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Abstract Aiming at the characteristics and current status

of refineries’ odor pollution, the sulfur containing odor

gas–hydrogen sulfide was chosen as a typical object and

treated by using the adsorption-catalytic oxidation method

in the laboratory. This research focused on the preparation

of adsorptive catalyst with high sulfur capacity at room

temperature. The results showed that the sulfur capacity of

walnut shell activated carbon (WSAC) was up to 351 mg/

g, specific surface area was 2,030 m2/g, and the pore vol-

ume of microspores was 0.608 mL/g. By comparison with

the commercial activated carbon, it is found that the spe-

cific surface area, the sulfur capacity, and iodine value of

WSAC have been improved significantly. The sulfur

capacity of WSAC modified by KIO3 with mass fraction of

1 % was up to 459 mg/g.

Keywords Hydrogen sulfide � Walnut shell activated

carbon � Modification � Desulfurization

Introduction

In recent years, with the industry development, especially

the growing scale of petrochemical enterprise develop-

ment, the odor emissions increase dramatically. The odor

damage is very serious and has aroused the widespread

interest. Because of the characteristics of the crude oil

composition, the oil refining process produces a large

amount of the sulfur containing odor substances. The sulfur

containing odor substances can cause serious environment

pollution. In addition, with the increase of domestic crude

oil quality deterioration and sulfur content and the imports

of high-sulfur crude oil, the sulfur containing odor pollu-

tion becomes worse and has seriously affected the petro-

chemical enterprise’s survival and development [1].

Therefore, the study on the sulfur containing odor treat-

ment is imperative.

At present, the treatment methods of sulfur containing

odor pollution mainly include physical method, chemical

method, and biological method [2–5]. The above treatment

methods can be used alone, but each of them has its advan-

tages and disadvantages. Comparing with other methods, the

adsorption method has the advantage of good effect and

simple operation. But, it is mainly restricted by adsorbent

adsorption performance and regeneration performance.

More than half of odorous pollutants are sulfur con-

taining gas [6]. In these sulfur containing gas, hydrogen

sulfide is the main odor gas. H2S can be detected by most

people as low as 0.0047 mg/m3 [7]. From the point of a

purification system engineering design, the odor threshold

of H2S is 0.18 mg/m3 [8]. Hydrogen sulfide not only can

cause a certain degree of corrosion to equipment and line,

but also has the serious threat to personal safety. It is also

one of the atmospheric pollutants urgently needed to be

treated [9]. So, different types of desulfurization catalyst

get more attention to eliminate H2S pollution. Previous

studies showed that the activated alumina was mostly

chosen as the carrier. The metal oxide or a small amount of

precious metals could be loaded on the activated alumina

to make the supported catalysts [10–12]. Activated carbon

has large surface area, huge pore volume, and complex

pore structure. So, it can fulfill a dual role as a catalyst for

the direct oxidation of hydrogen sulfide to sulfur and as an

adsorbent for removing sulfur and its oxides from the gas

stream. The selectivity of activated carbon for oxidation of
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H2S to sulfur is dependent on process conditions, textural

characteristics, structural characteristics, and surface

chemical characteristics of the carbon catalysts [13, 14].

Considering the cost and treatment effect, this article

used the walnut shell waste as raw material and adopted

ZnCl2 activation method to prepare the high-specific sur-

face area activated carbon. The preparation conditions of

activated carbon were investigated and optimized. The

walnut shell activated carbon (WSAC) was also modified

and characterized.

Materials and methods

Experimental facility

The experimental apparatus included gas generator, gas

distribution device, and adsorption device. In the gas

generator, sodium sulfide solution and sulfuric acid were

used to prepare the hydrogen sulfide gas. The gas gener-

ating speed was controlled by adjusting the drip speed of

tow solutions.

Hydrogen sulfide gas was mixed with air in the secondary

distribution device and then entered into the adsorption

device. The adsorption device was controlled by the con-

stant-temperature water bath. The sulfur capacity of acti-

vated carbon was calculated by measuring the concentration

of import and export hydrogen sulfide gas and the adsorption

time. The experimental device is shown in Fig. 1.

Preparation of WSAC

The walnut shells were crushed, removed impurities by a

magnet, washed, dried, and sized. The prepared walnut

shells were stored in the jar. The ZnCl2 solution was pre-

pared in a certain mass fraction. 300 g prepared walnut

shells were added into the ZnCl2 solution, stirred, and

allowed to separate for 24 h. After drying, the sample was

put into the tube furnace and carbonized at 300 8C under

nitrogen atmosphere. The prepared carbonization sample

was steeped in the ZnCl2 solution for 20 min. After

extracting and drying, the carbonization sample was put

into the muffle furnace. And then, the sample was cooled

and boiled with hydrochloric acid for 20 min. The product

was washed with deionized water to neutral and put into

the oven at 120 8C.

Desulfurization performance of WSAC

The 10 g WSAC was put into the glass adsorption tube

(25 mm in diameter, 330 mm in height), and placed in the

25 8C constant-temperature water bath. The certain con-

centration mixed gas was configured by the distribution

device. The gas samples were sampled in the intake point

and outlet point at regular intervals. When the ratio of gas

concentration in the intake point and outlet point was

50 %, the adsorption tube was taken and placed into the

drying oven at 98–102 8C for 2 h. The sulfur capacity of

WSAC was calculated by the gaining weight. The hydro-

gen sulfide concentration was 1,400–1,600 mg/m3, the inlet

flow was 350 mL/min and the air speed was 500 h-1.

Performance characterization of WSAC

BET, iodine adsorption value, pH and XPS analysis were

used to characterize the WSAC. The iodine adsorption

value was measured by the method defined in GB/T

12496.8-1999 [15].

Fig. 1 Experimental device
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Modification of WSAC

Modification of activated carbon can effectively increase

the sulfur capacity. So, the equivolume immersion method

was used for WSAC modification at different KIO3 con-

centrations. The desulfurization capacity of WSAC was

also investigated.

Results and discussion

Effect of preparation conditions on desulfurization

performance of WSAC

Effect of activator mass fraction on desulfurization

performance

In this research, the breakthrough point was defined as the

ratio of hydrogen sulphide concentration in the outlet and

intake being 10 %, the associated time was the break-

through time. Figure 2 is the breakthrough curve of WSAC

adsorbing hydrogen sulphide. The mass fraction of activator

ZnCl2 solution was 20, 30, 40, 50, and 60 %, respectively.

The ordinate represented the ratio of hydrogen sulfide

concentration in outlet point and the intake point.

Figure 2 shows that with the increase of ZnCl2 mass

fraction, the breakthrough time increases. When ZnCl2
mass fraction was 60 %, the breakthrough time was the

longest up to 150 min. ZnCl2 had the strong dehydration

and could decrease the carbonization temperature [16]. In

addition, ZnCl2 could change the decomposition process,

inhibited the tar production, and promoted the pores for-

mation. The pores were likely formed when a large quan-

tity of zinc was removed from the hot carbon matrix

(boiling point of zinc chloride is 732 8C [17]). So, with the

increasing ZnCl2 mass fraction, the performance of WSAC

also increased. Ozdemir et al. also showed that as the

impregnation ratio of ZnCl2/grape stalk was increased from

0.5 to 2, the BET surface area of activated carbon prepared

increased from 482 to 1,411 m2/g [18].

Effect of activation time on desulfurization performance

Figure 3 shows the breakthrough curve of WSAC

adsorbing hydrogen sulphide when the activation time is

30, 60, 80 and 100 min, respectively. The breakthrough

time first increased and then decreased with the increase

of activation time. When the activation time was

80 min, the breakthrough time was the longest. The

volatile content in the walnut shell was high. The vol-

atile content must be removed by carbonizing during the

preparation of activated carbon. When the activation

time was shorter than 80 min, the inadequate carbon-

ization was not conducive to the pore formation. While

the activation time was longer than 80 min, the exces-

sive carbonization resulted in the carbon serious loss and

pores distortion. So, the short and long activation times

are all disadvantages for WSAC adsorbing hydrogen

sulphide.

Effect of activation temperature on desulfurization

performance

The activation temperature is a very important parame-

ter which affects the physical characteristics of activated

carbon. Figure 4 shows the breakthrough curve of

WSAC adsorbing hydrogen sulphide when the activation

temperature is 350, 450, 550, and 650 8C, respectively.

The breakthrough time first increased and then

decreased with the increase of activation temperature.

When the activation temperature was 450 8C, the

breakthrough time was the longest, larger than 150 min.

The activation temperature was lower than 700 8C in

Ozdemir et al. [18] research. During the activation

process, the action of activator appears in two aspects.

On the one hand, activator promotes the pyrolytic

reaction and is conducive to the formation of initial

pores. On the other hand, the activator is full of pores

and it avoids the tar formation. The activated carbon

with developed pore structure can be obtained by

washing the activator.
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Fig. 2 Breakthrough curve at different ZnCl2 mass fractions

0

0.1

0.2

0.3

0.4

0.5

0.6

0 50 100 150 200

Time/min

C
/C
0 30min

60min

80min

100min

Fig. 3 Breakthrough curve at different activation times

Appl Petrochem Res (2014) 4:337–342 339

123



Preparation conditions optimization of WSAC

Table 1 lists the preparation factors of WSAC. In order to

optimize the preparation conditions of WSAC, the

orthogonal array was designed with activator mass fraction,

activation time and activation temperature as factors, the

sulfur capacity was the index, as shown in Table 2.

Table 2 shows that the sulfur capacity in all test changes

considerably. In test 4, the sulfur capacity was the largest

and it was 351 mg/g. The optimal preparation conditions of

WSAC were as follows: the activator mass fraction being

40 %, activator time being 60 min, and activation tem-

perature being 450 8C. Under this condition, the break-

through time was 183 min and the sulfur capacity was

351 mg/g.

It can be seen that the range of activator mass fraction

was the largest (142), while the ranges of activation time

and activation temperature are on the same level, which

indicated that the activator mass fraction had great influ-

ence on sulfur capacity. ZnCl2,, as an activating agent, is

very efficient to produce activated carbon with high

porosity and high surface area and that the mass fraction

has a significant influence on porosity development.

According to the pore evolution theory, non-carbonic ele-

ments such as oxygen and hydrogen during decomposition

change to volatiles and a pressure develops inside the

particle due to volatiles accumulation. When these trapped

volatiles diffuse out through the particle, the pores are

evolved [19].

Modification of WSAC

The impregnation of carbon with transition metals was the

well-known way to increase their capacity toward toxic

gases [20]. Figure 5 is adsorption desulfurization break-

through curve of WSAC before and after modification.

Comparing with the WSAC before modification, the

breakthrough times were all extended after modification.

When modifier KIO3 mass concentration was 1 %, the

breakthrough time was the longest, longer than 400 min.

When modifier KIO3 mass concentration was 5 %, the

breakthrough time was only about 300 min. When modifier

KIO3 mass concentration was 0.5 %, the breakthrough time

was the shortest. This showed that too high and too low

modifier KIO3 mass concentration were all disadvantages

for modification. If the modifier mass concentration was

too low, this led to small active sites on the catalyst surface

and low catalytic activation. If the modifier mass concen-

tration was too high, this led to the aggregations of

Fig. 4 Breakthrough curve at different activation temperatures

Table 1 Preparation conditions of walnut shell activated carbon

Factors Activator

mass

fraction (%)

Activation

time (min)

Activation

temperature

(8C)

1 30 60 350

2 40 80 450

3 50 100 550

Table 2 Orthogonal table of activated carbon preparation experiment

Test Activator

mass

fraction (%)

Activation

time (min)

Activation

temperature(8C)

Sulfur

capacity

(mg/g)

1 30 60 350 113

2 30 80 450 198

3 30 100 550 167

4 40 60 450 351

5 40 80 550 304

6 40 100 350 248

7 50 60 550 316

8 50 80 350 290

9 50 100 450 273

k1 159 260 217

k2 301 229 274

k3 293 216 262

R 142 44 57

Fig. 5 Adsorption breakthrough curve of modified activated carbon

by KIO3
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activated centers. In addition, strong oxidization of KIO3

will result in the etching of pore structure and the decrease

of catalytic activation.

Figure 6 is the sulfur capacity of WSAC before and after

modification at different modifier mass fractions. With 1 %

of KIO3, the sulfur capacity of the modified WSAC was the

highest, up to 459 mg/g. The sulfur capacities were the

same between KIO3 mass fraction of 0.5 and 3 %. Sulfur

capacity with the KIO3 mass fraction of 5 % was lower

than that of before modification. The reason was that strong

oxidization of KIO3 could result in the etching of pore

structure and the decrease of catalytic activation.

Performance characterization of WSAC

The BET determination results of WSAC are shown in

Table 3 and the physical and chemical properties are

shown in Table 4.

Table 3 shows that with the optimum preparation con-

ditions, the specific surface area of WSAC is 2,030 m2/g.

The micropore was developed and the average pore size

was small, which was very beneficial for adsorption of

hydrogen sulfide gas. The pore structure of WSAC was

superior to that of activated carbons in Bashkova et al.

research [21]. As indicated previously [22], micropores of

activated carbon were considered as activated centers for

H2S adsorption/oxidation.

From Table 4 it can be seen that, walnut shell active

carbon which was prepared under the optimum process

conditions, the iodine adsorption value was the largest

(more than 1,000 mg/g) and sulfur capacity was 351 mg/g.

It was far higher than the sulfur capacity of commercial

activated carbon. It was found that the pH after adsorption

had a decreasing trend by comparing. The change in the pH

after hydrogen sulfide adsorption/oxidation was usually

caused by the deposition of H2S oxidation products such as

SO2 or H2SO4 [23, 24]. A noticeable increase in surface

acidity of commercial activated carbon was usually caused

by the presence of sulfuric acid. In fact it was found pre-

viously that H2SO4 is the main product of H2S oxidation on

virgin carbons and particularly on the wood-based samples

[23]. A relatively small decrease in the pH of the WSAC

and 1 % KIO3–WSAC in comparison suggested formation

of salts and/or elemental sulfur on the surface.

The composition of specific product can be determined

by X-ray photoelectron spectroscopy (XPS) characteriza-

tion methods. The full scan spectra of WSAC after
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Fig. 6 Modified AC sulfur capacity at different KIO3 mass fractions

Table 3 The pore structure of walnut shell activated carbon sample

Sample
name

Surface
area
(m2/g)

Total pore
volume
(mL/g)

Micro pore
volume
(mL/g)

Average
pore size
(nm)

Walnut
shells AC

2,030 1.183 0.608 1.62

Table 4 The physical and

chemical properties of walnut

shell active carbon

Sample name Surface area

(m2/g)

Sulfur capacity

(mg/g)

Iodine value

(mg/g)

pH before

adsorption

pH after

adsorption

WSAC 2,030 351 1,023.4 5.96 5.88

1 % KIO3–WSAC \ 459 813.9 5.61 3.82

Commercial AC 800 46 606.6 9.13 6.19

Fig. 7 Full scan of KIO3 modified WSAC after absorption
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adsorption which was modified by potassium iodate change

is shown in Fig. 7.

Figure 7 shows that the strongest peak is the C1s peak,

followed by O1s peaks, O KLL peak, S2s peak, and S2p

peak. The presence of the peaks explained the main reason

for catalyst deactivation after adsorption. The carbon

deposits formed on the surface and elemental sulfur prod-

uct blocked the WSAC pores.

Conclusion

1. The optimal process conditions of WSAC were the

activator mass fraction being 40 %, activation time

being 80 min, and activation temperature being

450 8C. Under this condition, the breakthrough time

was 183 min and the sulfur capacity was 351 mg/g.

2. 1 % of potassium iodate modification was the best, the

sulfur capacity can be increased to 459 mg/g, and

breakthrough time was up to 400 min.

3. The specific surface area of WSAC was 2,030 m2/g,

the average pore size was 1.62 nm, micropore was

developed, and it was very beneficial for adsorption of

hydrogen sulphide.

4. By modified with 1 % potassium iodate, pH of WSAC

was lower. It can be concluded that acidic substances

were generated or part of hydrogen sulfide was trapped

by physical adsorption.
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