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The main aim of this study was to remove hydrogen sulfide (H,S) from biogas by adsorption using Received 26 February 2020
synthesized activated carbon prepared using locally available biomass. The effect of the type of ~ Revised 27 April 2020
precursors, impregnation reagent and bed height was studied in continuous reactors. Three types Accepted 27 April 2020
of biomass wastes (almond shells, eucalyptus and coffee grains) were collected, grinded, sieved, KEYWORDS

pyrolyzed at 500°C and impregnated with chemical reagents such as potassium hydroxide or zinc Hydrogen sulfide;
chloride. Adsorption tests were performed using a fixed bed filter filled with the produced packed-bed; adsorption;
activated carbon. The highest biochar yield of 36% was obtained eucalyptus followed by almond activated carbon; removal
shells (28.5%) and coffee grains (24%), respectively. The highest adsorption capacity and removal efficiency

efficiency were obtained with eucalyptus followed by almond shells and coffee grains, respec-

tively. For instance, eucalyptus showed an adsorption capacity of ~690 (mg hydrogen sulfide/g

adsorbent) followed by almond (230 mg hydrogen sulfide/g adsorbent) and coffee grains (22 mg

hydrogen sulfide/g adsorbent). As an impregnation reagent, potassium hydroxide gave the high-

est adsorption efficiency and capacity than zinc chloride. Furthermore, the breakthrough time

with KOH (180 min) was higher than ZnCl, (70 min). Increasing the bed height during continuous

breakthrough tests increased the adsorption capacity and hydrogen sulfide removal efficiency.

The results of this study showed that the adsorption efficiency of the synthesized activated carbon

and consequently the hydrogen sulfide removal efficiency could be fine-tuned by selecting an

appropriate biomass precursor and proper impregnation reagent.
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1. Introduction different biomass feedstocks including animal, agri-

cultural and organic food waste resides [1-5]. The
produced biogas is mainly composed of methane,
carbon dioxide and fractions of water vapor and
hydrogen sulfide (H,S), i.e. H,S is an impurity of
biogas [6]. The presence of H,S adversely affects the

Biogas is a promising renewable energy source that
can replace the conventionally used nonrenewable
fossil fuels in most of the developing countries (e.g.
Palestine and India). Conventionally, biogas is com-
monly produced through the anaerobic digestion of
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quality of the biogas and it has major environmental
and technical drawbacks. For instance, at concentra-
tions of 1000 to 2000 ppm, H,S can cause a collapse,
coma and death from respiratory failure within a few
seconds after one or two inhalations [7]. At concen-
trations of 100 to 200 ppm, H,S may cause a blurred
vision and death following exposure for 1-8 h [7].
Moreover, dissolved H,S with concentration up to
50 ppm causes fermentation inhibition since it is
toxic to the bacteria in the slurry of bioreactors [8].
Technically, H,S is corrosive and can significantly
damage the metallic parts of the biogas facilities and
electrical generator [9]. Furthermore, the electrical
generation efficiency dramatically decreases when
the H,S concentration in the biogas is very high.
From an environmental perspective, the combustion
of H,S during electrical generation forms sulfur
dioxide (SO,), leading to the formation of a highly
corrosive gas and it contributes as a major source of
acid rains [9]. Therefore, the removal of H,S form
the biogas is of high technical, environmental and
health importance.

In the literatures, various biological, chemical and
physical techniques have been successfully applied
for the purification of biogas from H,S such as
biological desulfurization, chemical absorption,
water scrubbing, membranes and adsorption [8-
14]. Adsorption is one of the most effective technol-
ogies applied in removing H,S from biogas streams.
The high H,S removal efficiency achieved by adsorp-
tion makes it superior over other purification tech-
niques. Besides, it is a rather inexpensive technique
with wide range of choices of low-cost adsorbents.

During the adsorption process, the biogas is
contacted with an adsorbent in which the H,S is
collected on the surface and interior microstruc-
ture of the adsorbent. Several types of adsorbents
have been proposed in the literature, including
metal oxides, silica gel, zeolites, synthetic resins,
and activated carbon [8,15-21]. Activated carbon
has been widely used for the treatment of waste-
water and waste gases. The high porosity and
surface area of activated carbon provide a high
capacity for the separation of pollutants from the
liquids and gases present in the polluted envir-
onment. The activated carbon is commonly pro-
duced through the pyrolysis and impregnation of
various biomass feedstock [22]. During pyrolysis,
the biomass is thermally decomposed in the

absence of oxygen at a controlled temperature
to produce biochar [23]. The biochar, also called
‘charcoal’ in the literature, is the solid product
from pyrolysis, or it is the carbonaceous residue
after all the volatile matter leaves the biomass as
gases and tar. The pyrolysis process is usually
followed by an impregnation step. There are
three types of activation: physical, chemical and
physico-chemical activation [24].

Chemical impregnation is largely implemented in
practice due to the lower impregnation temperatures
and shorter treatment time compared to other
impregnation methods; besides, it offers a larger sur-
face area, microporosity and yield of the obtained
activated carbon (AC) [25]. In chemical impregna-
tion, the carbonized char material is impregnated
with an oxidizing agent for dehydration by mixing
or kneading with a concentrated solution of acid or
base. The impregnation procedure increases the por-
osity and surface area and widens the existing micro-
pores and mesopores of the char matrix [26]. The
internal surface area of the AC can reach values up to
500 to 1500 mz/g [26]. The common chemical
reagents applied at the industrial scale for the
impregnation of biochar include ZnCl,, H;PO,,
NaOH, KOH, and K,CO; [24,27].

It is worth mentioning that the properties of the
produced AC strongly depend on the type of pre-
cursor biomass and the operating conditions during
pyrolysis (Ahmad et al., 2019). The lignin and cel-
lulose content of the plant texture greatly affects the
microstructure of the produced AC. Previous stu-
dies have shown that, the higher the lignin content
in the biomass, the higher the biochar yield and
micropores surface area [24]. In addition, the oper-
ating conditions, including temperature and pyro-
lysis residence time, play an important role in the
yield and quality of the biochar produced.
Generally, when conducting the pyrolysis at low
temperatures (~500°C), high residence time is
favorable for producing high-quality biochar [28].
Most of the previous adsorption studies in the lit-
erature have mainly focused on wastewater treat-
ment; however, biogas purification using biochar
adsorbents was lightly investigated.

Concerning the novelty of this work, in
Palestine, the biogas production is quite limited,
with only one full scale industrial-scale biogas
plant that is in operation. In this plant, cow



manure is being used as a feedstock to the biodi-
gester. The generated biogas is purified from H,
S using an expensive commercial AC filter. This
study responds to a real need of the biogas indus-
try in the country to provide a relatively cheap
biogas purification technology that can also be
applied in other developing countries in Asia,
Africa and South America. Thus, it is hypothesized
that the expensive AC can be replaced with differ-
ent low-cost and effective ACs that can be pro-
duced from widely available biomass wastes such
as spent coffee grains, eucalyptus barks and
almond shells. The objective of the present study
was to prepare low-cost biochar adsorbents from
locally available biomass wastes for application in
the purification of biogas from H,S using packed-
bed adsorption system. The effect of the type of
precursor biomass waste, impregnation agent and
the packed-bed characteristics on the H,S removal
efficiency was tested in this study.

2. Experimental: materials and methods
2.1. Biomass precursors and biogas composition

Coffee grains (COF) waste was collected from a local
home kitchen (Hebron, Palestine). Eucalyptus barks
(EUC) and almond shells (ALM) were collected from
a local home garden (Hebron, Palestine). Concerning
impregnation agents, potassium hydroxide (KOH) and
zinc chloride (ZnCl,) (90%, Albemarle, Louisiana,
Florida, USA) were used in this study. Biogas was
obtained from the Al-Jebrini biogas facility, Al-
Dhaheria, Hebron, Palestine. The composition of the
biogas stream was as follows: 67.30% CH, 31.90%
CO,, 0.20% O,, 0.07% H,S, 0.53% other minor gases.
The biodigester was fed with biomass waste obtained
from Al-Jebrini cow farm Al-Dhaheria, Hebron. It con-
sists of 20 ton/day of solid cow manure and 60 ton/day of
liquid manure mixture (i.e. the solid cow manure mixed
with wastewater from the milking station).

2.2. Pretreatment and pyrolysis of biomass
wastes

The collected biomass wastes were washed with tap
water to remove the impurities and dried in an
oven (Daihan LabTech Co., Ltd., South Korea), at
105°C for 24 h. The samples were, then, smashed
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and sieved for 15 min using an auto sieve analysis
shaker (Matest, Italy) with meshes # (10, 18, 40, 60
and 140). Particles retained on mesh #140 were
used for subsequent analysis. The collected particles
were filled in a tightly closed porcelain crucible, in
order to isolate the oxygen and water vapor, and
pyrolyzed at 500°C for 1 h inside a muffle furnace
(IabTech International Ltd. East Sussex, UK). The
yield of the pyrolyzed materials was defined as the
ratio of the weight of the produced biochar to the
original biomass weight. Most of the samples were
tested in triplicate for yield measurements and the
average values are presented in this study with their
standard deviation values (i.e. the SD, + values).

2.3. Impregnation

For the impregnation of the samples, distilled water
was added to the pyrolyzed biomass at a ratio of
10:1 (v/w) (ViaterWoiomass) and the impregnation
reagent was then gradually added into the mixture,
at a ratio of 1:4 (Wt reagens: Wt piomass)- The mixture
was carefully stirred at 300 rpm and heated to
a temperature of 80°C using a hotplate magnetic
stirrer (labTech International Ltd. East Sussex, UK)
until most of the liquid was evaporated. The sam-
ples were then dried in an oven, at 105°C for 24 h.

2.4. Adsorption studies in a packed-bed reactor
and flow characteristics studies

Adsorption experiments were performed using
a packed-bed plastic filter with an internal diameter
of 1 cm and a height of 12 cm (Figure 1). Two thin
layers of a porous cloth were placed at the inlet and
outlet of the filter in order to hold the AC particles.
The bed was firstly run empty (without AC) in order
to test the effect of the bed material and closing the
cloth on the H,S adsorption behavior. The AC par-
ticles were then packed inside the bed at different
heights of 2, 4, 6 and 8 cm, respectively. The biogas
stream with an average H,S concentration of 970
ppm entered from the top of the filter bed and it
was passed through the AC particles before leaving
from the bottom of the packed bed reactor. The inlet
and outlet concentrations of H,S were recorded dur-
ing different time intervals. The removal efficiency of
H,S was studied in terms of time course profiles, i.e.
by sampling both the inlet and the outlet H,
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Figure 1. Experimental setup used for H,S adsorption test
(1,3 — inlet and outlet connections, 2 — packed bed).

S concentrations. Thus, the breakthrough curves of
the H,S adsorption inside the packed-bed were
established by plotting the ratio of the outlet con-
centration to the initial concentration ratio (c/c,) as
a function of the operational time.

The biogas flow rate was measured using the water
displacement method [29] and was kept constant at
approximately 1.5-1.7 L/min. The flow through the
bed was characterized by estimating the Reynold’s
number of the flow, as given in Equation (1) [30].
The bed characteristics and operating conditions are
listed in Tables 1 and 2, respectively.

pUD

_ 1
0o M

where p is the gas density (Kg/m?), U is the super-
ficial fluid velocity through the bed (m/s), D is the
bed diameter (m), y is the fluid dynamic viscosity
(pa.s), and e is the void fraction of the bed (dimen-
sionless). The values of ¢ were determined using
Equation (2):

Table 1. The packed bed, biogas characteristics, and operating

conditions.

Variable Symbol Value Unit
Density (biogas) P 1.17 kg/m?
Dynamic viscosity (biogas) u 1.26 x 107 Pa.s
Flow rate Q 15 L/min
Particles average diameter X 177 x 107° m
Bed cross-sectional area A 7.85 % 107° m?
Superficial velocity U 0.318 m/s

Table 2. Void fraction and pressure drop for the adsorption bed
packed with various types of biochar.

Biochar € Re, AP/H (kpa/m) AP (kpa)
EUC 0.7 984.28 7.01 0.14
ALM 0.63 798.07 14.23 0.28
COF 0.67 894.81 9.54 0.19
Vy
€=~ (2)
Vr

where V7, is the void volume, which was measured
using the fluid saturation method [31], and V7 is
total volume of the packed-bed.

The pressure drop for the flow through the bed
was calculated using the Carman-Kozeny equation
[30], as follows:

where Ap is the pressure drop (pa), H is the height
of the bed (m), and x is the particle diameter (m).

2.5. Adsorption capacity

The total amount of H,S adsorbed onto the AC
particles was determined by applying mass balance
principles on the packed-bed, as shown in Figure
2. The general mass balance equation given in
Equation (4) was applied.
Total H, Saccumulation
(i.e. total amount of adsorbed H,S) (4)

= input — output

Rate of accumulation(R)

= (xQ) = (cxQ) (5)
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Figure 2. Activated carbon-based packed bed (C and Q are the
H,S concentration and flow rate, respectively).

where ¢, is the inlet concentration of H,S (g/L),
¢ is the outlet concentration of H,S (g/L) and Q is
the flow rate (m>/min).

JOC Rdt = Joo(c0 X Q—cxQ)dt (6)

0 0

J Rdt = QCOJ " at 7)
0 0 Co
0 c
Total accumulation = J (1 ——)dt (8)
(0.¢] CO

where t is the adsorption time (min). The integral
o

[ (1 — £)dt in Equation (8) can be obtained from
0 0

the shaded area of the breakthrough curve as
shown in Figure 3.

The adsorption capacity of AC can be obtained
from Equation (9) as follows:

Mm2s
= 9)
mac
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Figure 3. Breakthrough curve achieved after H,S adsorption.

where g is the adsorption capacity of AC (mg H,S/g
AC), myps is the total amount of H,S (mg) accu-
mulated as given in Equation (8) and my¢ is the
mass of AC (g) filled in the adsorption bed.

3. Results and discussion
3.1. Biochar yield

The yield of the produced biochar from the pyr-
olysis process was determined for the three types
of biomass waste and the results are shown in
Table 3. The highest yield of 36% w/w was
obtained with EUC followed by ALM (28.5%)
and COF (24%), respectively. The difference in
the yield of the biochar might be ascribed to the
difference in the lignin and cellulose content; the
higher the lignin content, the higher the yield [28].
Therefore, the EUC showed the highest yield due

Table 3. The yield, H,S adsorption capacity, and cellulose and
lignin contents of various biochar types.

Adsorption
capacity Lignin Cellulose
Yield (mg H,S/g  content  content
Biomass (%) AQ) (% w/w) (% w/w) Reference
EUC 36 490 26-33 55-68 [32]
(£3.13)
ALM 285 230 248 58 (7]
(£0.71)
COF 23.87 22 239 51 [33]
(£1.96)
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to the fact that its lignin content is the highest
among others (Table 3) [7,32,33].

3.2. Effect of biomass precursor type on the
adsorption characteristics

The effect of the type of biomass waste on the
adsorption of H,S was investigated. Figure 4
shows the breakthrough curves of H,S adsorption
with an empty bed and when the bed was packed
with 2 cm of EUC, ALM and COF biochar acti-
vated with KOH, respectively. As seen from the
results, when the bed was empty, the breakthrough
curve was very steep and the outlet concentration
rapidly increased to reach its inlet concentration
within about 45 s; indicating that the amount H,
S adsorbed onto the cloth and bed material is
almost negligible. On the other hand, when the
bed was charged with the AC material, the break-
through time dramatically increased compared
with those observed when the bed was empty
and was highly dependent on the type of biomass
precursor material used. At the beginning of the
adsorption process, the outlet H,S concentration
dramatically dropped to less than 10 ppm for the
three samples; indicating high adsorption (H,
S removal) efficiencies. However, with operational
time, the outlet H,S concentration increased at
different rates depending on the AC sample tested
in this study. For instance, with COF, the break-
through curve was steeper than EUC and ALM.
The outlet concentration remained around zero

(i.e. 100% removal efficiency) for about 3 min
and the H,S outlet concentration rapidly increased
to reach its inlet concentration after only 10 min.
The ALM performed better than the COF; as the
outlet concentration remained around zero for
about 7 min; thereafter, it gradually increased to
reach to its inlet concentration after 130 min
(Figure 4).

The highest removal efficiency was observed with
EUC as the outlet concentration remained almost
zero, with a removal efficiency of about 100% for
45 min. However, after that, it slowly increased to
reach its initial value after 180 min. The adsorption
capacity of the AC to the H,S, as defined in
Equation (9), was calculated for the three types of
biomass precursors as shown in Table 3. As seen
from the results, the high adsorption capacity
observed in this study indicated better adsorption
performance. The EUC showed the highest adsorp-
tion capacity of about 690 (mg H,S/g AC) followed
by ALM and COF, respectively. The difference in
the adsorption efficiencies and capacities of H,
S with respect to the type of AC might be explained
as follows: The porosity and microstructure of AC
are usually strongly affected by the original plant
texture, i.e. its lignin and cellulose contents. The
lignin content is responsible for the formation of
macropores of AC, whereas the cellulose content is
mainly responsible for micropores formation [28].
The porosity of the AC obtained from COF (both
types micro- and macro-porous) is, therefore,
expected to be lower than EUC and ALM, due to
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Figure 4. Breakthrough curves of H,S adsorption in packed bed of EUC, ALM, COF activated with KOH and empty filter. The
experiments were performed at ambient air temperature, gas flow rate (1.5 L/min), bed height (2 cm) and H,S inlet concentration

(970 ppm).



the fact that it has a lower content of cellulose and
lignin than EUC and ALM, respectively. This
explains the lower adsorption capacity of the COF
compared with the other ACs tested in this study.
On the other hand, the EUC has the highest cellu-
lose and lignin contents (Table 3) and thereby, one
would assume its porosity to be the highest among
others, which consequently, rendered the highest
adsorption efficiency and capacity. Similar effects
of the type of biomass precursor on the H,
S adsorption capacity were observed in other stu-
dies using different types of biochar [34,35]

3.3. Effect of impregnation reagent on the
adsorption characteristics

Concerning the effect of the type of biomass, the
influence of the impregnation reagent on the
adsorption efficiency and capacity was investigated.
Figure 5 shows the adsorption breakthrough curves
and removal efficiencies for EUC impregnated with
KOH and ZnCl,, respectively. One could clearly see
that the adsorption efficiency of EUC is highly
affected by the impregnation reagent. The adsorp-
tion performance of EUC impregnated with KOH
was much better than with ZnCl,. For instance, the
breakthrough time with KOH was higher than
ZnCl,; it took about 180 min for the H,S outlet
concentration to reach its initial value with KOH
compared with only 70 min in the case of ZnCl,
(Figure 5). Furthermore, the KOH rendered higher
adsorption capacity compared with ZnCl,.

o o o
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The effect of the impregnation reagent on the
breakthrough capacity and adsorption efficiencies
can be ascribed to the difference in chemical affi-
nity between the properties of H,S in the gas phase
and the impregnation reagent. The adsorption of
H,S is usually governed by local pH within the
pores of the AC, as suggested in the literature [36].
An alkaline pore media, as in the case of KOH,
promotes the formation of elemental sulfur
through the reaction with the OH group [37],
Equation (10), which increases the H,S removal
efficiency. On the other hand, the acidic media, as
in the case of ZnCl,, limits the dissociation of H,S;
which consequently limits its oxidation to elemen-
tal sulfur and thereby reduces the overall H,
S removal [36,38]. In addition, the impregnation
reagent also affects the porosity of the AC.
Previous studies have indicated that ZnCl, creates
mesoporous structure within the AC, whereas
KHO is favorable for creating microporous AC
which is generally better for adsorption [39].

H,S+20H — §* +2H,0 (10)

3.4. Effect of bed height on the adsorption
characteristics

To study the effect of the bed height, the adsorp-
tion bed was charged with COF AC at different
heights of 2, 4, 6 and 8 cm, respectively. The
obtained adsorption breakthrough curves are
shown in Figure 6. The results indicated that the

—o—Euc-KOH

Euc-ZnCI2

120 160 200

Time (min)

Figure 5. Breakthrough curves of H,S adsorption in bed packed of EUC-KOH and EUC-ZnCl,. The experiments were performed at
ambient air temperature, gas flow rate — 1.5 L/min, bed height — 2 cm and inlet H,S concentration of 970 ppm.
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Figure 6. Adsorption breakthrough curves of H,S adsorption in packed bed of COF activated with KOH. The experiments were
performed at ambient air temperature, gas flow rate of 1.7 L/min, pressure drop of 9.36 kpa/m, H,S inlet concentration (930 ppm)

and bed heights of 2, 4, 6 and 8 cm.

higher the bed height, the higher the adsorption
efficiency and the longer the time required for the
saturation of the AC. For instance, at a bed height
of 2 cm, the ¢/c, ratio increased rapidly from 0 to
1 within about 10 min and this time gradually
increased with increasing the bed height to reach
about 170 min at a bed height of 8 cm. Increasing
the bed height means charging the bed with larger
amount of AC and consequently increasing the
total surface area and the total number of adsorp-
tion active sites. Furthermore, a longer AC bed
provides a longer contact time between the adsor-
bent and the adsorbate, which increases the the
amount of adsorbed H,S, as shown in Figure 7.
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Future studies should focus on the following
aspects in order to upgrade lab-scale studies to
pilot and semi-industrial scale experiments: (i) to
determine the performance of adsorption columns
under the influence of a mixture of pollutants that
represents the typical composition of biogas (i.e.
H,S, CO,, water vapor, siloxane, O,, CH, and
impurities such as siloxane), (ii) understand the
mechanism of adsorption such as electrostatic
attraction, interaction between the pollutant and
the active sites, and partition in non-carbonized
portion of the adsorbents, (iii) perform long-term
adsorption studies in continuous systems and
identify the deterioration of adsorption capacity

6 8 10

Bed height (cm)

Figure 7. Bed height versus the amount of H,S adsorbed in the packed bed.



of adsorbents under the influence of changing
moisture contents of the biogas.

3.5. Mechanism of H,S removal

In nature, bacterial species could convert the dif-
ferent species of sulfur into elemental sulfur after
complete oxidation. However, this also depends on
the different phases of the sulfur cycle, and the
environmental conditions such as pH, tempera-
ture, the presence of other competing ions and
also on the aerobic, anoxic or anaerobic zones.
However, in the case of adsorption-based mechan-
isms, the pattern of H,S removal might change
depending on the present of sulfur compounds in
the gas or liquid phase. Xu et al. [40] studied the
H,S sorption capacities of pig manure and sewage
sludge derived biochar for both static and dynamic
systems, and revealed that the partial oxidation of
H,S into elemental sulfur (S°) takes place in the
biochar pores, while complete oxidation of H,
S into sulfate ion (SO,%) occurs on the surface of
biochar. The authors also concluded that high
moisture content in biochar would accelerate the
complete oxidation of H,S, strong alkalinity of
biochar helps to achieve high H,S sorption ability,
and mineral-rich biochar performs key roles in the
conversion of final sulfur compound. Xu et al. [40]
proposed the following H,S removal mechanism
(Equations (11)-(15)) by pig manure and sewage
sludge derived biochar:

HZS(gas phase) — HZS(adsorbed phase)

- HZS(liquid phase) (11)
HZS(liquid phase) +OH™

— HS™ (adsorbed phase)+HZO (12)

HS™ (adsorbed phase) +0; — SO (13)

HS™ (adsorbed phase) +0,+H,;0
— 804> (major in pig manure biochar)
(14)
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SO4*” +Ca**+2H,0
— CaS042H,0(major in sewage sludge biochar)
(15)

3.6. Performance of different adsorbents and
practical applications

Based on the literature review, woodchips derived
biochar were found to be efficient for the removal of
H,S (removal efficiency > 98%) at initial H,
S concentration of 105, 510 and 1020 ppm,, pH
8.0, and moisture content in the range of 80-85%
[41]. Agricultural or forest waste such as rice hull,
bamboo, camphor tree can be used as a valuable
source to produce biochar because of their high H,
S adsorption capacity. However, the adsorption
capacity depends on pyrolysis temperature and pH,
for example, breakthrough time of an adsorbent
increases with the increase of pyrolysis temperature
[34]. According to Fellah [42], different zeolite-based
adsorbents can also be used for the removal of gas
phase H,S. The important features of this adsorbent
can be stated as follows: (i), high surface area, (ii)
very high adsorption capacity, (iii) good selectivity,
(iv) regenerability and (v) good resistance to high
temperatures that are usually expected in industrial
emissions. In another recent study, Hassankiadeh
and Hallajisani [43], tested the performance of
Molybdenum oxide nano-particles for H,S removal
wherein the parameters such as temperature (65-89°
C), pressure (10-19 bar), initial concentration of H,
S in the gas phase (38-73 ppm), and space velocity
(0.018-0.045 m s ') were varied. The results from
that study showed a maximum adsorption capacity
of 0.081 and 0.074 g H,S/g Molybdenum oxide using
non-spherical and spherical Molybdenum oxide sor-
bent, respectively. In another study involving packed
bed systems, Coenen et al. [44] studied the adsorp-
tion behavior of H,S and the influence of steam
using commercially available potassium-promoted
hydrotalcite. Based on the results obtained from
packed bed systems, the authors showed that the
operating temperature during adsorption has signif-
icant effect on the adsorption behavior. At high and
low temperatures (i.e. 500°C and 300°C), different
adsorption mechanisms namely chemisorption
mechanism with high activation energy and physical
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adsorption were reported. It has also been reported
that the carbonization temperatures could signifi-
cantly affect the surface properties of an adsorbent.
Wang et al. [45], modified the properties of activated
carbon samples using a carbonization temperature of
450°C and KOH activation at 750°C. For H,
S removal, the authors reported a maximum adsorp-
tion capacity of ~98.0 mg/g, and the Langmuir iso-
therm model was found to describe the mechanism
of adsorption of H,S.

From a practical application viewpoint, the effi-
cient operation of a biofilter depends on the selec-
tion of a proper packing material [46] as well as
the characteristics (e.g. porosity, water retention
capability, capacity to hold microbial community)
of the selected support media [47]. Compost bio-
filter is considered as one of the key biological
processes to treat waste gases and to control
odor. However, the performance of any compost-
based biofilter depends on factors such as the type
of filter media, gas flow rate, solubility of the
pollutants, its concentration and biodegradability
of the substrate [48-50]. As there is very limited
information in the literature about effectiveness of
biochar-based biofilter for H,S and volatile organic
compounds (VOC) removal, future studies should
focus on designing reactors using packing materi-
als such as Eucalyptus, almond shells and coffee
grains and evaluate the performance of these reac-
tors in terms of the following parameters: (i) elim-
ination capacity, (ii) critical inlet loading rate, (iii)
maximum tolerable pollutant concentrations, (iv)
capacity to handle transient or shock loads of H,
S and VOCs and (v) perform intelligent control
operation of the reactor using artificial intelligence
techniques.

4. Conclusions

The results of this study confirm that AC could be
successfully synthesized from various types of
locally available biomass wastes and they are tech-
nically effective in purifying biogas from H,S. The
yield of carbonization was dependent on the type
of biomass; i.e. EUC rendered the highest yield of
35% followed by ALM (28%) and COF (23%),
respectively. The type of biomass precursor,
impregnation reagent and bed height strongly
affected the removal efficiency of H,S. The highest

adsorption capacity and removal efficiencies were
obtained with EUC followed by ALM and COF,
respectively. As an impregnation reagent, KOH
gave the higher adsorption efficiency and capacity
than ZnCl,. Increasing the bed height increases the
adsorption capacity and H,S removal efficiency.
Based on the obtained results, for Palestine and
other developing countries, it is recommended to
use EUC biochar impregnated with KOH for
achieving high H,S removal efficiency from the
biogas.

Research highlights

e Hydrogen sulfide (H,S) removal by adsorp-
tion from biogas was tested in this study

e Effect of the type of precursors, impregnation
reagent and bed height was studied

e KOH activated packing material showed good
adsorption efficiency and capacity

e Increasing the bed height increased the H,
S removal efficiency in the packed bed
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