This
technique is based on the observation that essentially
all the reactive organic oxygen-containing functional-
ities decompose to form CO and CO, at different ran-
ges of temperatures during a temperature-programmed
heat treatment of ACs reaching up to 1050 C under an
inert atmosphere''®""*""

The typical CO and CO, profiles of ACs are
presented in Fig.2. The obtained CO- and CO,-evo-
lution profiles were further deconvoluted by the meth-
od reported by Figueiredo and coworkers”*!. The
deconvoluted peaks can be assigned as follows: For
the CO,-evolution profiles, the peaks around 280 and
400 C were assigned to the carboxylic groups of
strong and weak acids, respectively. The anhydride
groups decompose at 540 C. The peaks at 650 and
800 C can be assigned to the decomposition of lac-
tones with different chemical environments. For the
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Fig.2 TPD evolution and deconvolution profiles for released CO and CO, of AC7
Table 2 Concentration of various functional groups on the basis of the TPD deconvolution nethod
Samoles Eq (Qu)®/ Eq (In)®/  CA°,X1/  An®, X2/ LA°, X3/ PH', X4/ CO%, X5/ o/
P (mg-N)-g' (mg-N)-g7'  pmol-g™ mol-g~! pmol - g~! pmol - g~! pmol - g~ wmol-g~!
AC1 5.4 5.6 632 306 146 851 998 3719
AC2 4.2 4.2 125 62 57 579 811 2230
AC3 6.3 6.2 1398 639 191 1 065 1019 5201
AC4 4.6 3.9 74 26 62 358 615 1737
AC5 12.8 13.8 1407 600 407 2494 1026 7832
AC6 7.6 12.2 257 107 46 957 940 3726
ACT7 5.6 5.5 325 61 104 304 838 2422
AC8 10.7 7.8 303 116 67 1461 937 4207
AC9 8.9 8.3 284 136 128 1993 1064 4837
ACI0 11.3 10.6 601 173 82 981 1544 4939
ACI1 5.4 4.3 121 87 109 436 896 2345
AC12 2.6 2.1 65 60 96 619 988 2159
OACI0 29.4 28.6 2819 1670 410 3070 3380 16248

a: Equilibrium capacity of quinoline at 5-1075; b; Equilibrium capacity of indole at 5107 ; ¢: Carboxylic acid; d: Anhydride;
e: Lactone; f; Phenol; g: Carbonyl/quinone; h: Total oxygen groups.

The amount and distribution of the surface
groups on these ACs are summarized in Table 2.
These twelve AC samples contained different concen-
trations of oxygen-containing groups, ranging from
1737-16248 mmol oxygen per gram AC. The order of
the amount of oxygen-containing groups was as fol-
lows: AC4 < AC12 < AC2 < AC11 <AC7 < AC1 ~

AC6 <AC8 <AC9 < ACI0 < AC3 <ACS5 < OACI10.
The distribution of the oxygen-containing groups was
different for all these ACs. Thus, the wide range of
quantities and distributions of oxygen-containing
groups on these ACs facilitated the investigation of the
relationships  between specific oxygen-containing
groups and adsorption of nitrogen compounds.
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3.2 Adsorption isotherms and parameters of
langmuir isotherm

The AC-based adsorbents were mixed with the
model fuel by stirring at different weight ratios in the
batch-adsorption system at room temperature. The
concentrations of the nitrogen compounds in the solu-
tion were analyzed at different time intervals. The re-
lationships between the concentration of quinoline and
indole and the mixing time ( adsorption isotherm) of
the 12 AC samples are shown in Figs. 3 and 4 respec-
tively. All the obtained adsorption isotherm curves
were of type-I, regardless of the different adsorbents
and solutes. For both the nitrogen compounds, the
surface areas ( micro- and mesoporous surface areas)
of the ACs do not have a significant effect on the ad-
sorption properties. The adsorbents based on AC5 and
ACI12, with similar values of surface area and pore-
size distribution, showed significant difference in their
adsorption capacities. ACS5S with a surface area of
1036m*/g showed an adsorption capacity of
12 (mg-N)/g and 15 (mg-N) /g for the quinoline and
indole solutions, respectively. However, AC12 with
a surface area of 1151 m*/g showed an adsorption ca-
pacity of only 2.5 (mg-N)/g and 3 (mg-N) /g for the
quinoline and indole solutions, respectively. The ca-
pacities of the ACs for both these nitrogen compounds
have direct relationships with their concentrations of
surface oxygen-containing groups. For quinoline, the
capacity of the ACs have the order of ACI2 < AC4
~ AC2 ~ ACI1 < AC1 ~ AC3 ~ AC7 < AC8 <
AC9 < AC10 < AC6 < ACS5, whereas, for indole,
the following order is found: AC12 < AC2 < AC4 <
AC7 ~ ACI1 < AC1 < AC3 < AC6 < AC9 < AC8 <
AC10 < AC5. The AC samples with more oxygen-
containing surface groups have larger absorption ca-
pacity. However, the difference in the order of these
two different nitrogen compounds indicates different
relationships between the nitrogen compounds and the
surface oxygen-containing groups.

If the Langmuir adsorption was assumed, the fol-
lowing relationship"*'should be applied :

Kq,C,

151 KGO (1)
where C, and g are the concentrations of nitrogen in
the liquid phase and the adsorbed phase at equilibri-
um, respectively; K is the adsorption equilibrium
constant; and ¢, is the maximum adsorption capacity
of nitrogen corresponding to the saturation coverage of
the surface. Linear regression was conducted between
C./q and C, to estimate the values of K and ¢, in the
Langmuir adsorption equation for each AC sample.
The obtained ¢,, and K values of each AC sample for

indole and quinoline are listed in Table 3. The value
of g,, for indole was higher than that for quinoline in
all the AC samples, which may be the result of the
smaller molecular volume of indole compared to that
of quinoline. However, the value of K for quinoline
was larger than that for indole, which indicated that
the average affinity of the adsorption sites for quino-
line was greater than that of the adsorption sites for
indole. The equilibrium adsorption capacity for sam-
ple ACS5 showed the highest value for both quinoline
and indole, which correspond to the highest amount
of oxygen-containing groups for AC5. However, the
adsorption capacity of these two nitrogen compounds
show complex relationships with both the total amount
of oxygen-containing groups and the distribution of
different types of oxygen-containing groups on the
surfaces of these AC samples. To obtain further infor-
mation, the correlation of the different types of oxy-
gen-containing groups with the equilibrium adsorption
capacity of quinoline and indole are investigated.
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Table 3 Adsorption parameters for idole and quinoline over AC samples on the basis of langmuir adsorption isotherms

Quinoline Indole
Sample . Equili?rium L Equilit.)rium
qn/(mg-N)-g Kig-pg™! capacity at qm/(mg-N)-g Kig-pg™ capacity at
4-107° g/(mg-N)-g™! 4-107 g/(mg-N)-g™!

AC1 14.0 0.015 5.30 7.7 0.055 5.32
AC2 9.2 0.020 4.08 6.0 0.046 3.90
AC3 12.8 0.023 6.10 7.3 0.081 5.55
AC4 10.3 0.018 4.30 5.6 0.051 3.77
ACS 17.5 0.063 12.52 12.9 0.149 11.08
AC6 16.6 0.022 7.77 13.5 0.095 10.72
ACT 10.0 0.027 5.15 9.2 0.030 5.05
ACB 15.2 0.055 10.40 9.2 0.129 7.70
AC9 16.3 0.027 8.41 11.8 0.046 7.66
AC10 16.5 0.039 10.08 14.3 0.056 9.86
ACI11 9.2 0.043 5.81 4.8 0.167 4.18
ACI12 6.7 0.012 2.16 5.0 0.014 1.79

3.3 Correlation between nitrogen adsorption ca-
pacity and the oxygen-containing functional groups
on the surface of the AC samples.

Generally, the adsorption capacity of the AC de-
pends on many factors, including (1) the physical
(textural ) properties of the AC, such as surface area
and pore-size distributions, (2 ) surface chemical
properties, such as type and number of adsorption
sites (1i.e., surface functional groups), (3) adsor-
bate and solution characteristics, and (4) adsorption
conditions. In this work, we prepared two simple
model solutions containing quinoline and indole in
decane. This allowed us to directly correlate the ad-
sorption uptake for each molecule with the physical
and chemical properties of the AC samples. As repor-
ted in our previous work ' | the surface areas and the
pore-size distributions of the studied samples may not
play an important role in determination of their ad-
sorption capacities for the nitrogen compounds used in
this simple model-fuel adsorption. Therefore, the
physical properties were not included in the following
correlation between the adsorption capacity and the
oxygen-containing functional groups. The results indi-
cate that the types and amounts of oxygen-containing
functional groups play a decisive role during the ADN
process on the AC adsorbents. A higher concentration
of oxygen-containing functional groups results in
higher adsorption capacity for the nitrogen com-
pounds. However, the relationships between the dif-
ferent nitrogen compounds and the amounts and distri-
butions of oxygen-containing functional groups on the
AC samples are very complex. To analyze this com-
plex relationship, here, the correlation of the adsorp-
tion capacity with the amounts of different oxygen-

containing functional groups was analyzed. Assume
that the adsorption capacity of the AC samples can be
expressed by a linear expression, as shown below ;

Cap: Z;llaixi ’ (2),
where a,and X, are the coefficient and the concentra-
tion of the oxygen-containing functional group i on
the surface. Five different oxygen-containing func-
tional groups, for example, strong and weak carbox-
ylic acid, anhydride, lactone, phenol, and carbonyl,
are selected and labeled as X1, X2, X3, X4, and
X5, respectively. Based on their F values and R*, a
linear correlation was observed between the adsorption
capacity of the AC samples for different nitrogen
compounds and the surface oxygen-containing func-
tional groups. To improve the flexibility of such a
model, a special sample denoted as OACI10 ( Tables 1
and 2) was included for this multiple linear correla-
tion. The results are summarized in Table 4. For both
quinoline and indole, the coefficients of the acidic
carboxylic groups are the largest among all the coeffi-
cients, for example, 0.68 for quinoline and 0. 56 for
indole. Such a result indicates that the acidic func-
tional groups appear to be highly responsible for ad-
sorption of the nitrogen compound. In other words,
the oxygen-containing functional groups other than
acidic groups do not contribute significantly to nitro-
gen adsorption. This speculation was verified in our
laboratory recently by removing the carboxylic groups
on the AC surface using heat treatment, which will be
published in our next study. The observation that the
coefficient of the acidic groups for quinoline is larger
than that for indole agreed well with the result of high
K value of quinoline compared with that of indole.



. 476 - o

-

526 &

Table 4 Correlation of adsorbed quinoline and indole concentration at C, =5X10~*
associated with various surface functional groups

Correlation F? R?
Quinoline ¢, = 0.68X, — 0. 14X, — 0.84X, + 0.07X, + 0.06X + 223.6 _ 2.465E-06 _ 0.98
Indole g, = 0.56X, +0.12X, — 1.27X; +0.08X, + 0.07X; +317.9  8.121E05  0.94

* F value = Z( observed value — calculated value)
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Fig.5 Correlation between experimentally determined adsorption
capacity versus calculated adsorption capacity by linear regression

It should, however, be noted that some of the
coefficients in these cases, such as the coefficients of
the phenol and carbonyl groups for quinoline, are
negative such that the contribution from these groups
served to simply negate the regressed contribution of
the adsorption capacity. We believe that the success
of this regression was simply an artifact of the regres-
sion process and not reflective of any physicochemical
process. Nevertheless, in the case of the negative co-
efficient of lactone for both quinoline and indole, it
may not be only due to the artifact of the regression
process. Moreno-castilla and coworkers™**' reported
that the carboxylic acid groups can transform to yield
the lactone groups. This transformation reaction can
be accelerated by the concentration of the carboxylic
acid group, which would evidently decrease the ad-
sorption capacity due to the reduction of the high-ca-
pacity carboxylic acid groups along with the increas-
ing of the low-capacity lactone group. However, this
possibility will be further confirmed in future work.

In addition, Fig. 5 shows the plots of the ob-
served adsorption capacity for nitrogen compounds
against the model-calculated adsorption capacity using
this linear regression model relating the surface oxy-
gen-containing functional groups to adsorption. The
results showed that the experimental data were well
predicted by this regression over a wide range of ad-
sorption capacity, including one of the oxidized
OACI10 sample, which showed very high adsorption
capacity owing to its much higher concentration of ox-
ygen-containing groups than those of commercial AC
samples.

Thus, the present study verifies that the chemical
properties of the ACs were the dominant factor for
their ADN performance and that the ADN perform-
ance of the carbon-based adsorbents can be improved
significantly by enhancement of the special oxygen-
containing functional groups on the surface. Further
studies with other treated samples, such as oxidation-
and heat-treated AC samples, will be used to confirm
the significance of the effect of the carboxylic acid
groups on the adsorption of different nitrogen com-
pounds and to investigate the applicability of these
findings to other nitrogen compounds.

4  Conclusions

ADN performance of twelve AC samples was
evaluated in a batch system using two solutions con-
taining quinoline and indole in decane. The surface
chemical properties, including the type and concentra-
tion of the oxygen-containing functional groups on the
AC surface, were characterized by TPD-MS analysis
based on the CO- and CO,-evolution profiles. The
adsorption was found to obey the Langmuir adsorption
isotherm. The adsorption parameters (the maximum
capacity and the adsorption constant) were estimated.
The correlation between the adsorption performance of
the AC samples and their chemical properties was in-
vestigated by a multiple linear-regression analysis,
which showed that the types and the amounts of the
oxygen-containing functional groups play a decisive
role in the ADN using AC adsorbents. The acidic
groups, especially the carboxylic acid functional
groups, appear to be highly responsible for the ad-
sorption of both basic and neutral nitrogen com-
pounds. The present study implies that the ADN per-
formance of carbon-based adsorbents can be improved
significantly by enhancement of the special oxygen-
containing functional groups on the surface.
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