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Abstract

Removing H,S from biogas that is produced from anaerobic digestion of palm oil mill effluent isa crucial step in order for the biogas
to be utilized as a source of energy. In this study, palm shell activated carbon (PSAC) prepared by steam activation was used to
adsorb H,S from simulated biogas. The parameters studied were H,S concentration, adsorption temperature and space velocity. The
effect of these parameters towards breakthrough adsorption capacity was studied using statistical analysis with Design Expert
Software. H,S concentration and space velocity were found to be significant in affecting the breakthrough adsorption
capacity.Adsor ption temperature on its own was found not to have significant effect on the breakthrough adsorption capacity but its
interaction with other parameters was found to be significant. Characterization of fresh and spent PSAC confirmed and provided
further information on the adsorption of sulfur species on PSAC pore surface.
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1. INTRODUCTION

Palm oil mill effluent (POME) is the pollutant geated from
the oil palm industries in Malaysia and must bated before
discharge. One of the possible way to treat POMBbyis
subjecting it to anaerobic digestion that produbtésgas.
Biogas can be combusted directly as fuel. Ng etegdorted
that 1,688 million mof biogas is generated from palm oil mill
in 2009 [1]. Biogas concentration largely variesnfr 13.5—
49.0% methane (Chland the remaining carbon dioxide (O
[2]. Typically, trace amount of hydrogen sulfide ,&)
between 0-1%is also produced in biogasas a resuit the
anaerobic digestion of POME [3].Biogas should na b
emitted directly to the atmosphere becaus8 k¢ corrosive
and CH is a greenhouse gas. Instead, biogas can be=dtiéig
a source of energy by combusting biogas in a gamerto
generate electricity or steam. HowevepSHnust be removed
prior to combustion or it can cause severe corro§.For
biogas scrubbing technology,,$l adsorption with activated
carbon appears to be a promising method. Activesedon is
a cheap adsorbent that is widely utilized in aidlyimn
abatementtechnology due to favorable surface ptieptrat
allows it to have high adsorption capacity and fa&stction
kinetic even at ambient temperature. Activated @arban be
produced from various lignocellulosic biomass suah
coconut shell, corncob and palm shell. The useathgshell
to synthesize activated carbon for,Sfemoval is more
economical because both palm shell an& ldre by-products

from the oil palm industries. Thus, the use of pahell
activated carbon (PSAC) is a sustainable procesause a
waste from the oil palm industry is utilized to rewe acidic
gas generated within the same industry. PSAC is
conventionally prepared using a two-step process;
carbonization and activation. During carbonizatioo)atile
compound in palm shell will be removed in the inert
atmosphere. Carbon is retained due to the absdnmeygen
that avoids the formation of carbon dioxide. Thedurt after
carbonization process is palm shell char that é¢ostmostly
carbon material with a surface area of about F@nAfter
that, the char will be activated using steam obagardioxide.
Thermal treatment using steam or carbon dioxidé distort

the structure of char to form porous carbon tha high
surface area and good adsorption capability.

In this research, several reaction parameters;H2S
concentration, adsorption temperature and spaaxitelthat
affect breakthrough adsorption capacity using staativated
PSAC were studied. These parameters were studied) us
statistical analysis by employing Software Desigpétt 6.0.
Design of experiment is generated by the softwarerder to
minimize the amount of experiments required to ttite
parameters thoroughly. In addition, the importanéeeach
parameter in affecting activated carbon adsorptiapacity
can be identified. Interaction between reactiorapeaters can
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be also analyzed so that detailed understandingeleet H2S
adsorption capacity and reaction parameters caitaéned.

2. EXPERIMENTAL
2.1 Chemicals

Steam activated PSAC used in this study was olddiren
Victory Element SdnBhd, Malaysia. The mesh sizethodf
PSAC was 8 x 12. In the adsorption test, PSAC vezsl as
received without any further treatment. Three typégases
(99.99% CH4, 99.99% CO2 and 1% H2S, balance CH4) in
cylinders supplied by WellgasSdnBhd, Malaysia wesed to
simulate industrial biogas for the adsorption test.

2.2Adsorption Test

H2S adsorption test was carried out using a pabkedeactor
test rig as shown in Figure 1. The composition infusated
biogas was adjusted by controlling the flow rate gafses
usingAalborg AFC26 mass flow controllers. CO2 and
CH4werepassed through a humidification system tee gi
approximately 25% relative humidity to the biogadet
stream. H2S/CH4was not passed through the hunadific
system because H2S is soluble in water. The patthef
biogas after the humidification system to the reads
insulated to avoid condensation of moisture. Treamditer of
the stainless steel tubular reactor used is hal.ifThe flow
rate of the biogas was fixed at 450 mL/min with 5@®2,
1000-5000 ppm H2S and balance CH4. This biogas
composition was simulated to mimic the data obthiftem a
collection pond located at FeldaBesout Palm Oilll.Mihe
height of PSAC was adjusted corresponding to spatmity
between 3375 to 13500 h-land placed in the midéllth®
tubular reactor and supported with approximateB60.glass
wool. Adsorption temperature was controlled using a
Linberg/Blue M tube furnace.Concentration of H2S tla
outlet stream was analyzed using anIMR 6000 gayyzera
via electrochemical sensor calibrated for 0-5006h 2S.
The workspace of the test rig was ventilated asafety
procedure just in case there is a leakage of hamard?2S.

Insulated Pipeline

7
7

Heated Tub[ilar Reactor

Gas Analyzer

Humidification System
Figurel. H2S adsorption test rig.

2.3 Characterization

Several characterizations such as N2 adsorptioorplésn,
scanning electron microscopy—energy dispersive ¥X-ra
spectroscopy (SEM—EDX), thermogravimetric analy$iSA)
and elemental analysis were performed on fresh PSAC
spent PSAC to analyze its surface properties, fomat
groups and morphologies/composition. N2 adsorption-
desorption was carried out with anMicromeritics AS2020
Surface Area and Porosity Analyzer. Prior to ariglythe
samples were degassed for 5 hours. SEM-EDX analyess
carried out by a Quanta FEG 450 at acceleratintagel of
3kV in order to obtain the sorbent surface morpbige and
determine localized chemical composition. TGA was
performed using a Perkin Elmer TGA7 with a heatiatg of
100C/min until 6000C under a 100mL/min flow of died air

[5]. Elemental analysis was performed using a PeEdimer
2400 CHNS Analyzer to analyze the sulfur contentthod
sample.

3. RESULTSAND DISCUSSION

3.1Development and analysis of regression mode

In this study, adsorption capacity of activatedboar was
determined at breakthrough point, in which theraifothe
outlet to inlet H2S concentration at 0.05. The apison
experimental run was conducted based on thedesfgn o
experiment and the complete design matrix with ltesare
shown in Table 1.

Tablel. Design Matrix and Results for Adsorption CapadityDifferent Experimental Conditions

Run Order| x1: H2S concentrationk2: Temperature x3: Space velocity y: Adsorption capacity
(ppm) (oC) (h-1) (mg/g)

R1 3000 50 3375 28.9

R2 5000 30 3375 30.3

R3 3000 50 5400 21.8

R4 3000 50 5400 21.0
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R5 1000 50 5400 93.6
R6 3000 50 5400 23.0
R7 3000 70 5400 18.4
R8 3000 50 5400 245
R9 3000 50 5400 23.0
R10 3000 50 5400 22.6
R11 5000 50 5400 16.6
R12 5000 70 3375 23.9
R13 1000 70 13500 51
R14 1000 70 3375 38.1
R15 3000 30 5400 191
R16 5000 30 13500 1.6
R17 1000 30 3375 116.5
R18 1000 30 13500 26.1
R19 5000 70 13500 3.2
R20 3000 50 13500 3.8

Six center points (R3, R4, R6, R8, R9, and R10) are
incorporated and spread out in the experimentalrixnat Predicted vs. Actual
order to calculate experimental error and reduteroérrors 207
due to unaccounted parameters. Experimental erras w
calculated to be 4.8%. Using the results shown abld 1,
adsorption parameters (x1: H2S concentration, g2omption Le0]
temperature and x3: space velocity) were correlatgtth
breakthrough adsorption capacity (y) using Desigpett
6.0.6 software. The model selected by this software
Response Surface Reduced Cubic Model and the eqguati
coded factors is shown inEg. (2).The graph for ghedicted
versus actual breakthroughadsorption capacity ®wvshin
Figure2.

1.13 —

Predicted

0.67 —|

logl0y = 1.132 — 0.423x1+ 0.005x2—- 0.438x3 + 0.228x
0.081x22 — 0.111x32
+ 0.174x1x2— 0.079x1x3+ 0.022x2x3 — 0.129x12x2— 020 0s7 L1z 180 207
0.022x12x3 + 0.147x1x22
+ 0.078 x1x2x3 Actual

)

0.20 —|

Figure 2.Predicted versus actual log breakthrough adsorption
capacity.

The R2 value for Eq. (2) wasfound to be 0.9994 #mel
predicted R2value of 0.9990 is in reasonable ageeémwith
the adjusted R2value of 0.9980. On the other haddquate
precision of 109.0 indicated an adequate signaidiee ratio
for the model to be used to navigate the desigeespBhese
results verify that the developed model can be tisgrtedict
the PSAC breakthrough adsorption capacity withia tange
of adsorption parameters studied.
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An analysis of variance (ANOVA) that shows the digance
of the model and each adsorption parameter is showable
2.Value of Prob> F less than 0.05 indicatesthatehtetm is
significant. Therefore, the model withProb> F valess than
0.0001implies that the model is significant. The elde-value
is 717.7 and there is only a 0.01% chance thatdehfo-value
this large could occur due to noise. The lack bFfvalue of
0.00 implies the lack of fit is not significant a¢ive to the
pure error. There is a 98.70% chance that a "LdckitoF-

value" this large could occur due to noise. Nam#icant
lack of fit indicates that the model fit the exmeeintal result
very well. From the ANOVA result, significant termith

high F value are x1, x3,andx1x2. Other significamtns with
lower F values are not discussed in this paperusecgheir
effect on breakthrough adsorption capacity is Egsificant
as compared to those with higher F values.

Table2. Analysis of Variance of the Response Surface Redi@ubic Model

Source Sum of DF Mean F Prob> F
Squares Square Value
Model 3.89 13 0.2996 717.7 < 0.0001
x1 0.32 1 0.3286 787.1 < 0.0001
x2 0.00 1 0.0000 0.1 0.7707
X3 0.41 1 0.4124 987.8 <0.0001
x12 0.11 1 0.1165 279.1 <0.0001
x22 0.01 1 0.0169 40.5 0.0007
x32 0.01 1 0.0115 27.7 0.0019
x1x2 0.24 1 0.2427 581.3 < 0.0001
x1x3 0.04 1 0.0498 119.3 < 0.0001
X2%3 0.00 1 0.0040 9.6 0.0210
x12x2 0.02 1 0.0249 59.6 0.0002
x12x3 0.00 1 0.0008 2.0 0.2053
x1x22 0.03 1 0.0324 77.6 0.0001
x1x2x3 0.04 1 0.0492 118.0 < 0.0001
Residual 0.00 6 0.0004 - -
Lack of Fit 0.00 1 0.0000 0.0003 0.9870
Pure Error 0.0025 5 0.0005 - -

3.2 Effect of Significant Terms

Significant term with highest F valueis space vitdjoddighest
F value denotes that space velocity has the gteaffect
towards breakthrough adsorption capacity among

adsorption parameters studied.From Table 1, it lmarseen
that experiments conducted withhigh space veldd@8s00 h-
1) generally resulted to low breakthrough adsorptiapacity.
The major reason for this observation is relatedhvthe
residence time of the biogas in the adsorption zéndigher
space velocity, residence time of biogas in the@gd®n zone
is shorter. Adsorption studies R13, R16, R19 an@® Riat
utilized13500 h-1 space velocityshowed lowbreakifyio
adsorption capacity,ranging only from 1.6-5.1 mgigwever,

the

although R18 was also conducted using 13500 h-Tespa

velocity, but it recorded relatively highbreakthgbu

adsorption capacity of 26.1 mg/g that could be igost
attributed to the low H2S concentration used (1@@on).
When the space velocitywaslowered to 5400 h-1deesie
time of the gaswas increased and the PSAC brealghro
adsorption capacity rose significantly to the raige6—24.5
mg/g. Again, R5 that utilized5400 h-1 space velocit
achieveda relatively high breakthrough adsorptiapacity of
93.6 mg/g due to the low H2S concentration use@@ipm).
Further increase inbreakthrough adsorption capaaitging
from 23.9-38.1 mg/g was obtained when usingloweacep
velocity of 3375 h-1. Once again, R17 (116.5 md&an
exceptional case because of the low H2S concemtréti000
ppm). The effect of low H2S concentration will bisalissed
in the next section. Higher residence time increatiee
frequency of molecule collision that results to wcaessful
adsorption process [6]. On the contrary, low resigetime
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resulted to insufficient time for all H2S moleculis adsorb
on the PSAC surface. This is especially more preminvhen
more surface sites are taken up as adsorption gBoce
progresses and the remainingH2S molecules havéfftseal
deeper into the pores of PSAC.This denotes a longsan
free path for the H2S molecule to travel beforecan be
adsorbed on the PSAC pore surface. Thus, the findinthe
significance of this term provides an insight todsrthe
importance of mass transfer in the adsorption m®ce

Another significant term with a high F value of 788 x1
(H2S concentration). H2S concentration has antatjoni
effect towards adsorption capacity, as indicatednfa minus
sign for the term x1 in Eq. (2). From the previaliscussion
onspace velocity, lower H2S concentration resulteda
higherbreakthrough adsorption capacity. Adsorptistdy
using 1000 ppm H2S concentration gives adsorptapacity
in the range of 26.1-116.5 mg/g for run R13 whiebharded
merely 5.1 mg/g, due to thehigh space velocity usghen
using higherH2S concentrationat 5000 ppm, brealtitro
adsorption capacity within the range of 1.6 to 3®§/g was
obtained. At higher H2S concentration, the diffasaf H2S
molecules into the pores of PSAC for adsorptiorotour is
not fast enough to facilitate complete removal of H2S
molecules from the gaseous stream. Therefore,
breakthrough occurs faster, i.e., lower adsorptiapacity. At
lower H2S concentration, there will be less H2S enaoles
diffusing into the PSAC pore structure per unitéinfThus on
the average, the H2S molecule will have a shorteamiree
path before reaching an active site due to lowenpmdition
with other molecules for adsorption. However, thésdings
contradict the finding reported by Xue and Liu [7].
Breakthrough capacity was found to increase wighér H2S
concentration. Nevertheless, it is worthwhile tdenthat the
concentration used in their study was between ZDpm,
which is far lower than this study. At very low aamtration
region, driving force for the H2S diffusion will gnease with
higher concentration and there will be no significa
competition for active sites.Therefore, both stadgeeexpected
to have different results. In order to have a @dearew on the
effect of H2S concentration towards breakthrougboggtion
capacity, diffusion coefficient and adsorption ratenstant
should be obtainedin order todetermine the ratéitign step
of this adsorption process.

the

The effect of temperature (x2)was also investigdtedhis
study.ltwas found to have insignificant effect tod&a PSAC
breakthrough adsorption capacity. However, thissdoet
mean that temperature has no effect onbreakthrough
adsorption capacity,but merelydenotes that thenmeoidinear
relationship between temperature and adsorptioradigp
Based on R16 and R19, increasing temperature isesea
adsorption capacity. On the contrary, increasingpirature
reduces adsorption capacity asobserved from R14Rdid

On the other hand, R7, R8 and R15 show an optimum
temperature appearing at

500C. These three sets of

datawereconducted at different concentration andcesp
velocity, indicating that the effect of temperatuien
breakthrough adsorption capacity is dependent dmerot
parameters. Temperature was found to have signtfica
interaction effect with H2S concentrationon breagtigh
adsorption capacity as indicated by the high F esdr the
term x1x2 (581.4). This significant interactionrterould be
used to explain the three sets of data mentiondikievhich
also indicates thatthe effect of temperature toward
breakthrough adsorption capacity is dependent eriebel of
H2S concentration and space velocity.This findiegagain
different from those reported in the literature.aXiet al.
studied the effect of temperature and reported tiigher
temperature reduces adsorption capacity of activatebon
[8]. They explained that physical adsorption isexthermic
process that favors lower temperature.

The synergistic effect of x1x2 can be visualized
inFigure3.From Figure3, increasing temperature Gi0ppm
H2S and 3375 h-1 space velocityresulted to a dserea
inbreakthrough adsorption capacity. However,
whenexperiments were conducted at 5000ppm H2S anf 3
h-1 space velocity, increasing temperature wouldhsly
increase  thebreakthrough  adsorption capacity.
phenomenon could be due to the extra kinetic enebggined
at higher temperature. This extra kinetic enerdgci$ the
diffusion of molecules in the pores and the bulk gation in
the main stream. At lower H2S concentration, trseilts from
the previous section shows that high adsorptioracip can
be easily achieved. If temperature is raised, Hecules
will gain extra kinetic energyand therefore redudde
residence time in the adsorbent zone. Shorter erséltime
does not allow all H2S molecules to diffuse deem ithe
pores especially after most of theouter pores atngrated with
H2S. Thus, more H2S molecules will pass through the
adsorbent without being adsorb at higher temperaturd
therefore gives a lower adsorption capacity.Howgeathigher
H2S concentration,breakthrough adsorption capadisy
generally lower.Therefore, the mean free path fa2SH
diffusion is still considerably low. Higher temparee will
improve the diffusion of H2S molecules deeper ithte pores

for adsorption to occur. Although higher temperatwill also
increase the bulk motion of H2S molecules throubk t
adsorbent zone,the positive effect of H2S moledifteising
deeper into the pores of the adsorbent will be npooeninent.
Thus the adsorption capacity will slightly increaaehigher
temperature.

This
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Figure 3.Surface graph of interaction betweenx1x2 at x3 =
3375 h-1.

3.3 Optimization Study

Using Design Expert Software, optimization was perfed in
order to search for the highest breakthrough adsorp
capacity within the range of parameters studiedh 3ets of
solution with predicted breakthrough adsorptionacity were
generated and tabulated in Table 3. Set Number lwas
identified as the optimum conditions for the adsiorp
process because it gave the highest predicted threagh
adsorption capacity. The optimum operating pararaeiee
1006 ppm H2S, 43.60C and 3926 h-1 space veloclyed
identical experiments were performed using theptedi
parameters and the breakthrough adsorption capateityned
was 121.9-130.0mg/g, which verifies the predictidrbDesign
Expert Software. Comparing the result from the rojgation
process with the Runs in Table 1, H2S concentrdtamto be
kept as low as possible in order to achieve higiakthrough
adsorption capacity. However, for practical opemtiH2S
concentration is generally not consistent and flatds
significantly depending on the anaerobic digestiondition,
unless the digestion is performed in a bioreadorthe other
hand, optimum temperature of 43.60C on the othexdha
beneficial to actual plant operation because trdpp@gas
from POME anaerobic digestion generally range fréé
500C due to heating by sunlight. Although in thiéiahpart of

this paper, the breakthrough adsorption capacity fwand to
increase with lower space velocity, but the optatian result
shows that there is an optimum value for space
velocity.Utilization of lower space velocity doesotn
necessarily guarantee higher breakthrough adsarptpacity.
Therefore, for practical application, optimized sparelocity
should be used in order to obtain higher breakiiou
adsorption capacity ofPSAC.

Table3. Prediction of Optimum Adsorption Capacity at
Different Conditions

Numb | H2S Tempe | Space | adsorption
er concentrati | rature | Velocit | capacity
on(ppm) | (0C) |y (h-1) | (mg/g)

1 1006 43.6 3926 122.18
2 1000 37.3 5544 109.90
3 1000 43.6 5792 103.27
4 1000 30.0 5427 101.62
6 1000 441 6198 97.72
6 1000 41.3 6729 94.84
7 1000 57.4 3375 85.11
8 1000 30.0 8698 68.54
9 1502 30.0 3375 66.98
10 1577 30.0 3375 62.37

3.4 Characterization of Fresh and Spent PSAC

The N2 adsorption desorption of fresh PSAC enalbhes
derivation of adsorption and desorption isotherrangmuir
correlation was found to fit the adsorption capaoitnitrogen
at various pressures as shown in Figure 4. Othdiacau
properties analysis were tabulated in Table 4. &the t-plot
micropore surface area is about 74.2% of BET sertaea for
fresh PSAC, it can be concluded that pore struatfil@SAC
is predominantly micropore (<2nm).
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Figure4. N2 adsorption-desorption isotherm of fresh PSAC.

Tabled. Characteristic of Fresh PSAC from N2 Adsorption

Desorption
Fresh PSAC
BET surface area (m2/g) 736.8
Total pore volume (cm?3/g) 0.382

t-plot micropore area (m2/g) 546.9

t-plot external surface areal89.9
(m2/g)

Average pore width (A) 20.8

The adsorption of H2S and water molecules wererahited
from the result of Thermal Gravimetric Analysis (AJGTGA
was performed for both fresh and spent PSAC anddbalts
are shown in Figure 5. The derivative form of TGAalso
shown in Figure6.The weight of fresh PSAC was reduc
rapidly to 80% when temperature was increased @0CO
After that, the weight change of fresh PSAC was not
significant until 6000C. Spent PSAC, on the othandy had a

weight reduction to 85% at 1000C, and the secoruaecyf
weight change occurred between 200-4000C. In aadditotal
weight change of spent PSAC is larger than fresh@S
within the temperature range of the analysis, dagospent
PSAC contained larger amount of adsorbed substathess
fresh PSAC. As shown in Figure 6, fresh PSAC omlyehone
peak formed. Spent PSAC shares the same peak mggh f
PSAC but possess additional peak at 200-4000C. fifsie
peak denotes tothe desorption of water molecutethd H2S
adsorption operation, moisture was added to thestg@am
because it plays an important role in the adsampgimcess.
Therefore, spent PSAC could contain up to 15 wt% of
moisture, especially due to the long duration &f diperation.
The second peak of DTG for spent PSAC denotesdiease
of SO2 because oxidative atmosphere was used ianlgsis
[5]. In this study, the peak that denotes to eldaleulfur was
not detected at 450-4700C [5], thereforestrengtigerthe
claim that the adsorption of H2S was mostly phygigson
process. Apart from that, approximately 10% weigttuction
in the 200-4000C region can be used to compare thith
adsorption capacity of PSAC (122.2 mg/g). The valtighe
adsorption capacity showed that PSAC could adstwduta
12.22% H2S. Therefore, if adsorbed H2S were removed
weight reduction of PSAC will be 12.22%, which isn8ar
with the results from TGA. This confirms the secqrabk as
H2S desorption.
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Figure6. DTG curves of fresh and spent PSAC.

Figure 7 and 8 shows the SEM micrographs of freshspent
PSAC, respectively at various magnifications. Theace of
fresh PSAC was found to be cratered. The diameftehe
craters is in the magnitude of 30um. Further macgatibn on
the crater shows a porous surface. The pores arerajly
between 1-2um. This kind of porous structure is rtigin
reason PSAC possesses high surface area, as detérfrom
N2 adsorption desorption analysis. Spent PSAC enother
hand, possess different structure with fresh PSB@he-like
structure was found and it is believed to be tlealpet of H2S

adsorption process. EDX result shows that it cost&.35%
sulfur, which agree well with a 2.94% sulfur deggttin a
CHNS elemental analyzer. Deposit of white agglonesravas
also found in fresh and spent PSAC, as shown iargi§. The
deposit was identified with EDX and it contains abd%
copper and trace amount of magnesium, potassiultiycyg
silicon and iron. This could be the inert remaihattdid not
burn off during the preparation of PSAC from palnelt The
effect of these inert remains towards H2S adsampiias not
studied.
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Figure7. SEM of fresh PSAC at various magnifications @)@X, (b) 2000X, (c) 5000X and (d) 10000X.

Figure8. SEM of spent PSAC at various magnifications,1@)0X, (b) 2000X, (c) 5000X, (d) 10000X.
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Figure9. Magnification of agglomerates found on the sggRAC surface.

CONCLUSIONS

H2S adsorption has been successfully performedyysaim
shell activated carbon. In this study, reactiorapsters such
as H2S concentration, adsorption temperature aratesp
velocity were studied using a statistical analytivethod via
Design Expert Software. H2S concentration and space
velocity were found to be significant in affectinthe
adsorption capacity, indicated by the generatechemaatical
model. Interaction terms involving temperature weilso
found affecting the adsorption capacity. Charazétion of
fresh and spent PSAC confirm and provide furthfsrmation
on the adsorption of sulfur species on PSAC patesire.
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