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Adsorption Equilibrium and Desor ption Activation Energy of Water Vapor on
Activated Carbon Modified by an Oxidation and Reduction Treatment
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Activated carbon (AC) was modified by oxidation with nitric acid and microwave-assisted reduction. The
textural properties and surface oxygen content as well as the surface acidities of the ACs studied were
determined by nitrogen adsorption, X-ray photoel ectron spectrometry, and Boehm titration. The adsorption
isotherms of the water vapor were measured, and temperature-programmed desorption experiments were
conducted to estimate the desorption activation energy, Eg, of water on the ACs. The results indicated that
the oxidation increased the value of E4 and the adsorption capacity of water on AC in low relative humidity
(RH) but decreased the adsorption capacity of water in high RH. The reduction decreased the value of Ey4
and the adsorption capacity of water on AC over the whole RH range. The modification of AC first by the
oxidation treatment of nitric acid and then by microwave-assisted reduction treatment not only increased
the adsorption capacity of water in a high RH but also greatly decreased the value of E4. The microwave-
assisted reduction of virgin or oxidized AC with hydrogen should yield a lower Eq and higher adsorption

capacity of water in high RH than the reduction of that with nitrogen.

Introduction

Relative humidity (RH) is the most important factor influenc-
ing the industrial production, the preservation of goods, and
human health. Too high a humidity will make house dust mites
increase, alow fungi to grow on damp surfaces, and destruct
the human body’s hot and humid balance. Generally, in an
attempt to control the RH of our environment, air-conditioning
equipment has been used; however, this method has the
associated problem of high energy consumption.* Therefore, the
use of desiccants has been a good aternative for air dehumidi-
fication systems. Commonly used desiccant materials include
activated carbon (AC),%® activated aumina,®* silica gel,*>®
molecular sieves,>’ mesoporous materials,® lithium chloride,®
calcium chloride,®>*° and so forth. In comparison with zeolite
regeneration, which requires temperatures greater than 623 K,
the regeneration of water-saturated AC is relatively smple since
it can be fully regenerated by only heating at 413 K.”* It is
well-known that the technology of dehumidification by adsorp-
tion usually consists of adsorption and desorption processes,
with the amount of energy consumed in the regeneration process
being considered the sole factor contributing toward the cost
of dehumidification.

In addition, although ACs have a higher affinity for volatile
organic compounds (VOCs) than water vapor, the presence of
water vapor can severely handicap the VOC sorption capacity
and change the kinetics of sorption processes, especidly at high
RH.12714

It is aso well-known that microwave-assisted reduction
modification can remove alarge number of water affinity groups
on the surface of AC in a short time.*>*® However, studies about
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how to decrease the amount of energy consumed in the
regeneration process of ACs and weaken the mutual actions
between water and ACs through microwave-assisted reduction
modification are still scarce.

Our previous papers'” concluded that the surface acidities of
the ACs were in direct proportion to their surface oxygen
contents, and the value of the desorption activation energy for
water on the ACs increased with increasing surface oxygen
content and decreasing pore size of the ACs. The present study
attempts to reduce the amount of energy consumed in the
regeneration process of ACs by the microwave-assisted reduc-
tion modification and further investigates the effects of the
modification on adsorption capacity and desorption activation
energy of water vapor. Temperature-programmed desorption
(TPD) was used to measure the desorption activation energy of
water, and X-ray photoelectron spectrometry (XPS) and the
Boehm titration method were used to measure the surface
oxygen content and surface properties of the ACs. The effects
of pore structure and surface properties of the reduction samples
on their adsorption properties and desorption activation energy
of water are discussed.

TPD Theory and Model

TPD is a surface analysis technique.® It is usually used to
estimate the binding energy between the adsorbate and the
adsorbent and the activation energy of desorption.*”*%2° These,
in turn, can be used to evaluate the adsorbents and to estimate
adsorption isotherms.®

The TPD spectrum is a plot of the rate of desorption of the
adsorbate as a function of the sample temperature.™ 2 If we
assume that the kinetics of the desorption process follow first-
order kinetics, then we can write:
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where rq is the desorption rate of component A from a unit
mass of adsorbent (mol -min~?), Ns is the maximum concentra-
tion of component A on the unit surface of the adsorbent
(mol -cm™?), 6, is the transient coverage of component A, t is
the time (min), and kg is the desorption rate constant (min~2),
which is defined as:

- ool -5 0

where ky is the pre-exponential factor (min™?), Eq4 is the
activation energy of desorption (kJ-mol~1), and R is the gas
constant. Substituting eq 2 into eq 1 gives:
Iy déo, ( Ed)
N KoOa &XP\ ~ 7 ©)
Let us assume that the TPD experiment has been designed so
that the temperature, T/K, varies with time;

T =T+ Bt (4)

where By is the rate of heating rate (K-min™%). The time
derivative of eq 3 can be expressed as:

o ~WfF)eol =) Bl esl =G
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As seen generally in the TPD curve, the maximum in the
desorption rate will occur at drg/dt = O at which the corre-
sponding temperature is caled the pesk temperature, T,.
Substituting T = T, and dry/dt = 0, egs 2 and 3, into eq 5 leads

to:
RT? Ey1 E
In{—2- ) = —d(—) + In(—d) 6
(ﬁH R(T,) "Mk ©
The corresponding TPD curves and T, values may be obtained
if aseriesof TPD experiments are conducted at different heating
rates. A plot of In(RT,%/p) versus 1/T, should yield a straight
line of slope E4/R and intercept In(Ey/ko). Hence, the values of
Eq and ko may be obtained from the slope and intercept,
respectively.

Experimental Section

AC and Reagents. The ACs used in this study were purchased
from the Liaoning Chaoyang AC Co., Ltd. (P. R. China). The
sizes of the particles in these samples ranged from (20 to 40)
mesh. Prior to use, they were all dried for 4 h in a vacuum at
413 K. The ACswerefirst subjected to 1 mol -L ~* HCI treatment
for 24 h. After being filtered and washed, the samples were
treated by 1 mol L~ NaOH for 24 h. After this treatment, the
samples were washed in supersonic fields for 2 h. Then the
samples were oven-dried overnight at 413 K, and the dry
samples were then stored in hermetically sealed flasks until use.
Such virgin samples are referred to as AC.

Prior to the oxidation of ACs, they were dried for 4 h at 413
K. A 10 g AC sample was immersed and kept in the 50 mL
13.2 mol-L~* nitric acid solutions for 24 h.?~? Then the
samples were taken out of the solution and laid in a 413 K
oven for 4 h after rinsing with water. At last, the dry ACs were
placed in a vacuum desiccator for use. The oxidation samples
will be referred as OAC in the text.
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Figure 1. Experimental setup for measuring the water vapor adsorption
equilibrium on the various ACs studied.

To prepare the reduced ACs, 10 g of the AC was placed in
a quartz tube within a microwave chemical reactor. Then the
samples were treated in hydrogen or nitrogen with a flow rate
of 200 mL -min~* by microwave-assisted reduction modification
at 600 W for 60 min. The modified samples of AC will be
referred to as RAC(H,) and RAC(N,) in this paper. Similarly,
10 g of the OAC were placed in a quartz tube within a
microwave chemical reactor. Then the samples were treated in
hydrogen or nitrogen with a flow rate of 200 mL-min™! by
microwave-assisted reduction modification at 600 W for 60 min.
The modified samples of OAC will be referred to as ROAC(Hy)
or ROAC(Ny,) in this paper.

Nitrogen Adsorption Experiments. The specific surface area,
pore volume, and average pore diameter of samples were
measured by nitrogen adsorption at the liquid nitrogen temper-
ature of 77 K with the help of a Micromeritics gas adsorption
analyzer ASAP 2010 machine. The AC sample was degassed
at 573 K for 3 h in a vacuum before the nitrogen adsorption
measurements. The Brunauer—Emmett—Teller (BET) surface
area was calculated from the adsorption isotherms using the
standard BET equation. The pore size distributions (PSD) were
determined using density functional theory (DFT) based on
statistical mechanics. The average pore diameter Dp = 4Vp/
Sser (assuming a cylindrical shape of pores) was calculated from
the BET surface area and pore volume.

Determination of Isotherm of the Water Vapor on the
ACs. Adsorption equilibrium experiments were performed at
atmospheric pressure using the experimental setup shown in
Figure 1.2"° This apparatus consisted of an adiabatic sorption
chamber and a system for controlling the temperature and the
humidity. A microelectronic balance with an accuracy of 0.0001
g was located within the adsorption chamber whose temperature
and humidity could be adjusted and maintained at a constant
value via the gas cycle employed. The RH was controlled to a
precision of + 3 % through the use of a dehumidifier and
humidifier, while the temperature could be controlled to an
accuracy of + 0.5 K.

Experiments were conducted by first introducing 0.2 g of a
sample of fresh AC into an airtight flask fitted with a cover,
and the flask was then placed on the electronic microbalance
located within the sorption chamber. Second, after the temper-
ature and RH within the sorption chamber had been adjusted
to a predetermined value via the temperature and humidity
controllers, the flask was opened using an internal mechanism
thereby allowing the adsorption of water vapor onto the ACs
to commence. The weight of the sample increased gradually as
the adsorption proceeded up to an equilibrium position which
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Table 1. Surface Areas and Pore Structure of Modified ACs

Table 2. Elemental Analyses of Modified ACs by XPS

ST Viota Gaverage atomic concentration
adsorbents m?-g~* cméegt nm adsorbents C N o Si
AC 1071 0.6915 2.54 AC 93.28 0.1529 6.086 0.48
OAC 926.3 0.5963 2574 OAC 90.05 1.09 8.49 0.38
RAC(N,) 1033 0.6418 2.491 RAC(N,) 95.91 0.2025 3.615 0.2734
RAC(H,) 1023 0.6338 2479 RAC(H,) 96.40 0.2116 3.219 0.15
ROAC(N,) 1163 0.7311 2.550 ROAC(Ny) 96.34 0.4801 2.871 0.31
ROAC(H,) 1203 0.7686 2.556 ROAC(H,) 98.37 0.35 1.06 0.18

was judged to correspond to the situation when the weight of
the sample hardly varied with time. At this point, the sample
of AC was considered to have been saturated with water vapor,
and hence the equilibrium amount adsorbed of the water vapor
on a unit mass of the AC corresponding to a given RH could
be obtained. A series of adsorption equilibrium experiments
under different RH conditions could thereby be obtained,
allowing a plot of the equilibrium amounts of water vapor
adsorbed on a unit mass of AC to be plotted against the
corresponding RH and hence generate the water vapor isotherm
on the AC concerned.

Boehm Titration. The Boehm titration method was used to
determine the number of oxygenated surface groups.*”%* One
gram of carbon sample was placed in 50 mL of the following
0.05 mol - L~ solutions: hydrochloric acid, sodium hydroxide,
sodium carbonate, and sodium bicarbonate. The vials were
sedled and stirred for 24 h and filtered. Then 5 mL of each
filtrate was titrated with HCl and NaOH depending on the
origina titrant. The numbers of acidic sites of various types
were calculated using the assumption that NaOH neutralizes
carboxylic, phenolic, and lactonic groups, N&,COs neutralizes
carboxylic and lactonic, and NaHCOs neutralizes only carboxy-
lic groups. The number of basic sites was calculated from the
amount of HCI that reacted with the carbon.

XPS Experiments. The X-ray photoelectron spectra of the
AC sample were obtained with a model PHI5600 X-ray
photoel ectron spectrometer. Al Ko was used for excitation, and
the base pressure in the analysis chamber was 3+10~° mbar.
For surface analysis, the specimens were fixed to the specimen
holder with double-sided adhesive tape. The C1s peak of carbon
with a 285.0 eV binding energy was used as a reference for
correction of specimen charging. The content of carbon, oxygen,
nitrogen, and silica was determined by XPS.

TPD Experiments. The TPD experiments'”**%° were con-
ducted at different heating rates within the range from (5 to 8)
K +min~%. In each experiment, the sample that had adsorbed the
water vapor was packed into a stainless steel reaction tube (i.d.,
0.3 cm; packed length, 0.5 cm). This stainless steel tube was
subsequently placed in a reaction furnace and heated while a
flow of N, gas was passed through it at a constant rate of 46.9
mL -min~*. The desorbed water vapor emerging from the outlet
of the stainless steel tube was detected using a GC-9501
chromatograph fitted with a thermal conductivity detector
(TCD). The effluent curves thus recorded are referred to below
as TPD curves. The application of eq 6 to the experimental TPD
curves allowed the activation energy for the desorption of water
from the four kinds of ACs to be estimated.

Results and Discussion

Effect of the Modification on Textural Properties. Table 1
summarizes the specific surface area, the total pore volume, and
average pore diameter of AC and the other five carbons after
different treatments. The datain Table 1 show that the treatments
greatly affect both the specific surface area and the total pore

volume of the ACs studied. The liquid-phase oxidation by HNO;
decreased the Szer of the originad AC sample from (1071 to
926.3) m?-g~! and pore volume from (0.6915 to 0.5963)
cmi-g~L. This indicated that the surface oxidation of the AC
leads to a decrease in micropores when introducing oxygen
functionality, and the thinner pore walls were more easily
destroyed by the oxidizing agent. These observations are in
agreement with reported results.?>?? The treatment of the AC
with H, or N in the microwave field of 600 W for 1 h dlightly
decreased the Ssgr from (1071 to 1023 or 1033) m?+g~* and
pore volume from (0.6915 to 0.6338 or 0.6418) cm®-g~2. This
suggests partial surface destruction due to higher temperatures
of the AC in the microwave field.*>1®

From Table 1 it is noticed that the reduction of OAC with
hydrogen or nitrogen could significantly increase Sser, pore
volume, and average pore diameter of the AC. This is due to
the fact that more groups containing oxygen have been
introduced into the carbon surface during the oxidation process,
then, more surface groups can be removed from OAC than from
AC by microwave heating in the reduction process, which results
in the increase of Set, pore volume, and average pore diameter
of the AC.*>*® It is also observed that the specific surface areas,
pore volume, and average pore diameter of the oxidized AC
after the reduction with hydrogen were larger than those after
the reduction with nitrogen. This suggests that hydrogen may
be more suitable for the microwave reduction modification of
AC because hydrogen will easily react with the groups contain-
ing oxygen on the surface of AC and form water vapor
molecules at high temperature.

Surface Elemental Analyses of AC. The elemental analyses
of AC were performed using XPS. In Table 2 the results of
elemental analyses are shown to check whether the oxygen
groups have been introduced to the carbon or removed from
the carbon. A content of 1.09 % of nitrogen and 8.49 % of
oxygen was detected for OAC, while only 0.35 % of nitrogen
and 1.06 % of oxygen were detected for ROAC(H,). It is clear
that the oxidation can raise the amount of oxygen and nitrogen,
while the reduction can decrease the amount of oxygen. The
results demonstrate that oxygen functional groups could be
introduced through oxidation by nitric acid and removed through
the reduction by hydrogen and nitrogen in the microwave
field.*>162122 |t js also noticed that the oxygen content of
ROAC(H_) was much lower than that of ROAC(N,), and the
oxygen content of RAC(H,) was much lower than that of
RAC(N,). That is to say, the reduction of virgin or oxidized

Table 3. Surface Groups of Modified ACs
acidities (mmol -g™?)

basicity  acidic total

adsorbents carboxylic lactonic phenolic mmol-g~* mmol-g~* mmol-g*

AC 0.152 0.095 0.136 0.435 0.383 0.818
OAC 0.995 0.638  0.483 0.10 2.116 2.216
RAC(N,) 0.108 0.083 0.085 0.479 0.276 0.755
RAC(H,) 0.103 0.078 0.073 0.495 0.254 0.749
ROAC(N;)  0.093 0.068  0.064 0.515 0.225 0.74

ROAC(H,)  0.069 0.050  0.047 0.535 0.166 0.701
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Figure 2. Adsorption isotherms of the water vapor on modified ACs at
303 K: %, ROAC(H,); 00, ROAC(N,); ®, AC; v, RAC(H,); A, RAC(N,);
O, OAC.
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Figure 3. TPD spectrum of water on the AC at different heating rates: v,
fu=8Kmin% A, By =7Kmin} O, By =6K-min:; 0O, By =5
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Figure 4. TPD spectrum of water on the OAC at different heating rates:

V,Bu=8K-min} A, Bu=7K-min} 0, By =6K-min":; 0, By =5

K-min™%.

AC with hydrogen should yield a smaller surface oxygen content
than the reduction of that with nitrogen, in the microwave field.
This showed that hydrogen was more suitable for the reduction
modification of AC.

Surface Acid—Base Properties of AC. The amount of acidic
surface functional groups (carboxylic, lactonic, and phenolic
hydroxy! groups) is determined by the Boehm titration method.
Table 3 shows the results of six kinds of ACs. It is clear that
surface oxidation introduced a significant number of acid groups
and significantly decreased the number of basic groups on the
surface of OAC. But the surface reduction treatment results in
adglight increase in the number of basic groups and significantly
decreases the number of acidic groups, suggesting the removal
of some oxygen groups from carbon surface due to the higher
temperatures of AC in the microwave field. It is also noticed
that the reduction of virgin or oxidized AC with hydrogen should
yield smaller amounts of surface acid groups than the reduction
with nitrogen, in the microwave field.

Effect of the Modification on Adsorption Properties of
Water. Adsorption isotherms of the water vapor on different
ACsat 303 K are shown in Figure 2. The shapes of al of these
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isotherms indicate that adsorption was unfavorable in each case.
It can also be seen from Figure 2 that the amounts of adsorbed
water on the ROAC(H,) and the ROAC(N,) are higher than
that on the AC in high RH and that the amount of adsorbed
water on the ROAC(H,) is the largest. But the amounts of
adsorbed water on the RAC(H,), RAC(N,), and OAC are lower
than that on the AC. This order isin agreement with the order
of pore volume. This indicates that the larger the pore volume
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Table 4. Desorption Peak Temperatures of Water at Different Heating Rates and Desorption Activation Energies of Water on the Modified

ACs
desorption peak temperature T/K at below heating rate desorption activation energy, Eq4

AC 5K-min™* 6 K-min™t 7 Kemin™* 8 K-min™* kJ-mol~* adj. R?
OAC 347.2 350.0 353.2 355.6 50.78 0.9951
AC 341.7 346.0 349.4 352.7 37.22 0.9994
RAC(N,) 336.9 3411 345.1 348.5 33.92 0.9988
RAC(H,) 336.7 341.1 345.1 348.2 33.58 0.9992
ROAC(Ny) 336.1 340.93 344.31 348.07 32.97 0.9963
ROAC(H,) 333.7 339.0 343.1 346.9 28.60 0.9988

of agiven AC s, the larger the amount of adsorbed water vapor
is at higher RH such as that approaching 100 %. This may be
ascribed to the pore-filling mechanism involved where the
amount of adsorbed water was mainly dependent on the total
pore volume of the AC.*** Of the six ACs studied in thiswork,
ROAC(H,) has the largest pore volume, while OAC had the
smallest. However, it is also noticed that the amounts of
adsorbed water on modified ACs in low RH are in direct
proportion to their total surface group contents which is different
from the adsorption by the H-bonds between water and the
oxygenated groups on the surface at lower RH.*"°

Effect of the Modification on Desorption Activation
Energy of Water. Figures 3 to 8 illustrate the TPD water
desorption spectra from the six kinds of the ACs at different
heating rates. An obvious peak appears in each TPD spectrum
due to the desorption of water vapor from the respective AC.
A gradual increase in the heating rate Sy led to an increase in
the peak temperature T, The values of al of the peak
temperatures can be obtained from the TPD spectra depicted in
Figures 3 to 8 and which are listed in Table 4.

Knowing the values of T, for the different heating rates
employed, it is possible to estimate the desorption activation
energy of water from the various ACs through the use of eq 6.
The desorption activation energy for the various ACs studied
are listed in Table 4 from which it is seen that the values for
ACs OAC, AC, RAC(N,), RAC(H,;), ROAC(N,), and
ROAC(H,) were 50.78 kJ-mol~%, 37.22 kJ-mol™%, 33.92
kJ-mol~?, 33.58 kJ-mol %, 32.97 kJ-mol %, and 28.60 kJ-mol %,
respectively. Thus, the desorption activation energy for water
from OAC had the greatest value, and that from ROAC(H,)
was the smallest. Although the average pore diameter of the
micropores in OAC was the largest, the desorption activation
energy of water from OAC (or ROAC(H,)) was obviously the
greatest (or smallest) because the amount of surface acid groups
and oxygen content on OAC (or ROAC(H,)) was greater (or
smaller) than that on other five carbons. The higher concentra-
tion of surface acid groups and oxygen content increased the
interaction between the water molecules and the surface and
thus increased the magnitude of the activation energy required
for water desorption. The amounts of surface acid groups and
oxygen content on the surfaces of RAC(N,), RAC(H,), and
ROAC(N,) were ddmost the same, asindicated by the datalisted
in Tables 2 and 3; therefore, the desorption activation energy
of water on them was close. This was due to the amounts of
surface acid groups and oxygen content being the main factor
influencing the desorption activation energy of water when their
average micropore diameters are similar, as shown by the data
in Table 1.

Conclusions

To decrease the amount of energy consumed in the regenera-
tion process, it should be practical to reduce the surface acidities
or surface oxygen contents of the ACs by the microwave-

assisted reduction modification. TPD was successfully applied
to readily obtain a desorption activation energy of water vapor
on different ACs. The parameter of the desorption activation
energy can reflect the interactions between water and ACs. In
summarizing the results, the following conclusions may be
drawn:

(1) The oxidation increased the value of E4 and the adsorption
capacity of water on AC in low RH but decreased the adsorption
capacity of water in high RH. The reduction decreased the value
of Eq4 and the adsorption capacity of water on AC over the whole
RH range. The desorption activation energy of water vapor on
the OAC was 50.78 kJ-mol~%; however, the desorption activa-
tion energy of water on the ROAC(H,) was only 28.60
kJ-mol 2.

(2) Microwave-assisted reduction was an effective method
to modify the surface properties of AC and reduced the value
of desorption activation energy of water. In the microwave field,
the reduction of AC or OAC with hydrogen should yield a
smaller value of E4 and the adsorption capacity of water in high
RH than the reduction of that with nitrogen.

(3) The desorption activation energy of water decreased with
a decrease of surface acid groups and oxygen content on AC
when their average micropore diameters were almost equal. The
amounts of adsorbed water on the modified ACs in low RH
were in direct proportion to their total surface group contents,
and the adsorption performance of water on the modified ACs
at high RH mainly depends on their total pore volume.
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