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bstract

The aim of this study is to investigate the effect of moisture on adsorption efficiency of hydrogen sulfide (H2S) by impregnated activated carbon
IAC). Copper(II) nitrate was used as an impregnant. Two humidification conditions of IAC, pre-moistened and gas stream containing moisture,
ere studied. The experimental results revealed that the copper species onto the IAC was suggested to be Cu(OH)2 that deposited on activated

arbon during the impregnation process. The adsorption mechanism of H2S by copper impregnated IAC was proposed, involving physic-sorption

nd chemical reactions. Moreover, the H2S breakthrough capacity decreased with increasing the relative humidity of gas stream. The causes were
ttributed to three points as follow: the competition adsorption occurred between moisture and H2S; the copper(II) species reduced to copper(I)
pecies leading to IAC deactivation; and the rate of chemical reaction restrained by moisture.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Activated carbon (AC) is widely used as an absorbent to
emove hydrogen sulfide (H2S), due to its high specific sur-
ace area and porous structure. H2S is an odor gas that causes
ife threatening at higher concentration (500 ppm). It is well
nown that H2S might be produced from power plants, natu-
al gas, crude oil, and industrial streams [1,2]. Some studies
eported [3–5] that the surface properties of carbon (such as
H, functional groups, pore size distribution and specific sur-
ace area) correlated with H2S removal significantly. Moreover,
C samples involving inorganic impurities (silica, alumina, iron
xide, calcium oxide and magnesia) as catalyst can catalyze

2S oxidation and convert to elemental sulfur in the pres-

nce of oxygen [6–10]. The presence of moisture in gas stream
lso plays an important role as a medium to enhance oxida-
ion of H2S. The dissolved H2S reacts with O2 and converts

∗ Corresponding author. Tel.: +886 5 534 2601x4616; fax: +886 5 531 2071.
E-mail address: huangchc@yuntech.edu.tw (C.-C. Huang).
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o sulfur species in the water film onto the surface of carbon
8,11,12].

Regeneration of spent AC can be employed using cold/hot
ater washing or thermal treatment to achieve recycle object, but

he H2S adsorption capacity after regeneration usually decreased
emarkably. The cause is attributed that some sulfur species as
lemental sulfur or sulfuric acid is strongly bound with activated
ites leading to exhaust irreversibly [13–16].

Furthermore, caustic or acidic impregnated activated carbon
IAC) samples have been employed efficiently to adsorb H2S
rom waste-gas stream [17–22]. Nakamura et al. [21] reported
hat iron(III) chloride impregnated AC has a high selectivity
or H2S removal. Chiang et al. [22] used four alkaline materi-
ls (such as NaOH, Na2CO3, KOH and K2CO3) to impregnate
C, and evaluated their performance for H2S adsorption. They

ound that the performance of IAC for H2S adsorption was
anked as NaOH > Na2CO3 > KOH > K2CO3. Yan et al. [23,24]

mployed alkaline AC to evaluate adsorption capacity under 1%
2S together with moist air (RH = 80%). The results indicated

hat the capacity of H2S on alkaline AC after prehumidifica-
ion (RH = 100%) was higher than that on alkaline AC without
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rehumidification. Moreover, Mcintyre et al. [25] proposed that
hetlerite charcoal impregnated with copper and chromium was

ged by moisture, due to the valence of metal transformed.
In this study, we modified AC by copper nitrate reagent and

valuated the H2S adsorption capacity onto the same. The objec-
ives of this study were: (1) to determine the adsorption capacity
f H2S onto Cu-IAC, (2) to discuss the reaction between impreg-
ant and H2S, and (3) to investigate the effect of moisture on
2S removal by IAC.

. Experiments

.1. Materials

Coconut shell-based AC sample was used as the main porous
dsorbents in this study. The fresh AC samples were first
mmersed with hot water for 2 h to remove impurities prior to
he impregnation process. The AC samples were washed several
imes by de-ionized H2O, and then dried in an oven at 378 K
or 24 h. The as-prepared AC samples were obtained after above
reatment. Copper nitrate, obtained from Showa Chemical Com-
any, 99% purity, was chosen as the impregnant solution.

.2. Impregnation process

The IAC samples were prepared as follows: 30 g of the as-
repared AC samples were immersed in the 150 ml of Cu(NO3)2
olutions with various concentrations (0.05, 0.1 and 0.2 M) and
H values (pH 1, 2 and 3), shook with 100 rpm of rotation rate
t 303 K for 24 h. Subsequently, the IAC samples were obtained
fter filtering and drying at 378 K for 24 h. In this study, the
H value of solution did not be kept constant during impreg-
ation process. The amount of copper deposited onto IAC was
etermined by an extraction method and measured by an atomic
bsorption spectroscopy (AA, HITACHI, Z-61100 model).
.3. H2S breakthrough capacity measurement

The performance of IAC samples for H2S removal was eval-
ated by the breakthrough capacity test system, as shown in

t
g
t
a

ig. 1. Schematic diagram of H2S dynamic test apparatus. (1) Hydrogen sulfide; (2)
umidifier with water; (7) mixing column; (8) humidity sensor; (9) adsorb-column; (
s Materials B136 (2006) 866–873 867

ig. 1. The prepared IAC was packed with a fixed height of
cm in a stainless steel pipe (inner diameter 2.2 cm, length
0 cm). Both bottom and top sections of IAC packed bed were
upported by glass beads. The breakthrough capacity test was
erformed at 303 K. The certified concentration gas (270 ppmv
f H2S and helium balance, supplied by the SAN FU Gas Co.)
assed through the adsorb-column. The total flow rate was set
y 1 L/min. The H2S concentration at the outlet of adsorb-
olumn was monitored by a gas chromatograph (GC, China
hromatograph 9800) with flame photometric detector (FPD).
ll runs were finished as H2S effluent concentration reached
70 ppmv.

In this study, the humidification of IAC was conducted by
wo conditions as follows: (1) the dry IAC adsorbed H2S under
he relative humidify (RH) of 40–50% or 70–80%. The moisture
f gas stream was supplied by using a humidifier. Moreover, the
umidity of gas stream was monitored continuously by using
moisture detector (VAISALA, HMP 238). (2) The IAC was

re-moistened in a chamber with RH of 40–50% or 70–80% at
23 K for 24 h prior to dynamic adsorption tests. The gas stream
as kept to be dry (RH < 1%) for breakthrough capacity tests
acked by the pre-moistened IAC.

.4. Material characterization

The surface potential of AC was measured by a zeta poten-
ial analyzer (Brookhaven Instruments, ZetaPlus-Zeta Potential
nalyzer 1.23). The potential measurement of AC was per-

ormed in the solution with pH ranges from 2 to 7. An X-ray
hotoelectron Spectroscopy (XPS, Fison, ESCA210) was used

o analyze the copper species loaded onto IAC before and after
umidification. The amount of sulfur onto AC after H2S adsorp-
ion was measured by an elemental analyzer (EA, Elementar
nalysensysteme Gmbh, Vario EL III). The specific surface

rea and pore size distribution of AC were determined by a gas
dsorption meter (QUANTACHROME, AUTOSORB-1) at 77 K
he Horvath–Kawazoe (HK) methods, respectively. A thermo-
ravimetric analyzer (TG, CAHN, TG-2121) was employed to
hermal analyze AC samples with a heating rate of 2 K/min under
ir atmosphere.

helium; (3) mass flow meter; (4) float flow meter; (5) isothermal system; (6)
10) GC with FPD; (11) check valve; (12) 3-way valve.
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. Results and discussion

.1. Impregnation process

In this study, copper(II) nitrate was used as an impregnant
o modify coconut shell-based AC. The amounts of copper
eposited onto AC versus the concentration and pH value of
mpregnant solution were collected in Table 1. It was found
hat the pH value of impregnant solution affected significantly
he copper species deposition onto the AC. Furthermore, the
mount of copper deposition onto the coconut shell-based AC
ncreased with increasing the concentration and pH value of the
mpregnant solution. In this study, the highest amount of cop-
er deposition was obtained at pH 3 and 0.2 M of impregnant

olution.

We also found that the pH value of the impregnant solu-
ion was instable during impregnation process. The pH value

able 1
mount of copper deposited onto AC (mmol-Cu/g-AC) under different impreg-
ation conditions

oncentration of copper
itrate (M, mol/L)

pH 1 pH 2 pH 3

.05 0.0666 0.2212 0.254

.1 – – 0.377

.15 – – 0.501

.2 – – 0.625

p

3

l
b
c
s
d
p
r
m
v

Fig. 2. Schematic representation
s Materials B136 (2006) 866–873

f impregnant solution rose immediately when the AC samples
mmersed into the solution at first time. The surface potential of
oconut shell-based AC was revealed to be more negative charge
t the higher pH values in range of 2–7 by the zeta potential
nalysis. According to these results, we proposed the possible
mpregnation mechanism, as shown in Fig. 2. Copper nitrate
issolved to Cu2+ and NO3

− ions, which distributed in the as-
repared impregnant solution (step I). When the unmodified AC
mmersed into the impregnant solution, the negative charge on
he surface of AC attracted H+ ions in the solution leading to the
H value of solution increasing (step II). Moreover, dissociated
opper(II) ions might also be attracted by AC and be associ-
ted with hydroxyl ions to form Cu(OH)2 (step III). Finally, the
u(OH)2 deposited onto the external-surface and the internal
ore of AC (step IV).

.2. Specific surface area and pore size distribution

The measured specific surface areas of AC and IAC were
isted in Table 2. The specific surface area of coconut shell-
ased AC was 1050 m2/g. After impregnation process, the spe-
ific surface area of IAC decreased to 789 m2/g. The results
uggested that partial pores of AC would be blocked a little
ue to copper species deposition. Fig. 3 shows the micro-

ore distribution of coconut shell-based AC and IAC. It was
evealed that the copper species deposited not only onto the
eso-pores, but also onto the micro-pores. However, the pore

olume of AC slightly decreased after impregnation process.

of impregnation process.
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Table 2
Specific surface area of AC and IAC (impregnant solution: copper nitrate)

Impregnation conditions Specific surface area (m2/g)

Virgin coconut shell-based AC 1050
IAC, pH 3, 0.05 M 856
I
I

I
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b

AC, pH 3, 0.1 M 864
AC, pH 3, 0.2 M 789

n other words, the physic-sorption ability of AC was not
xhausted.

.3. Thermal analysis

The differential thermogravimetry (DTG) curves of coconut
hell-based AC, IAC and IAC after H2S adsorption samples were
resented in Fig. 4. For IAC after H2S adsorption, it was revealed
rom Fig. 4c that three peeks existed at the temperature range
f 373–873 K. The first peak at nearly 373 K was believed to
e water vaporization. It was noteworthy that the presence of
ater from the IAC after H2S adsorption sample was apparently
igher than that of the other samples. This result confirmed that
ater was produced during H2S adsorption by IAC.
Furthermore, the second peak was observed at 473–493 K,

hich was considered to be sulfur dioxide evolving. Bagreev et
l. [16] developed that sulfur species forms to sulfur dioxide by
xidation at 513 K. The discrepancy of oxidation temperature
ith preview paper [16] was attributed to the different heating

ate. Furthermore, the third peak represented the carbon decom-
osition. The decomposition temperatures of AC, IAC and IAC
fter H2S adsorption samples were 793, 560 and 640 K, respec-
ively. The results implied that the copper species as catalyst to
ccelerate the carbon decomposition. Therefore, the decompo-
ition temperature of AC sample decreased after impregnation

rocess. After H2S adsorption, however, the decomposition tem-
erature of IAC sample decreased not so much. The cause
ttributed that copper species onto the AC would be poisoned
ith H2S.

Fig. 3. Pore size distribution of coconut shell-based AC and IAC.
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ig. 4. DTG curves of coconut shell-based AC and IAC. (a) Virgin AC; (b) IAC;
c) IAC after H2S adsorption under gas stream without moisture. (Impregnation
arameter: pH 3, 0.2 M copper nitrate.)

.4. Reaction mechanism

According to the aforementioned, we assumed the reaction
etween impregnant supported on the AC and H2S as Eq. (1)
ay be occurred:

Cu(OH)2 + H2S → C CuS + 2H2O (1)

The copper species as Cu(OH)2 loaded onto the porous of
C reacted with H2S to form CuS and H2O. Except for chem-

cal reaction, the physisorption ability of AC was demonstrated
on-exhaustibility by the nitrogen isotherm analysis. Therefore,
AC possessed two parallel ways to adsorb H2S, involving both
hysisorption and chemical reaction.

For a fixed-bed adsorber, the total adsorption capacity of H2S
as determined by

= F × Yin

∫ ts

0

(
1 − Yout

Yin

)
dt (2)

here w is the adsorption capacity of H2S; Yin, the H2S concen-
ration at inlet of adsorb-column; Yout, the H2S concentration
t outlet of adsorb-column; t, the adsorption time (min); ts, the
aturated time (as Yout/Yin = 1); and F is the flow rate (L/min).
Table 3 lists the amount of copper and the adsorption capac-
ty of H2S for various coconuts shell based IAC samples. It
ndicated that the capacity of chemical reaction part was about
wo times of the amount of copper onto AC. According to Eq.
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Table 3
Adsorption capacity of H2S onto coconut shell-based AC and IAC

Impregnation
condition

Amount of
copper loaded
on AC
(mmol/g)

Total
adsorption
capacity
(mmol/g)

H2S capacity
by chemical
reaction
(mmol/g)a

Virgin AC – 0.127 –
IAC, pH 3, 0.05 M 0.254 0.596 0.469
IAC, pH 3, 0.1 M 0.377 0.872 0.745
I

(
e
t
H

F
V
m

o
p
2
b
I
2
c
g
2
g
p
c

C

AC, pH 3, 0.2 M 0.625 1.364 1.237

a The H2S capacity by chemical reaction = (IACtotal capacity − ACtotal capacity).

1), the stoichiometric ratio between the impregnant and H2S

quals to one. Therefore, the reaction as Eq. (1) was not able
o explain completely the behavior of chemical reaction part for

2S adsorption by IAC.

ig. 5. Detailed C (1s) XPS spectra of coconut shell-based AC and IAC. (a)
irgin AC; (b) IAC; (c) IAC after H2S adsorption under gas stream without
oisture. (Impregnation parameter: pH 3, 0.2 M copper nitrate.)

E
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Fig. 5 shows the relevant detailed C (1s) XPS spectra
f various coconut shell-based AC samples. Generally, these
eaks in the curve fitting of C (1s) signal at 284.8 ± 0.3 eV,
86.3 ± 0.3 eV, 287.6 ± 0.3 eV and 288.8 ± 0.3 eV assigned to
e C H, C OH, C O and COOH groups, respectively [26].
n this study, it was found that there were significant peaks at
84.9 eV (C H) and 286.6 eV (C OH) binding energy site for
oconut shell-based AC. After impregnation process, the C OH
roups transferred to C O groups with binding energy shift to
87.3 eV. Moreover, it was revealed in Fig. 5c that the C O
roup disappeared after H2S adsorption. Cal et al. [27] pro-
osed that sulfur was adsorbed by carbon–oxygen site to form
arbon-sulfur bond in a substitution reaction.

O + H2S → C S + H2O (3)

According to above results, the other chemical reaction (as
q. (3)) might occur during H2S adsorption.

.5. Adsorption capacity evaluation

Fig. 6 shows the H2S breakthrough curves of the fixed-
ed adsorber packed by coconut shell based AC and IAC. The
dsorption capacity of H2S on the IAC increased with increas-
ng the amount of copper species loaded onto AC. The best
dsorption performance of coconut shell based-IAC (impregna-
ion condition: pH 3, 0.2 M) was 10 times larger than that of the
irgin coconut shell-based AC. Chiang et al. reported [22] that
aOH-IAC possessed the H2S capacity of 0.572 mmol/g. In this

tudy, we obtained the best H2S capacity of 1.364 mmol/g using
oconut shell-based copper IAC.
.6. Moisture influence

In fact, moisture effect on adsorption capability is important
hen IAC applies in pollution control. The aging phenomenon

ig. 6. H2S breakthrough curves of coconut shell-based AC and IAC adsorber.
�) Virgin AC; (�) pH 3, 0.05 M; (�) pH 3, 0.1 M; (�) pH 3, 0.2 M.



C.-C. Huang et al. / Journal of Hazardou

F
n
g

o
a
c
c
t
t
o

b
t
c
a
i
t
t
c

i
b
p
o
t
(
t
t
t
t
a
e
w
A
a
o
d
2
t
p
H
t
i
A
t
d
w
H
t
i
fi
w
n
c

T
B

H

G

G

ig. 7. H2S breakthrough curves of coconut shell-based IAC (pH 3, 0.2 M copper
itrate impregnated) under various moisture conditions. (�) Dry gas stream; (�)
as stream containing RH = 40–50%; (�) gas stream containing RH = 70–80%.

f copper species onto the IAC might be occurred under humid
tmosphere. In this study, we conducted two IAC humidification
onditions to find out the moisture effect. The H2S adsorption
apability of IAC for moisture effect discussion was based on
he “breakthrough time”. The “breakthrough time” is defined as
he time that 1% of H2S feed concentration was detected at the
utlet of the adsorb-column.

Fig. 7 shows the H2S breakthrough curves of coconut shell-
ased IAC under the gas stream with different RH. The break-
hrough times of coconut shell-based IAC for H2S removal were
ollected in Table 4. As expected, it was found from both Fig. 7
nd Table 4 that the presence of moisture in the gas stream signif-

cantly affected H2S adsorption capability of IAC. For instance,
he breakthrough time of coconut shell-based IAC (impregna-
ion condition: pH 3, 0.2 M copper nitrate solution) decreased
onsiderably from 350.1 to 156.8 min as the RH of gas stream

o
A
t
d

able 4
reakthrough time of IAC under various humid conditions

umid condition Coconut shell-based IAC
(Impregnation condition: pH 3,
0.05 M copper nitrate solution)

Coc
(Im
0.1

as stream without moisture
IAC 143.7 196

IAC pre-moistened under various RH
RH = 40–50% – 142
RH = 70–80% 142.5 175

IAC pre-moistened under various RH and then dried
RH = 40–50% 107.5 –
RH = 70–80% 97.5 –

as stream containing moisture
RH = 40–50% 110.0 84
RH = 70–80% 97.5 52
s Materials B136 (2006) 866–873 871

ncreased up to 70–80%. The reasons could be attributed by
oth physic-sorption and chemi-sorption view points. The com-
etition adsorption between H2S and water onto IAC might
ccur when the moisture existed in the gas stream. According
o the Le Chatelier’s principle, both reactions of Eqs. (1) and
3) would be unfavorable to proceed whenever water exists on
he IAC. It was also found from Table 4 that the breakthrough
ime for the pre-moistened case decreased slightly, compared to
hat for gas stream containing moisture case. From these results,
wo IAC humidification conditions caused to the discrepancy of
dsorption behaviors. The H2S adsorption by copper IAC is an
xothermic reaction. For gas stream containing moisture case,
ater vapor was difficult to condense as water film onto the
C during adsorption process. Consequently, both water vapor
nd H2S co-exist and competition adsorption process maybe
ccurred. For pre-moistened case, IAC was moistened under
ifferent RH condition (RH = 40–50% or 70–80%) at 323 K for
4 h. And then, temperature cooling down to room tempera-
ure, the absorbed water vapor condensed to be water film in the
ores of IAC. Some previous reports [8,23] proposed that the
2S dissolved and dissociated to produce H+ and HS− ions into

he water film. Therefore, the absorption of H2S into water film
ncreased the adsorption capability of the pre-moistened IAC.
dditionally, in order to get better understanding about mois-

ure effect, the IAC sample was conducted by pre-moistened in
ifferent RH chambers and then dried to remove the condensed
ater from IAC. The as-prepared IAC finally used to adsorb
2S in dry gas stream. The experimental results exhibited that

he breakthrough time reduced remarkably as the same shown
n gas stream containing moisture cases (see Table 4). The water
lm was evaporated from IAC after it was dried. Therefore, there
as no absorption occurred. Owing to dry gas stream, there was
o competition adsorption, either. But, why does the adsorption
apability of IAC after aging reduce remarkably?

Ehrburger et al. [28] reported that the copper impregnated

nto activated carbon is mainly amorphous copper oxide (CuO).
fter aging treatment, the amorphous copper oxide may reduce

o Cu2O or form to crystallization of CuO. Mcintyre et al. [25]
emonstrated that Cu(I) compounds present on outer surface

onut shell-based IAC
pregnation condition: pH 3,
M copper nitrate solution)

Coconut shell-based IAC
(Impregnation condition: pH 3,
0.2 M copper nitrate solution)

.0 350.1

.5 306.4

.5 310.1

196.8
183.7

.5 185.7

.5 156.8
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ig. 8. Detailed Cu(2P3/2) XPS spectra of coconut shell-based IAC. (a) Dry IAC;
b) IAC pre-moistened under RH = 40–50% for 24 h. (Impregnation parameters:
H 3, 0.2 M copper nitrate.)

f whetlerite impregnated charcoal became CuO or Cu (OH)2
fter aging. In this study, the curve fittings of the Cu(2P3/2)
PS signals for IAC at both dry and pre-moistened condi-

ions were shown in Fig. 8. The mainly peak with binding
nergy at 934.5 ± 0.3 eV was assigned to be Cu(OH)2. After
re-moistened aging, an extra-peak with binding energy at
32.5 ± 0.3 eV was observed, it was assigned to be Cu(I) species.
art of Cu(II) species on IAC was reduced to Cu(I) species after
oisture aging. The effect of moisture on H2S adsorption by
AC was obviously negative due to the IAC deactivation.
The total adsorption capacity of H2S was also determined

y using elemental analysis (EA). As shown in Table 5, it was
evealed that the sulfur content of coconut shell-based IAC for

able 5
ulfur elemental analysis of coconut-shell based IAC under various humid con-
itions and after H2S adsorption

umid condition pH 3, 0.05 M pH 3, 0.1 M pH 3, 0.2 M

AC before adsorption 0.12 ± 0.10% 0.10 ± 0.10% 0.06 ± 0.10%
AC after adsorption in gas

stream without moisture
2.91 ± 0.10% 3.60 ± 0.05% 3.90 ± 0.10%

AC pre-moistened
(RH = 40–50%) and after
adsorption in gas stream
without moisture

1.63 ± 0.15% 2.17 ± 0.15% 4.25 ± 0.10%

AC pre-moistened
(RH = 70–80%) and after
adsorption in gas stream
without moisture

1.69 ± 0.15% 2.35 ± 0.10% 4.12 ± 0.08%

AC after adsorption in gas
stream containing
moisture (RH = 40–50%)

1.50 ± 0.03% 2.38 ± 0.11% 3.16 ± 0.15%

AC after adsorption in gas
stream containing
moisture (RH = 70–80%)

1.47 ± 0.10% 2.13 ± 0.07% 2.63 ± 0.05%

4

A

C
2

R

us Materials B136 (2006) 866–873

re-moistened case was larger slightly than that for gas stream
ontaining moisture case. It was also found that the H2S adsorp-
ion capability of IAC impregnated by higher copper nitrate
oncentration (0.2 M) for pre-moistened case was even larger
han that for dry gas stream. We suggested that both Cu(OH)2
nd partial copper nitrate compound deposited onto the surface
f IAC during impregnation process. It was well known that cop-
er nitrate compound was a stronger moisture absorber. When
ore copper nitrate compound existed, the water films might be

roduced easily onto surface of the IAC to absorb H2S.

. Conclusion

In this study, activated carbon was impregnated by copper
itrate solution via incipient wet impregnation process. For
he impregnation mechanism, we suggested that the negative
harges onto the surface of AC attracted hydrogen ions lead-
ng to the pH value of the impregnant solution increase. Then,
u(OH)2 was formed and deposited onto the surface of AC.
oreover, the role of Cu(OH)2 did not only react with H2S,

ut also as a catalyst to catalyze substitution reaction. Through
ynamic adsorption experiments, adsorption capacity of IAC
as 10 times larger than that of the virgin AC.
It was found that either the existence of moisture in the gas

tream or IAC pre-moistened significantly affected H2S adsorp-
ion capability of the IAC. The moisture effect on H2S adsorption
apacity of IAC was attributed to the following causes.

. The copper(II) species supported on the IAC would be
reduced to copper(I) species under moist atmosphere.

. The competition adsorption occurred when the moisture
existed in the H2S gas stream.

. According to Le Chatelier’s principle, both reactions of Eqs.
(1) and (3) would be unfavorable to proceed whenever water
exists on the IAC.

. The H2S adsorption capacity was improved when the water
film formed onto the IAC.
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