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Abstract
Catalysts loaded activated carbons are the widely used adsorbents to remove H2S for puri�cation of the
gas streams. Virgin carbon, single and mixed catalyst loaded carbon are used as adsorbents. Their
performance of H2S catalytic conversion were studied by evaluating their breakthrough curves in order to
investigate the effect of catalysts contents, categories, assistant catalysts and virgin carbon properties
on the H2S adsorption. The effects of gas stream properties on H2S catalytic adsorption are also
investigated. The results show the H2S uptake amount is increased with catalyst contents and the
assistant catalysts can enhance H2S catalytic conversion. NaOH loaded carbon has has better catalytic
performance than KOH loaded carbon with same contents. Carbons after impregnation keep a relative
high pore volume between 2–20 nm, which is bene�cial to give full play to the catalysis. The relative
humidity and oxygen can enhance the H2S adsorption capacity and play important roles on H2S
adsorption. CTC has little effects on the impregnated carbon for H2S catalytic conversion. Carbon
impregnated with speci�c catalyst can accelerate target substance adsorption and will restrict the pore
volume for organics adsorption.

Introduction
Hydrogen sul�de (H2S) originated from many sources, like natural gas, coal chemical industry,
wastewater treatment plants, land�ll sites, petrochemical industry, is regarded as a key air pollution
problem (Lin et al. 2021; Andrade et al. 2020; Tian et al. 2021). H2S with malodor is pernicious to human
health and has many disadvantages on a large quantity of catalysts. The exposed concentration beyond
500 ppm causes a loss of consciousness (Azargohar et al. 2011). The conventional methods for H2S
treatment contain the biological treatment (Barbusinski et al. 2021), wet scrubbing (Wang et al. 2020),
low temperature plasma technology (Feng et al. 2021), advanced oxidation (Gao et al. 2022), special
activated carbon adsorption (Ning et al. 2018; Shen et al. 2018; Li et al. 2022). Among these methods,
adsorption is one of the most effective methods for deodorization and has been widely used. In a wide
range of adsorbents, activated carbon is used frequently and many studies have been reported on H2S
adsorption (Li et al. 2020; Boudou et al. 2003; Bagreev et al. 1999; Subrenat et al. 2008). However, it is
rather di�cult to adsorb H2S effectively by pure activated carbon, because activated carbon owns non-
polar surface while H2S is a polar gas (Chen et al. 2003).

H2S is an acidic gas and has strong reducibility, which is easy to be oxidized or reacted in the presence of
catalysts. Because of activated carbon with developed pores and huge surface area, it is widely used as
the support and can be modi�ed easily (Georgiadis et al. 2020; Yang et al. 2020; Zeng et al. 2020;
Ciahotny et al. 2019). In order to improve the H2S adsorption performance, the activated carbon can be
loaded with various catalysts to achieve this. Alkaline is a general catalyst, the mechanism of which is
involved H2S dissociation into HS− and H+ in the alkaline environment and then the formed HS− was

further oxidized into S, SO2, SO4
2− by adsorbed oxygen (Sitthikhankaew et al. 2014; Choi et al. 2008;



Page 3/17

Brazhnyk et al. 2007). The catalysts content and categories are investigated to evaluate the catalytic
performance. Based on the above mechanism, it can be concluded that continuous H2S dissociation into

HS− or S2− would result in accelerating H2S adsorption and the improvement of oxidation process would
lead to enhance the H2S catalytic conversion on the adsorbent. From this aspect, KI and KMnO4 were
selected as the assistant catalysts added with a little amount to investigate catalytic synergy. KI and
KMnO4 were not expected to react with H2S, but they were applied to act as the catalyst for continuous
H2S dissociation and enhancing oxidation.

Activated carbon as a support is prepared by different materials and methods, the pore structure of which
has important effects on the catalytic performance of the catalysts loaded on the carbon (Zhang et al.
2017; Song et al. 2019; Hu et al. 2006). Generally, activated carbon with large pore volume can not only
be bene�cial to �ll more catalysts, but also provide su�cient pore volume exists to store reaction
products. Three kinds of commercially available coal-, and coconut shell-based activated carbons were
chosen as adsorbents, which are produced by steam activation. The same catalyst content is loaded on
each of the three activated carbons in order to investigate the effect of the pore structure of activated
carbons on catalytic performance.

In addition, gas stream properties also have important effects on the catalytic performance. At dry or
moist conditions, oxygen or oxygen-free conditions, the differences of the catalytic performance are
investigated. The effects of organics on catalytic performance are analyzed from two aspects: pre-
saturated catalytic carbon for H2S adsorption and catalytic carbon for H2S adsorption accompanied with
organic.

Experiments

Materials
Coal- and coconut shell-based carbon are obtained from Purestar Plant. Potassium Iodide (KI, AR),
Potassium Permanganate (KMnO4, AR), Sodium Hydroxide (NaOH, AR) and Potassium Hydroxide (KOH,
AR) are provided by local vendors from Wei Lian Chemical. Toluene, benzene and carbon tetrachloride
(CTC) are obtained from Sinopharm Chemical Reagent Co., Ltd. The raw H2S gas (5% V/V H2S in
Nitrogen) and butane are obtained from local vendor.

Preparation of the adsorbents
All the carbons are crushed and sieved to obtain the particles with the size range (1.7-3.35mm). A virgin
carbon is coal-based carbon, de�ned as VC, which is the key carbon for impregnation in this study. The
coconut shell-based carbon is de�ned as VC1 and another coal-based carbon is de�ned as VC2. About
7%-wt catalyst loaded carbon preparation, based the VC water volume, VC is impregnated with the given
amount of KOH or NaOH. The produced carbons are VC-KOH and VC-NaOH, respectively. Then the KOH
amount is adjusted to 3%-wt and 5%-wt for different catalyst contents carbon production, and de�ned as



Page 4/17

VC-KOH-3% and VC-KOH-5%. For the assistant catalyst study, 7%-wt NaOH mixed with 2%-wt KI or KMnO4

impregnated on the VC are de�ned as VC-NaOH&KI or VC-NaOH&KMnO4. VC1 and VC2 are also
impregnated with 7%-wt KOH in order to evaluate the pore structure on the H2S catalytic conversion,
which are de�ned as VC1-KOH and VC2-KOH, respectively.

Characterization
Nitrogen adsorption-desorption tests are performed at 77 K using an adsorption analyzer (Autosorb IQ10,
Quantachrome, USA). The surface area is calculated using Brunauer-Emmett-Teller (BET) equation and
the total pore volume is obtained at the relative pressure of 0.99. The pore size distribution curves are
analyzed from micropores to mesopores by QSDFT method in terms of the adsorption branch. The ratio
of pore volumes with different sizes to the total pore volume is also evaluated on basis of the pore size
distribution of activated carbons.

Adsorption test
The saturated adsorption capacity for benzene, toluene, CTC and butane are referenced some standards
(GB/T 7702.13–1997, China; ASTM D5742-95, USA). The breakthrough curves were tested in a vertical
adsorption tube (24mm⋅230mm). The H2S/air gaseous mixture of 1% V/V H2S was used as the gas
stream in the process of testing breakthrough curves, which was obtained by diluting the raw gas of 5%
V/V H2S with air or Carbon Tetrachloride (CTC) loaded air. The gas stream is calibrated and monitored to
maintain a total �ow rate of 1450 ± 20 mL/min. All tests are with same carbon volume to keep the same
contact time 5 seconds. Continue the stream �ow until a breakthrough of 50 ppmv is indicated. Record
the time elapsed from the start to the breakthrough. The H2S detector is provided from Handa Technology
(HD-P900-H2S). The H2S breakthrough capacity (BTC) of the adsorbents are calculated by integrating the
breakthrough curves area, which is expressed as the amount (g) of H2S removed from the vapor stream
per volume (cc) of carbon. The saturated adsorption capacity is calculated by increased weight, which is
expressed as the amount (g) of H2S removed from the vapor stream per weight (g) of carbon.

BTC =
∫ t

0v ⋅ (C0 − Ct)dt
V =

vC0t − ∫ t
0vCtdt

V

BTC—the breakthrough capacity, g/cm3;

v—�ow rate, mL/min;

C 0—initial H2S concentration, ppmv;

C t—t breakthrough concentration at time t, ppmv;

V—volume of activated carbon, mL;

Results And Discussion
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Effect of catalytic factors of activated carbon on catalytic
performance

Effect of catalyst amounts on H2S catalytic adsorption
The effect of catalyst contents on the H2S adsorption is showed in Fig. 1. The service life is increased as
the KOH content increasing, indicating that increasing catalyst amount on activated carbon can improve
H2S adsorption capacity. The impregnation of KOH can enhance the dissociation of H2S to produce HS−

and H+. The constants (pKa) of H2S for the �rst and second dissociation are 7.2 and 13.9, respectively.

Owing to the existence of the alkaline catalyst, the concentration of HS− is enhanced. The formed HS−

reacts with the dissolved O* quickly, and the speci�c reaction occur via Eqs. (1–4). As the reaction going
on, the catalyst KOH will be consumed by the formed H2SO4. The more KOH is added in the carbon, which

can enhance the dissociation of H2S and provide more OH− to participate in reaction. There are more OH−

that can be consumed by the formed H2SO4, thus VC-KOH with 7% catalyst has the better performance.

O(ads) * + HS− → S(ads) + OH− (1)

HS−
(ads) + 3O(ads) * → SO2(ads) + OH− (2)

SO2(ads) + O(ads) *+ H2O → H2SO4(ads) (3)

H+ + OH− → H2O (4)

Effect of catalyst categories on H2S catalytic adsorption
Figure 1 shows the effect of catalyst categories on H2S adsorption. All the impregnated carbons show
excellent adsorption performance for H2S. VC-KOH and VC-NaOH have the similar catalytic mechanism,
but VC-NaOH has the better catalytic performance than VC-KOH, which is attributed to the difference of
the relative OH− mole ratio. Both VC-KOH and VC-NaOH are impregnated with same amount. Due to the
lower molecular weight of NaOH, the relative OH− mole ratio of VC-NaOH is 0.175% (mol/100g) higher
than VC-KOH (0.125%), thus VC-NaOH has a longer service life.

The effect of assistant catalysts on H2S catalytic
adsorption
The effect of assistant catalysts on H2S adsorption is also exhibited in Fig. 1. From the results, the
service life of both VC-NaOH&KI and VC-NaOH&KMnO4 are extremely prolonged and longer than single
catalyst loaded carbon, indicating that KMnO4 and KI as assistant catalysts with smaller amounts can
improve the catalytic performance. The NaOH can enhance the alkaline and accelerate the dissociation
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of H2S. For VC-NaOH&KMnO4, the assistant catalyst KMnO4 can further improve H2S adsorption capacity
in NaOH catalytic process. To some aspects, KMnO4 can enhance H2S dissociation. The formed H2SO4

during NaOH catalytic process can initiate MnO4
− oxidation reaction, like (5). The oxidation stage is

strengthened, thus the H2S adsorption capacity is increased. For VC-NaOH&KI, the H2S adsorption
capacity is the highest. It is noted that KI is a weak alkaline salt, which can also accelerate H2S
dissociation. KI as assistant catalyst is accompanied with another different catalyst mechanism in the
NaOH catalytic process. KI is not consumed from the chemical reaction (6) and (7) and the high
concentration of SO2 can be catalyzed by KI quickly and largely. The formed S substance is not reacted
with the catalyst. The catalytic performance is strengthened by the assistant catalyst, thus VC-NaOH&KI
has the longest service life.

HS−
(ads) + SO2(ads) + S(ads) + MnO4

− → SO4
2− (5)

SO2(ads) + 2H2O + 4I− → S + 2I2 + 4HO− (6)

I2 + 2H2O + SO2(ads) → SO4
2−+4H++2I− (7)

The effect of carbon pore structure on H2S catalytic
adsorption
From Fig. 1, the pore structure of activated carbons has strong effects on H2S adsorption. The three
carbons have the same catalyst content, and it is the focus that whether the catalysts can be fully
utilized. The pore structure has strong effects on catalysts distribution, which further affects the catalytic
performance. Figure 2 shows the N2 adsorption isotherms, and it can be seen that VC1 exhibits the type I
adsorption isotherms and appear no hysteresis loop, indicative of predominantly micropore structures.
VC and VC2 exhibit a type IV adsorption isotherms, which indicates that VC and VC2 are
microporous/mesoporous activated carbons. VC2 with a large hysteresis loop demenstates that there are
more mesopores. The pore parameters of carbons before and after impregnation were listed in Table 1.
From the results, the BET surface area and total pore volume of the carbons after impregnation are all
declined. The catalysts are covered on the pore surface, which may result in the pore blocking or
restricting some surface area and pore volume. The H2S adsorption capacity of the impregnated VC1, VC,
VC2 are increased with V2 ~ 10nm and V10 ~ 20nm, indicating that with same catalyst content, the higher V2 ~ 

10nm and V10 ~ 20nm can give full play to the catalysis and also provide su�cient pore volume exists to
store reaction products to last adsorption. The V2 ~ 10nm and V10 ~ 20nm of impregnated VC1 are declined
more, resulting in the restriction of the catalysis and limitation to store reaction products.
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Table 1
Pore parameters of the carbon before and after impregnation

  SBET

(m2/g)

Vtotal

(cm3/g)

V< 2nm

(cm3/g)

V2 ~ 10nm

(cm3/g)

V10 ~ 20nm

(cm3/g)

VC 1015 0.6928 0.2628 0.2566 0.0687

VC-KOH 725 0.4621 0.2093 0.1524 0.039

VC1 1153 0.6262 0.3581 0.1409 0.0474

VC1-KOH 762 0.307 0.235 0.0286 0.0037

VC2 1100 0.8177 0.2877 0.2547 0.0731

VC2-KOH 816 0.7408 0.2181 0.2177 0.078

Effect of gas stream properties on H2S adsorption

Effect of relative humidity on H2S catalytic adsorption
Figure 3 shows the relative humidity on H2S adsorption capacity. From the results, the loading is
increased as the relative humidity increasing. Water plays a key role on H2S adsorption. H2S need to be
dissolved in water and then can be reacted with the catalyst. When RH is naught, the H2S reacts with
catalyst directly. The water is produced by acid base neutralization reaction, and the catalyst is
surrounded by the produced water. Then the H2S begin to dissolve in the limited water to be adsorbed,
because of the limitation, the adsorption capacity of H2S is low. As the RH increasing, the water �lm is
formed on the carbon surface, and the carbon impregnated with catalysts can enhance the water uptake
from the gas stream (Li et al. 2022; Tsai et al. 2001). H2S can be dissolved widely on the carbon surface,
and react with catalyst fully and extensively, thus the loading of H2S is enhanced at higher RH. In
addition, the formed water �lm is also bene�cial to oxygen dissolution (Steijns et al. 2017).

Effect of oxygen on H2S catalytic adsorption
Figure 4 shows the function of oxygen on H2S adsorption. From the results, oxygen has strong in�uence
on H2S adsorption capacity. If without oxygen, H2S can be directly reacted with catalyst and converted

into S2−. When O2 is involved in the chemical adsorption process, the H2S can be converted into S SO2

SO3 and SO4
2−. When the water �lm is formed on the carbon surface, the oxidation of O2 can be

enhanced and the adsorption capacity is increased (Bandosz 1999; Bagreev et al. 2001).

Effect of Organic on H2S catalytic adsorption
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VC-KOH is saturated with CTC �rst, and then the H2S breakthrough is investigated with the saturatured
carbon. Besides, VC-KOH is also applied to adsorp the H2S dilluted with CTC and air. The results have
been showed in Fig. 5. There is no signi�cant difference on the breakthrough time between the H2S
adsorption on saturatued VC-KOH and the mixed gas adsorption on VC-KOH. In contrast with the previous
H2S adsorption without organic, there is a little decrease on the breakthrough time, and this is attributed
to the restriction of microporous catalysis. During the adsorption process, micropores are gradually
occupied by the CTC through physical adsorption, which results in only a little H2S goes into the
mircropores and then can be removed. It can be conclued that the physical and chemical adsorption of
VC-KOH is relatively independent. If the chemisorption process has enough adsorption time, all the tests
can reach the max adsorption capacity for H2S.

Comparing VC and VC-KOH for organic adsorption
From Fig. 1, VC for H2S adsorption mainly depends on physical adsorption and the BTC of H2S is only
0.01 g/mL, while VC loaded catalysts can extremely enhance the H2S adsorption capacity. Figure 6
shows the saturated adsorption capacity of different organics with different molecular weight on VC and
VC-KOH. From the results, VC has the higher adsorption capacity in comparing with VC-KOH, and all the
saturated adsorption capacity of VC-KOH is declined after impregnation, indicating that carbon after
impregnation can reduce pore volume. Catalysts exist on the carbon surface by multilayer and aggregate
state, which may block some pore, thus the pore volume is declined after impregnation, which is also
re�ected from Table 1. It also can be seen that the impregnated carbon is not suitable for organic
treatment. Carbon impregnated with speci�c catalyst can accelerate target substance adsorption, on the
opposite, it will reduce pore volume for organics adsorption.

Conclusions
The breakthrough curves of various carbons, including virgin carbon, single catalyst loaded and mixed
catalysts loaded carbons, shows the catalysts contents, categories, assistant catalysts and virgin
carbons all have effects on H2S catalytic conversion. The H2S uptake amount is increased with catalyst
contents. The assistant catalysts are added, that can enhance H2S catalytic conversion, and the new
adsorption mechanism is happened accompanied with alkaline catalytic process. Keep same catalysts
content, VC-NaOH has better catalytic performance than VC-KOH. Carbons after impregnation can
maintain a relative high pore volume between 2–20 nm, and it is bene�cial to give full play to the
catalysis. The relative humidity and oxygen can enhance the H2S adsorption capacity and play important
roles on H2S adsorption. CTC has little effects on the impregnated carbon for H2S catalytic conversion.
Carbon impregnated with speci�c catalyst can accelerate target substance adsorption and will restrict the
pore volume for organics adsorption.
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Figure 1

H2S adsorption on the carbon with various catalyst amounts
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Figure 2

N2 adsorption isotherms for various carbons
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Figure 3

Effect of relative humidity on H2S adsorption
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Figure 4

Effect of oxygen on H2S adsorption



Page 16/17

Figure 5

Effect of organic on H2S adsorption
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Figure 6

Different organic gas adsorption capacity for VC and VC-KOH


