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Tailoring the surface chemistry of adsorbents, especially activated carbons, make them suitable to specific
applications. Many times oxidation is the first step and greatly affects the next steps of tailoring. We modified the surface
chemistry of a microporous activated carbon (AC) by nitric acid solutions at different conditions of acid concentration,
time, and oxidation temperature. The oxidized AC samples were inspected with the aid of physical adsorption­desorption
of nitrogen at 77 °C and temperature-programmed desorption (TPD). It was shown that oxidation by nitric acid lowers
surface area of the studied AC even at mild severity. Moreover, different instrumental analysis pointed out creation of a
considerable amount of oxygen-containing functional groups, especially acidic ones on the surface. Central composite
design (CCD) was applied to evaluate the individual and interactive effects of oxidation parameters and to provide a
compromise between the amount of oxygen groups and BET surface area as two of studied responses. The significant
factors and interactions on each response were recognized by Analysis of Variance (ANOVA). A linear model and a two
factor interaction (2FI) model were developed to correlate the oxidation conditions to BET surface area and the amount of
oxygen surface groups. In addition, optimized oxidation conditions were established.

These days, activated carbons (ACs) are suitably used in the
role of adsorbent, catalyst, or catalyst support due to their great
surface area and obvious chemical activity. Textural character-
istics and surface chemistry of AC has been reviewed by the
authors.1

The ability to tailor the surface chemistry of ACs gives them
an amplified value to be used in a wide range of applications.
ACs may gain some functional groups on preparation. Types
and density of these functional groups depend on precursor and
preparation procedure. With coal, petroleum, coke, wood, fruit
stone, coconut shell, and so on as the precursor, ACs have
mainly oxygen-containing functional groups, whereas precur-
sors such as nitrogen-enriched polymers,2 urea­formaldehyde
and melamine­formaldehyde3 result in carbon adsorbents with
nitrogen surface groups.

AC surface can be modified by various functional groups,
molecules, and polymers. These modifiers may improve carbon
characteristics for a particular application. Moreover, functional
groups may be used for further modification, because in
some cases AC surface initially suffers from the lack of
chemically reactive functional groups appropriate for a desired
modification.

Oxidation is a common method to create oxygen-containing
functional groups of different types such as carboxyl and its
derivatives (that is lactones and carboxylic anhydrides),
phenolics and carbonyls on the surface of AC. The results
published in the literature demonstrate that oxidation is
regarded as one of the most important procedures for target
or preliminary modification of AC surface.

In some cases, oxidation is used as target modification. For
example, acidic groups created by oxidation favor catalytic wet
air oxidation of aniline.4 Moreover, the acidic groups improve

metal ion or metallic species adsorption5­8 from solution by
ion-exchange and complex formation mechanism. In the latter,
acidic groups also assist dispersion of catalyst9­12 on the AC
surface. The acidic surface groups also enhance adsorption of
some organic compounds such as sulfur compounds (e.g., in
fuel desulfurization),13­15 acetaldehyde (under some conditions,
depending on degree of oxidation and acetaldehyde concen-
tration),16 and aqueous ammonia.17

On the other hand, anchoring different organic molecules
on AC surface through some oxygen-containing groups
(as coupling agent) point out the application of oxidation
as a preliminary modification of AC. The authors have
reviewed modification of AC with amino groups for CO2

capture.18 As mentioned in this review paper, different amine-
containing compound can attach on the surface of AC via
the specified oxygen groups as coupling agents. These organic
molecules include, but are not limited to, diamines,19­21

aminosilanes,19,22,23 5,11,17,23-tetra(tert-butyl)-25,27-bis(2-
aminobutoxy)calix[4]arene (a calix[4]arene derivative)24 and
transition-metal complexes such as nickel Schiff base com-
plexes.25 Furthermore, acidic groups influence the type and
degree of amination at low temperatures (200­400 °C) so
amide and amine groups are produced as major nitrogen
functionalities.26­29

Oxidation may be classified as dry and wet processes.30 Dry
oxidation is performed by using an oxidizing gas such as
steam, oxygen, carbon dioxide, or ozone usually at elevated
temperatures (>700 °C), whereas wet oxidation is carried out
by liquid oxidizing agents at mild temperatures (20­100 °C).
Although there are various liquid oxidants, the most studied are
nitric acid, sulphuric acid, hydrogen peroxide, and ammonium
persulfate. It was reported that oxidation with nitric acid can be
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controlled by concentration and temperature.31 For a specified
oxidant, parameters including oxidant concentration, time, and
temperature of oxidation determine the severity of oxidation.

Generally, the effects of oxidation of AC on its texture and
chemistry depend on the inherent nature of oxidant, oxidation
conditions, and severity, and origin and history of preparation
and activation of the carbon. Therefore, it is rational that
different, and sometimes opposite, results are reported for
oxidation. For example, some researchers reported that wet
oxidation decreases surface area of AC,7,16,32­35 whereas some
reports suggest a constant or increased surface area.16,28,35­38

Researches show that AC activated at low temperature, is more
seriously affected by oxidation than AC activated at high
temperature,39 because the former is subjected to destruction by
oxidation.28

The mentioned parameters also affect the nature and amount
of created oxygen groups. Of the oxidizing agents that can be
used for AC oxidation, nitric acid is the most conventional one,
because oxidizing specifications can be controlled by concen-
tration and temperature.1 Nitric acid treatment is a good way to
increase carboxylic and phenolic groups in higher order as
reported by researchers.40,41

Palm shell as a biomass solid waste is a suitable source
for preparation of AC in countries such as Malaysia.42,43 In
the present work, modification of a commercial palm shell
activated carbon by nitric acid was studied. A trial version
of Design Expert software 8.0 was used to apply central
composite design (CCD) to design the oxidation experiments
in which three oxidation parameters including oxidant con-
centration, time of oxidation, and process temperature are
considered the main variables to modify AC. Changes in AC in
terms of its textural characteristics and surface chemistry were
discussed qualitatively and quantitatively. Of the measured
characteristics of AC, BET surface area and a defined index
of the amount of oxygen surface groups were adopted as the
responses for response surface methodology (RSM) study. Two
appropriate models were developed for these two responses.

Experimental

Materials. The AC was supplied by Bravogreen Sdn Bhd,
Malaysia. After sieving to the size range of 500­850 micron
(¯m), AC was washed with distilled water to remove fines.
Then it was dried in the oven at 110 °C overnight and kept in
closed bottles for experiments (referred to as A1). Reagent-
grade nitric acid was bought from Fisher Scientific, Malaysia.

Oxidation Methods. To design the experiments, CCD was
used (see following section). For each of the designed
oxidation experiments, a five-gram sample of A1 was reacted
with 100mL of the required acidic solution in a jacketed
(double-walled) glassy reactor. The reactor was equipped with
a condenser to keep the volume of solution constant during
oxidation. A constant-temperature water stream provided by a
water bath was circulating in the jacket of the reactor to keep
the reactor contents at the desired temperature. A polymer-
coated magnetic stirrer was used to mix the content of the
reactor. The oxidized AC samples were washed extensively
with distilled water until pH of 5 reached. The products were
then dried in an oven overnight and kept in closed bottles for
analysis.

Characterization Methods. Textural Characteristics:
Physical adsorption­desorption of nitrogen at 77K, carried out
by ThermoFinnigan Sorptomatic 1990 Series analyzer was
used to measure textural characteristics of the samples. Before
taking adsorption data, the samples were outgassed using the
degas port of the same apparatus at 120 °C and a residual
pressure of 300¯mHg for 16 h (overnight).

BET surface area (SBET) was obtained based on adsorption
data in the relative pressure (P/P0) range of 0.01 to 0.3. Total
pore volume (Vt) was determined at P/P0 = 0.995. Moreover,
linear regression was applied to the adsorption data in the
low relative pressure range (less than P0/P = 0.3) using DR
equation in the following form27 to calculate the line intercept
and then micropore volume (referred to here as Vmic(DR)).

logW ¼ logVmicðDRÞ þM � log2
P0

P

� �
ð1Þ

Where M is related to adsorption energy, E

M ¼ �2:303� RT

E

� �2

ð2Þ

Surface Chemistry: Temperature-programmed desorption
(TPD), a well-known technique to study chemistry of activated
carbon surface, was exploited by using Chemisorb 2720
(Micromeritics). The instrument works on the principle of
difference in thermoconductivity of carrier gas and the
desorbed gases. Of the possible carrier gases, helium was
selected because it has the highest difference of thermocon-
ductivity with the expected evolved gases (CO and CO2). A
25mLmin¹1 flow rate of He and a temperature ramp rate of
5 °Cmin¹1 from ambient temperature up to 1050 °C was
applied to all samples. Thermoconductivity detector (TCD)
signal from the apparatus was monitored and recorded to study
the evolved gases. Each peak of the TPD spectrum resulted
from decomposition of a specified surface group and its
evolution as CO and/or CO2. The area below each peak
corresponds to the density of the related group. In other words,
the density of oxygen surface groups is proportional to the area
below TPD curve. Therefore, we calculated the area below
each TPD curve and considered it as an index of oxygen
surface groups available on the sample. This term is called
Oxygen Index in this paper and used as a response for RSM
study.

Experimental Design and Data Analysis. CCD as the
most popular RSM design was applied in this study. Exper-
imental design technique and especially RSM is appropriate
for analyzing the effects of the parameters, understanding the
interactions of the parameters and also for optimizing the
desired responses.44­46

The total number of experiments in a process optimization
conducted by RSM is lower than the method called one factor
at a time.44 For an independent factor number of k, CCD is
composed of (2k + 2k + nc) runs or experiments:45 2k is the
number of the core factorial runs, which are at all possible
combination of all the factors at their low and high levels
(coded as ¹1 and +1). 2k is the number of axial or star runs.
Each star point occurs at ¡ time of high/low level of one factor
while the other factors are at their center values. In other words,
star points are located at («¡, 0, 0), (0, «¡, 0), and (0, 0, «¡).
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The value of ¡, which is the distance between the center
and axial points, depends on the number of factors and is
calculated as (2k)0.25.45 However, Design-Expert gives the
option of selecting the value of ¡ by the user. Finally, nc is the
number of runs replicated at center point of all factors. The
center point runs are used to calculate the experimental error.46

In this study, three factors of oxidation time, oxidation
temperature, and oxidant concentration were considered as
independent variables, while oxidation setup and all the inputs
imposed by the setup were deemed as fixed. BET surface area
and index of oxygen surface groups are the two responses
selected for RSM study, referred to as Y1 and Y2, respectively.
With six replications at center point and the value of ¡ fixed at
0.5 for our purpose, a five-level CCD consisting of 20 runs is
designed and performed. Design matrix with coded and actual
values of parameters and the obtained responses is shown in
Table 1. High and low levels of the parameters were selected
based on preliminary experimental work performed by the
available setup.

The second-order (quadratic) polynomial equation, whose
simplified forms are used here to model the desired responses,
is in general form of:

Y ¼ ¢0 þ
Xn
i¼1

¢ixi þ
Xn
i¼1

¢iixi
2 þ

Xn
i¼1

Xn
j¼1

¢ijxixj þ e ð3Þ

Where Y is the modeled response, x represents the
independent variables; ¢ is the regression coefficient, and e is
error. ¢0 is constant value. ¢ixi and ¢iixi2 represent linear terms
(first-order effects of variables) and quadratic terms (second-
order effects of the variables), respectively, and ¢ijxixj is a
two factor interaction term. This equation does not take the
interaction between three factors or more into account.
Equation 3 may be simplified to linear equation by setting

¢ii and ¢ij as 0. In addition, a two factor interaction (2FI) model
can be derived from eq 3 by setting ¢ii as 0.

For optimizing the process, first of all, the requirements for
the responses and factors were established. Then, a set of
operating conditions was found at which all responses are
optimized or in their accepted ranges.

Results and Discussion

Development of Regression Models. Table 2 displays fit
summary of the models evaluated by the software of Design-
Expert to find models that can describe the desired responses
(BET surface area and Oxygen Index) efficiently and satisfac-
torily.

As it is evident from the table, the software suggests a linear
model for Y1 and a two factor interaction (2FI) model for Y2.
As criteria for model suggestion by the software, the highest
order polynomial model where the additional terms are
significant and the model is not aliased is proposed. The coded
models for response Y1 and for response Y2 are as follows:

Y1 ¼ þ720:45� 29:86A� 31:89B� 10:24C ð4Þ
And

Y2 ¼ 104:00þ 8:48Aþ 8:51Bþ 4:93C

þ 1:4ABþ 0:80ACþ 2:13BC ð5Þ
Where A, B, and C are coded parameters, refer to acid

concentration, temperature, and time, respectively. The models
in terms of actual variables are as follows:

BET surface area

¼ þ854:59794� 9:95490� Acid Concentration

� 1:41725 � Temperature� 3:41176� Time ð6Þ
And

Table 1. Design Matrix and Obtained Results

Run
(Sample)

No.

Factor A:
Acid concentration

Factor B:
Temperature

Factor C:
Time Response Y1:

BET surface area
/m2g¹1

Response Y2:
Oxygen Index

®
Actual

/molL¹1 Coded
Actual
/°C

Coded
Actual
/h

Coded

1 2 ¹1 25 ¹1 2 ¹1 786.3 87.3
2 8 1 25 ¹1 2 ¹1 722.5 99.1
3 2 ¹1 70 1 2 ¹1 727.6 96.3
4 8 1 70 1 2 ¹1 670.1 115.2
5 2 ¹1 25 ¹1 8 1 767.1 90.5
6 8 1 25 ¹1 8 1 716.9 107.0
7 2 ¹1 70 1 8 1 703.1 109.5
8 8 1 70 1 8 1 639.0 130.1
9 3.5 ¹0.5 47.5 0 5 0 746.5 99.0
10 6.5 0.5 47.5 0 5 0 710.0 107.5
11 5 0 36.25 ¹0.5 5 0 732.0 99.3
12 5 0 58.75 0.5 5 0 695.9 109.5
13 5 0 47.5 0 3.5 ¹0.5 731.7 101.1
14 5 0 47.5 0 6.5 0.5 718.5 106.5
15 5 0 47.5 0 5 0 723.7 102.9
16 5 0 47.5 0 5 0 732.9 102.8
17 5 0 47.5 0 5 0 730.9 103.6
18 5 0 47.5 0 5 0 706.0 105.2
19 5 0 47.5 0 5 0 726.6 103.5
20 5 0 47.5 0 5 0 721.6 104.0
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Oxygen Index

¼ þ78:32000þ 1:39586� Acid Concentration

þ 0:11693 � Temperature� 0:29668� Time

þ 0:020741� Acid Concentration� Temperature

þ 0:088889� Acid Concentration� Time

þ 0:031481� Temperature � Time ð7Þ
The terms positively added to the model have synergistic

effects, whereas negative terms have antagonistic effect.46 From
design matrix (Table 1), BET surface area is found to be in the
range of 639.0 to 786.3 while Oxygen Index is changed from a
minimum of 87.3 to a maximum of 130.1. The adopted models
can be used for prediction of the responses in the design space.

Analysis of variance (ANOVA) is further performed here to
discuss the suggested models and their terms. ANOVA results

are shown in Tables 3 and 4 for BET surface area and Oxygen
Index, respectively.

Model suggestion should be integrated with the adequacy
check of the model to make sure that the tolerable fit is
achieved. Three statistical tests are essential to evaluate the
suggested model(s) as follows:45 R-Squared (R2) test, the test
of significance of the model, factors and their interactions, and
the test of lack of fit (LOF).

Correlation coefficient or R2 is a statistical measurement
indicating the goodness of fit of the data by the model. R2 of 1
suggests a perfect fit by the model and the closer of R2 to 1 is a
sign that the values predicted by the model are closer to the
response experimental values. As it can be seen from Table 2, R2

of Y1 is 0.9390. This value of R2 expresses that 93.9% of the total
variation of BET surface is ascribed to the considered variables

Table 2. Evaluated Models for Responses of BET Surface Area (Y1) and Oxygen Index (Y2) by Design Expert Software

Evaluated
models

Sequential
p-value

Lack of
Fit p-value

Std. Dev. R-squared
Adjusted
R-squared

Predicted
R-squared

Response Y1: BET surface area

Linear <0.0001 0.7515 8.3392 0.9390 0.9275 0.9028 Suggested
2FI 0.6367 0.6890 8.6858 0.9462 0.9214 0.7573
Quadratic 0.1113 0.9520 7.4310 0.9697 0.9424 0.8287
Cubic 0.8769 0.9153 8.7911 0.9746 0.9194 ¹0.4743 Aliased

Response Y2: Oxygen Index

Linear <0.0001 0.0189 2.0439 0.9554 0.9471 0.8833
2FI <0.0001 0.5290 0.8734 0.9934 0.9903 0.9621 Suggested
Quadratic 0.2390 0.6314 0.8141 0.9956 0.9916 0.9561
Cubic 0.4451 0.8588 0.8021 0.9974 0.9918 0.5887 Aliased

Table 3. ANOVA Results of the Linear Model for BET Surface Area Response

Source Sum of squares df Mean square F-value
p-value

(Prob > F)

Model 17114.93 3 5704.98 82.04 <0.0001 significant
A: Acid concentration 7581.16 1 7581.16 109.01 <0.0001
B: Temperature 8643.31 1 8643.31 124.29 <0.0001
C: Time 890.47 1 890.47 12.80 0.0025

Residual 1112.68 16 69.54
Lack of Fit 650.13 11 59.10 0.64 0.7515 not significant
Pure Error 462.55 5 92.51
Cor Total 18227.61 19

Table 4. ANOVA Results of the Two Factor Interaction (2FI) Model for Oxygen Index Response

Source Sum of squares df Mean square F-value
p-value

(Prob > F)

Model 1489.17 6 248.20 325.35 <0.0001 significant
A: Acid concentration 610.73 1 610.73 800.58 <0.0001
B: Temperature 614.98 1 614.98 806.15 <0.0001
C: Time 206.54 1 206.54 270.75 <0.0001
AB 15.68 1 15.68 20.55 0.0006
AC 5.12 1 5.12 6.71 0.0224
BC 36.13 1 36.13 47.35 <0.0001

Residual 9.92 13 0.76
Lack of Fit 6.08 8 0.76 0.99 0.5290 not significant
Pure Error 3.83 5 0.77
Cor Total 1499.09 19
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(i.e., not due to noise or unattended variables) and is justified by
the adopted model.44,46 This states a satisfactory fit. In the same
manner, 95.54% of total variation of Oxygen Index response
(R2 = 0.9554) is due to the studied variables. This R2 indicates
the predicted response agrees quite well with the experimental
response. In other words, the suggested models can correlate
the responses to the independent variables successfully.

The plots of the predicted versus actual values have been
displayed in Figures 1 and 2 for Y1 and Y2, respectively. These
diagnostic plots graphically show that the predicted values are
pretty close to the experimental ones, as already described by
statistical term of R2.

Other than R2, the models can be discussed in terms of
adjusted R2 and predicted R2. By adding new terms to a model,
the value of R2 goes up, whereas the adjusted R2 does
not always increase.45 Usually, adjusted R2 is compared to
predicted R2. The agreement between adjusted R2 and predicted
R2 is said to be reasonable if they are within 0.2 of each other.45

Table 2 shows that the values of the predicted R2 of 0.9028 and
0.9621 for Y1 and Y2, respectively are in reasonable agreement
with the adjusted R2 of 0.9275 and 0.9903.

p-value and F-value (Fisher variation ratio) determine if the
suggested models are significant or not. A probability value
(p-value) of less than 0.05 means significance of the model at
the 95% confidence level. The model F-value of 82.4 and

p-value of less than 0.0001 for BET surface area response
(Table 3) indicate that the suggested model is significant.
Moreover, according to Table 4, F-value and p-value for
Oxygen Index response are 325.35 and <0.0001, respectively,
pointing out to a significant model.

F-value and p-value also determine which factors need to be
included in the model or excluded from it. So the terms with a
p-value less than 0.05 must be included in the model. It is
concluded from Table 3 that all the considered factors for
experimental design, i.e., acid concentration, temperature, and
time are significant in the model suggested for BET surface
area at 95% confidence interval due to their p-value of less than
0.0001. As well, the linear model suggests that there is no
significant interaction between the factors that can be included
in the model of Y1. However, regarding response Y2, two factor
interactions are significant as well as individual factors. Table 4
shows that p-value of all terms of the Oxygen Index model is
less than 0.05 and so all are considered significant.

If a model is strongly affected by the design points, it may
predict other points not so well. Except those design points
used for the model coefficients, extra design points are used
for the test of lack of fit. The variation between the model
prediction and the extra points is compared with the pure error
to test the lack of fit. By the lack of fit test, one can verify if
systematic or random error is responsible for deviation of
expected values from the measured ones. Significant lack-of-fit
means that the variation of the replicates about their mean
values is less than the variation of the design points about their
predicted values. The result of this test should be insignificant
indicating there is no significant lack of fit. A small F-value
and high p-value (greater than 0.1) are good in this test. From
Tables 3 and 4, lack of fit p-value for Y1 and Y2 are 0.7515 and
0.5290 (F-values are 0.64 and 0.99), respectively. These values
imply that lack of fit is insignificant for both suggested models.

As well F-value and p-value, adequate precision (AP) and
coefficient of variation (CV) are other indicators that can be used
for evaluating significance of the model.44 Adequate precision
which is considered as a signal to noise ratio, is a measure of the
range in predicted response relative to its associated error. A
value greater than 4 is desired. Our ratios of 38.606 (for BET
surface area response) and 84.811 (for Oxygen Index response)
indicate adequate signals. So the models can be used to navigate
the design space. The coefficient of variation is a measure of
residual variation of the data relative to the size of the mean. It is
the standard deviation divided by the dependent mean and
usually expressed as a percent. The values of coefficient of
variation for Y1 and Y2 models are 1.16 and 0.84, respectively,
which are low enough to ensure significant models.

Effects of Oxidation Parameters on Textural Character-
istics. Based on the results of ANOVA, all of the three
oxidation parameters (acid concentration, temperature, and
time) are significant variables for BET surface area. All have
negative (antagonistic) effects on the response. F-values of
these variables (Table 3) imply that oxidation time has the least
effect, whereas the two others have much stronger effects (and
quite similar) on BET surface area. However, according to
ANOVA results, no interactions of factors are found to be
significant. Figure 3 shows the selected three-dimensional (3D)
response surfaces for BET surface area. In each plot, the third

Figure 1. The plot of predicted vs. experimental BET
surface area.

Figure 2. The plot of predicted vs. experimental Oxygen
Index.
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variable is fixed at zero level. It is apparent from Figure 3a that
BET surface area decreases with increase in acid concentration
and temperature so that the highest surface area is related to the
minimum examined points (level ¹1) for both shown varia-
bles. By coupling this with what is shown in Figure 3b, it can
be concluded graphically that BET surface area decrease with
any increase in each of the variables. This fact has been already
described by negative signs of the related terms in the adopted
model. Linear change in BET surface area by changes in the
variables, which is quantitatively indicated by the regression
model equation, is visually sensible in Figures 3a and 3b.
Considering the above, acid concentration, time, and temper-
ature are regarded as oxidation severity parameters. The results
obtained here state destructive effects of oxidation by nitric
acid on textural characteristic of AC. It is widely reported
that wet oxidation (oxidation by liquid oxidants such as
nitric acid) results in decrease in surface area and pore
volume.7,21,33,34,37,47­54 These observations can be assigned to
destruction of micropores, pore blockage by created oxygen
groups or large molecules of humic material (which is
produced by acidic treatment) and electrostatic repulsion of
surface probe molecules (nitrogen).16,21,28,40,55­61

The effects of oxidation by nitric acid on different textural
characteristics of the examined AC can be reviewed in Table 5.
It may be observed from this table that the total pore volume
(Vt) and the micropore volume (Vmic(DR) and Vmic(t-plot), in which
“DR” and “t-plot” imply the methods of calculating Vmic)
decrease with the increase in one or more of the oxidation
severity parameters. Vt ¹ Vmic(DR), as an estimation of meso-
pore and macropore volume has been included in Table 5. It
can be seen from the table that changes in textural character-
istics follow almost the same trend.

However, it is noteworthy mentioning that despite the
decrease in surface area and pore volume of AC by oxidation,
sample analysis shows that the studied AC keeps its micro-
porous structure after oxidation. Figure 4 shows typical nitrogen
adsorption­desorption isotherms at 77K for the parent and some
of the selected oxidized samples. According to IUPAC classi-
fication, all the isotherms are type I that point to a dominant
microporous structure. However, hysteresis loops show the
presence of mesopores in the structure of all the samples.

Effects of Oxidation Parameters on Surface Chemistry.
Study of AC Surface Chemistry Using TPD: Figure 5
shows typical TPD spectra for the parent and some oxidized
samples. As it can be observed from the figure, the untreated
AC (A1) has four obvious peaks at temperatures 70, 241, 682,
and 852 °C. Oxidation by nitric acid increases the height of
some peaks and creates new peaks and shoulders. The first
peak (at 70 °C) exists for all oxidized samples at temperatures
between 55­70 °C. It is probably related to physisorbed water.
A shoulder around 160­180 °C and a peak around 410­420 °C
are visible for all oxidized samples, compared with A1. To
discuss creation of new oxygen groups or changes in existing
ones, we overlaid TPD spectra of all the samples and
recognized eight temperatures regions for peaks and shoulders
for the examined group of samples as shown in Table 6.

Assignment of the evolution peaks of the composite TPD
spectra to the associated oxygen groups cannot be done
definitely. However, the second and third peaks are attributed
to carboxylic and lactones, respectively.9,16,17,29,38,47,50,52,62­64

Table 7 presents TPD assignment extracted from literature for
different oxygen surface groups.

Considering the changes in the height of TPD peaks with
changes in oxidation severity parameters, the area below the
TPD curve can describe the density of the oxygen groups on
the surface of the samples satisfactorily. This is why it is used
as a measured parameter to characterize the surface chemistry
of the samples quantitatively. It should be noted that the first
peak, which is assigned to the physisorbed water,24,64 has not
been considered for calculation of Oxygen Index.

Evaluation of Effects of Oxidation on AC Surface
Chemistry Using RSM: ANOVA results for response Y2
(Table 4) indicate that all of the three oxidation parameters
significantly affect Oxygen Index. Moreover, three two-factor
interactions, i.e., all possible two-factor interactions are found
to be significant. All these terms have positive (synergistic)
signs in the adopted model. In other words, all these terms have
favorable influence on creation of oxygen groups on AC
surface. Reviewing F-values of the model terms, which are
shown in Table 4, indicate that oxidant concentration and
temperature (with F-values of 800.58 and 806.15, respectively)

Figure 3. 3D response surface plot of BET surface area:
a) effects of acid concentration and temperature; b) effects
of acid concentration and time.
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have the highest (and quite similar) effects on creation of
oxygen groups. However, time effect is less dominant
compared to concentration and temperature, but its effect is
still considerable and higher than interactions effects. On the
other hand, acid concentration­temperature and temperature­
time interactions have moderate effects, whereas concentra-
tion­time is an interaction with the least effect on Oxygen
Index response. Figure 6 shows the selected three-dimensional
(3D) response surfaces for Oxygen Index. Each plot is shown at
zero level of the third variable.

Figures 6a and 6b graphically indicate that density of
oxygen groups generally increases with the increase in acid

concentration, temperature, time, or any combination of them,
so that the response of Oxygen Index can be maximized in the
selected range of operating conditions by adopting all the
variables at their highest level. The interpretation that is offered
here based on regression model, F-value and 3D surface
responses is as expected, because it agrees quite well with the
published literature. Oxidation severity parameters that were
considered as independent variables in the present work have
been widely reported to be responsible for generation of
different types of oxygen surface groups on AC. It is well
known that nitric acid oxidation creates a large amount of
carboxylic groups on AC surface.10,11,34,38,48,66 Moreover, some

Table 6. Temperature Regions of Peaks and Shoulders for the Parent and Oxidized Samples

Peaks 1 2 3 4 5 6 7 8
Temperature regions/°C 56­71 170­185 235­280 407­420 650­680 750­785 850­870 955­965

Table 5. Measured Characteristics of the Parent and Oxidized ACs

Sample
Name

BET surface area (Y1)
/m2 g¹1

Smic(t-plot)

/m2 g¹1
Vt

/m3g¹1
Vmic(DR)

/m3 g¹1
Vmic(t-plot)

/m3 g¹1
Vt ¹ Vmic(DR)

/m3 g¹1

A1 846.3 599.5 0.434 0.395 0.276 0.039
1 786.3 578.8 0.426 0.384 0.281 0.042
2 722.5 541.5 0.387 0.354 0.263 0.033
3 727.6 543.7 0.387 0.356 0.264 0.031
4 670.1 505.6 0.354 0.328 0.246 0.026
5 767.1 575.0 0.412 0.376 0.279 0.036
6 716.9 542.1 0.38 0.351 0.264 0.029
7 703.1 525.9 0.376 0.344 0.256 0.032
8 639.0 471.4 0.34 0.312 0.229 0.028
9 746.5 545.5 0.394 0.356 0.264 0.038

10 710.0 522.1 0.376 0.345 0.255 0.031
11 732.0 552.7 0.394 0.361 0.268 0.033
12 695.9 521.8 0.376 0.344 0.253 0.032
13 731.7 542.4 0.382 0.351 0.263 0.031
14 718.5 537.3 0.376 0.348 0.259 0.028
15 723.7 529.6 0.39 0.356 0.259 0.034
16 732.9 532.4 0.386 0.35 0.259 0.036
17 730.9 539.5 0.375 0.348 0.260 0.027
18 706.0 539.8 0.385 0.353 0.261 0.032
19 726.6 546.8 0.381 0.349 0.261 0.032
20 721.6 536.8 0.382 0.350 0.260 0.032

Figure 5. Typical TPD spectra of the selected samples.
Figure 4. Typical nitrogen adsorption­desorption iso-

therms.
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studies report creation of phenol and carboxylic groups on the
surface on AC in higher orders.40,41,67,68 However, it should be
noted that Oxygen Index is an index of total oxygen groups, not
exactly acidic surface groups. The effect of oxidation param-

eters on AC surface chemistry in terms of created oxygen
groups have been studied.59,69­71

Oxidation Optimization. In application of AC as
adsorbent (or catalyst), both textural properties and surface
chemistry are generally important. AC surface chemistry is
discussed from the view point of type and density of available
surface groups. Research shows any modification in surface
chemistry of AC usually causes changes in textural character-
istics such as surface area and pore volume. As discussed in
this paper, oxidation, which is performed to add oxygen surface
groups to the AC structure, results in undesired changes in
surface area and pore volume. In other words, tailoring the
surface chemistry of AC with oxygen functionalities is carried
out at the expense of losing surface area. Consequently, it is
impossible to find conditions at which both BET surface area
and Oxygen Index, which represent texture and surface
chemistry of AC, are at their highest value at the same time.
Therefore, it is rational to carry out a compromise between
them.

In order to process optimization, some requirements for the
factors and responses need to be set forth. For the purpose of
this paper, both the responses are specified as “maximize,”
while all the factors were defined to be “in the range” in
optimization module of Design Expert. The option of “include
standard error models” was activated as well. This module
defines a term called Desirability (that can range from zero to
one) and determines optimum operating conditions to max-
imize Desirability. The results of optimization are usually
demonstrated using contour plots. Each contour shows a
constant value of the response as indicated on the contour and
each point of the contour gives the operating conditions needed
to reach that value of the response. In addition, the figures
display a flag indicating the point of maximum Desirability.
The operating conditions of the optimum point and the
predicted values of each response are shown in the contour
plots. Contour plots for the responses of BET surface area and
Oxygen Index are represented in Figures 7a, 7b, and 7c.

As can be seen from Figure 7, optimum operating conditions
are at acid concentration of 5.14molL¹1, temperature of
48.39 °C and time of 5.22 h. At these conditions, it is predicted
by the software of Design Expert to reach a BET surface area of

Table 7. TPD Assignment

Evolved gas Oxygen groups TPD temperature assignment/°C

CO2 Carboxylic groups 200­500,62 a) 200­250,9,38,63 b) 350­400,63 c) 250,9,38,64 270,52

127­350,47 100­400,9 200­300,17 200­600,16 <40050

Lactones 370­670,52 627,9,38 650,50 350­400,9,38,63 190­6509,17

Carboxylic anhydrides 370­670,52 600,9,38 627,9,38,47,64 350­400,9,38,63 400­577,47 440,65

350­657,38 550,50 800­90017

Peroxide 550­60063

CO Carboxylic anhydrides 370­670,52 400­577,47 440,65 350­400,9 600,9 627,9 550,50 400­45063

Phenol 350­450,62 620,52 600­700,9,17,38,47,63 70050

Carbonyl 450­700,62 810,52 800­900,9,38,47,63 700­980,38 500­980,9

800­980,17 85050

Ether 350­450,62 700,38 800­900,9 700­9809

Quinone 450­700,62 700­980,9,38 800­900,9,38,63 900­1027,47 90017

Hydroquinone 600­70063

Pyrone/Chromene >100050,63

a) Different acidities. b) Strongly acidic. c) Less acidic.

Figure 6. 3D response surface plot of Oxygen Index:
a) effects of acid concentration and temperature; b) effects
of acid concentration and time.
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717.0 and an Oxygen Index of 105.11, while a Desirability of
0.684 is predicted to be achieved. At the optimum operating
conditions, the oxidation of AC was performed to test the
validity of the models. The expermintal and predicted responses
along with the error at optimum operating condition are shown
in Table 8. It is apparent from the table that the obtained
experimental results agree quite well with the predicted ones.

Conclusion

Oxidation of AC by nitric acid was explored to tailor its
surface chemistry for further modification. A CCD was carried
out to study the influences of three oxidation severity parameters
including acid concentration, temperature, and time of oxidation
on BET surface area (a measurement of textural characteristics)
and Oxygen Index (an index indicating density of oxygen
surface groups) of AC. A linear model was developed for BET
surface area, whereas Oxygen Index results were found to be
fitted by a 2FI model. The statistical analysis demonstrated that
BET surface area and Oxygen Index are strongly affected by
acid concentration and temperature, whereas the effect of time is
less, but still considerable, for both responses. It was also found
that interactions of parameters have moderate effects on Oxygen
Index, but they are not significant in the case BET surface area
response. Using optimization module, optimum operating
conditions were achieved at acid concentration of 5.14molL¹1,
temperature of 48.39 °C and time of 5.22 h. Experimental results
at optimum conditions presented a good agreement with the
predicted value. Since textural characteristics such as surface
area, total pore volume, and micropore volume were negatively
affected even at a mild severity, it can be concluded that the
utilized AC has already a developed structure, so more
oxidation causes a negative effect on the textural characteristic.
On the other hand, TPD spectra obviously indicate creation of
much oxygen functional groups, especially the acidic ones. At
the most severe conditions experienced in this study, a decrease
of about 25% in surface area and an increase of 76% in oxygen
functional groups (based on Oxygen Index) were noted.

It is concluded from the results that oxidation affects the
surface chemistry of AC more serious than the texture.
Moreover, the results suggest that by adjusting the oxidation
parameters, the amount of created oxygen groups and the
degree of oxidation can be easily controlled. Therefore, one can
tailor the surface of this AC efficiently with oxygen functional
group by nitric acid for a minor effect on its texture.
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