CHAPTER 2

LITERATURE REVIEW

2.1 Activated Carbon

Activated carbon is a monolithic porous carbon material (/\hnnw;ll., 2012).
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The processes involve in preparation of activated carbon are usually costly. It is
a disadvantage to the economical aspect which encouraged the attention to exploit raw
materials that are cheaper and abundant in nature. When cheap precursors are agedfhe
production cost and the disposal problem are reduced (Al-Qodah & Shawa&%OO‘)).
The major challenge in activated carbon production is to yield the OMY-U carbons

with a preferable structure and pore at low temperature (Ahmad et aly 9).
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Quality of adsorbent differs by its pore size. That is th

siz¢ as one of the criteria in selection of activated carbon for a
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used mainly in liquid media, g MZgrzmul r foJm &
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Dawood & Sen, 2%4) product purification (Reay, 2013) and odor-

dccoloriz:ino\
removi ﬁé‘ >nt (Opara et al., 2013).
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2.2 Activated Carbon Precursors

Activated carbons are produced from carbonaceous materials. Precursors are
chosen depending on several. factors: available in abundant, low in cost, consi@‘
quality and its purity (Hidayat & Sutrisno, 2017). The materials can eith %tural
or synthetic resources. Natural resources like bituminous coals and foregeroducts such
as peal and wood are commonly used for activated carbons prow (Demirbas,

2009). ? '
I

Commercial activated carbon is widely used for adSgQing v n‘wslanccs

* X"
in various industries. However, commercial activated P11 IS @XPE ivk I](i-}u‘iill,
specifically in heavy metal removal in wastewater Yﬂ»m% vel@iustrics
w mcﬁ‘;l : 11lan‘¢mls at  low

ndusswdi] effluents, the

use live biological systems 1o encounter

concenirations. However, in highly contamirt®

system shows a failure. Therefore, nznur(alzbria# cptdi
n- i

“ &
processes come into the picture. HN livig Fma L%ﬂs have potential to be
oy
used as low cost adsorbenfS wenzusc of theyt g ‘%lily in lowering metal ion
'y
concentration to parts per bi Wmh)' \;:1 o é’yhigh affinity for cationic metals
S

es g‘(’f}bprovide a renewable and cheaper

1 @cs from agricultural

[¢)

(Johnson et al., 2008 greultu
E
precursors in the p aghn offacis v @ns (Hameed et al., 2009).

I‘ql‘ ¢ \
A num % agrix(n al.fbiovgslcs (or by-products) have been used as

activated cz\w ecursor such as rhg,:usks (Ghosh & Bhattacherjee, 2013), (Hazza,
2014)5c 0™ Nells (Ahmad et al., 2013a), (Ribas et al., 2014), ( ['heivarasu & Mylsamy,
20 0\3 pod husk (Cruz et al., 2012), (Chethana, 2014): almond shells (Chayande
et al., 2013); palm kernel shells (Abechi et al., 2013): oil palm (Allwar, 2012); grass
(Palanichamy et al., 2013); date (Hameed et al., 2009): date palm seed (Halbus et al.,

2013); olive stone (Larous & Meniai, 2016) and (Bohli et al., 2013); and mango nuts
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(Kwaghger & Ibrahim, 2013). The performance of each precursor is varies to each

other, but suit their objectives.

jen

Tropical countries produce abundant of agricultural by-products a\
considered them as wastes which lead to environmental problem. Conversio sle; from
wasie materials into activated carbon not only to provide solution to hwwhc wastes

in profitable way but also provides a potentially adsorbent for lhwous purposes

(./\Ihv‘nﬁr et al., .ZO()Q), z l

Cocoa is among major crops planted in Malaysia wit ut .M‘hc total

— | e
crop plantations (Zafar, 2015). Although the total cu earca {pr of ket had

decreased in 2016, and the pattern was expected lxwm N [hcvx\hﬂ)plics of
0a- |21§Cl‘ couniries

cocoa beans are maintained from import activ Nm

(MCB, 2016). Therefore, wastes from thl

available

Cocoa pod husks and cocouMs h

AV,

activities. Table 2.1

proposed cycle in |
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Table 2.1 Cocoa-based Activated Carbon and Its Applications

Activated Carbon Applications

Reference

Removal of Zn (1I) in aqueous solution

Textile industrial wastewater color removal
Removal of methylene blue in aqueous solution
Removal of arsenic in aqueous solution
Wastewater treatment

Removal of Remazol Black B reactive dye from
aqueous solution

Adsorption of Cu (1) ions from aqueous solution
Removal of Reactive Violet 5 Dye

Adsorption of Ni(l1) ion from an aqueous solution
Removing of Cationic dye from aqueous

solution

Cocoa Pod Activated
Carbon

Cocoa Shells Activated
Carbon

(

Cocoa bmn\ S

h

s sepafated {1
ns

N

Njoku, 2014
Chethana, 201 i
Puaetal., 2 &
Cruz et al. %
OdubiyiectWl., 212
Bello & Ah X

2011
Ajifackt al., 2014;

RW L2014
CalaiWini et al., 2014

I

wd etal, 2012
1

N

X

Cocoa nibs

i
oy

Cocoa nibs pellet

cgh nib-based activated carbon

_____ ]

i
il

Cocoa nibs char

Figure 2.1 A simplified schematic diagram on production of activated carbon: from cocoa tree to

cocoa nib-based activated carbon.
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23 Preparation of Activated Carbon

By principal, the two main steps in the preparation of activated carbons are the

carbonization of the raw material or precursor and the activation of the char us

1{1&
physical or chemical activation (Alslaibi et al., 2012). s )
5s z C()'lver"l organic
material to fundamental carbon at a set temperature witho

xygen present.
During this process, the volatile compounds are clin@nd clir § ‘()'11‘1&8)4 he

produced char usually has poor adsorption capnoil_\vo tHepOo@FPoro L»\}r.ucturc,

arymg raies

I;Aion time and

2.3.1  Carbomzation

Correia et al., (2017) defined carbonization as a pro

w2
&=

temperature involves.

In carbonization process, mMOISMge C - s do¥hised to residual values

below than 3.6 %. Variabilitidi ods z moistire nlcn@mong the different biochars

s

can result from the m'ui]'M ol‘lm iling 4@t components formed during

Q- @ components were trapped in the
2.

g&yﬂually during the moisture content

hemicellulose and cel e degom

’
biochar structure % ere fre

determination. oisture CdL&IiOIY"lS important to improve the combustion

efficiency

w\’cr,, thermal decompbsitions cause structure rearrangement, which
umber of hydroxyl groups in the biochar surface that becomes more
hydro ¢ (Correia et al., 2017).

During carbonization, the temperature attacks the organic matters that caused
cracking, surface changes, rearrangement of dimension, decrease in volume due to

shrinkage and mass loss (Sebbahi et al., 2014). At the same time, devolatilization and
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depolimerization took place (Wang et al., 2016). Pyrolysis temperature is the critical

parameter in pyrolysis followed by heating rate, inert gas flow rate and the holding time.

Generally, increase in carbonization temperature shall reduce the carbo:{ ds

(loannidou & Zabaniotou, 2007). s )

I'he process of carbonization can be divided into six stages. 1 ap1arks for

cach stage are summarized in Table 2.2. V

Table 2.2 Carbonization process

Temperature

Stage Reaction
s (0(\) <
] 20 —-110% Endothermic  Drying process
moisture aSyyat
2 110 —270*%  Endothermic  Final tra of WV : cilQalcd and the
orginig matter s bse by releasing
cQor ond), 3 d&g’ld& acetic acid and
2 ol. o Q.
3 270 -290*  Exothermic \con ‘onlin&s’ as heat is evolved
ases find vapdrs coiivue to be released together
with spme (gr. | 0
4 200 - 400*%  Exothermie g mﬁ' th structure continues and the
stible kacs are released  (carbon
xide, £ ydrogen, methane and carbon
\ ¥ de @) together with the condensable
% TS %aier., acetate, methanol, acetone and
urs)\(,
5 40()5%&01 ggallat f 'I‘I@ransi‘ormalion to carbon is practically

cdFmlete. Tar is still trap in the structure. Further
Ating until 500 °C is needed to eliminate more
\zu‘ and increase the fixed carbon content to about

\ 75 %. The carbonization stage is completed.

6 SO0** Not available  Loss of hydrogen and reordering of the structural
units

*Beaun 1985)

**Gonzalez et al. (1997)

In general, the optimum carbonization temperature is in the range of 500 to 900
°C. The products of carbonization are chars, gas and tar (Rozhan & Purwanto, 2015).

15



Flash pyrolysis will generate high volumes of liquid (bio oils). Meanwhile,

carbonization or slow heating pyrolysis will produce high yield of char (Wang et al.,

2016). \i
2.3.2  Activation Step Y.

Activation step is applied to the produced char to improvewQgporosity by
increase the pore diameter and develop new pores (Alslaibi, 2( mr’cxiver, Chandra

spintgf@ by the
g
| Jis

pefil an%:&g,mical
mm<e< al activated
carbons production (Alslaibi, 2012). As an glterndeve iQeale hi ’Qualily activated

carbons needs, the physiochemical activa : amlé;; as’c ivz‘kn method to provide

o 6—
very promising activated carbon (Y ahyMg al' 2 \A

et al. (2009) presented the idea that porosity of activated ¢

ni
nature of the precursor used and the process of activati red.

Generally, there are two methods to activate t

activations or treatments. These methods are vgtdeMppli

2.3.2.1 Physical Ami\'u‘tim&\ E
Physical actival ‘Na WO-S fess®ransform a precursor into activated

4

f l(alprccursor to form non-porous or less-

N

porous char by ws at a raMge & tergperatures (400 to 1000 °C) depending on the
N

suitability ¢

meccss% in an inert Wmosphere (usually under nitrogen gas flows)

(Ade

a

the ch h steam, oxidizing gas such as carbon dioxide (CO2), air or their mixtures
without the presence of a catalyst (Alslaibi, 2012).

Usually, in physical activation, the carbonization temperature ranges between
400 and 850 °C is applies and it can reach to 1000 °C (Guo et al., 2009). In between the
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process, rearrangement of carbon atoms into graphite-like structure happens (Yahya et
al.. 2015). Aromatic sheets and strips will produce a rigid carbon skeleton. This is due
to the elimination of non-carbon elements such as hydrogen, oxygen, and nitrog&gm

polymeric cellulose or lignin. The porosity constitutes by the gaps belwe@asic
graphitic crystallites (Kwaghger & Ibrahim, 2013).

The activation temperature applied is between 600 to 900 O(Wm al., 2009).
Commonly. the activation involves two stages of pore format mr‘t stage 1s the

removal of disorganized carbon and exposition of aronigg sh cwtmduce
®

microporosity. The second stage is the widening the S or‘n' 1 of
larger-sized pores (Ozaki, 2013).
flon, ecess. It is a

ination process

(Taer etal., 2018).

CO, is commonly used as activating g4 in

f=

clean gas which is easy to handle and is ablgto fathtalag

IQ, G

Physical activation produces acti\/alcmon y
as adsorbenis or as filters (Add@gl ZBC”O, 20

In a study conduct N/\hnla , (20%64)‘ they reported the significant

[¢]

because ai 800 °C of activation temperatu
ﬂ&pﬁ sfactory characteristics

1

structures of activa caons. fl he

'4
'Wribulion v Xponized at temperature below 600 °C. Char

- recorded higher}make of CO, compared with char carbonized at

et al. (2009) when they studied the influence of CO; on the porous structure of activated
carbon prepared from coconut shell. They found that while the yield and average pore
diameter of the prepared activated carbons decreased; the surface arca and pore volume
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increased with increasing activation temperature from 750 to 900 °C. This is due to a
combination of liberating the volatiles from the char and char oxidation with carbon
dioxide. \Y.

Activating temperature in each study runs on agricultural wastes %duce
activated carbon varies. Some were using high activating temperature °C) while
others experimenting with low temperature (300 to 500 °C). The OPW condition to

Rw niatcrial itself.
m

Selection of activation temperature and activation agent usc o (Aworn

s
@t‘ actiyate a‘xﬁing
4 3

Od
physical activation process. Y' \ N

activate carbon from agricultural wastes 1s much depended

et al., 2008). Table 2.3 shows previous studies on prc

Raw Material  Activating

Agent
~Coconut shell CO» "“MT
Cocoa shells COs 5

Palm shell Steam

Coconut shell @ N
Bean pods &
Macadamia Kﬁm O&worn etal., 2008
nut-shell ¢ l (;)
Apricot stones Stfam 8.& b Sentorun-Shalaby et al., 2006
) MU, Zhang et al., 2004
. {‘

.:.4
X
4

Oak %
&/ R
2.3.2.2 Cher %‘,tivation {',

into the precursor. Activated carbon is the end-product after washing procedure. In
chemical activation both the carbonization and the activation step starts concurrently
(Hayashi et al., 2000). Chemical activation usually performs at fairly low temperature:
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300 to 700 °C, 400 to 700 °C, 400 to 800 °C or 500 to 800 °C. However, it was

suggested that in preparing the activated carbon suitable for gas phase applications, the

temperature use should be as low as 400 °C (Suhas et al., 2007). \i

Chemical activation gets its name from the usage of inorganf %UVCS

(activating agents) which play a role in degrading and dehydrating ellulosic

materials in the precursor (Yahya et al., 2015). Activating agents prcw 1¢ formation

of the 1ar or ash (Yahya et al.. 2015). develop porosity and cYagady theycarbon yield

(Rodriguez-Reinoso & Molina-Sabio, 1992). According to C

activation has been done at 400 to 900 °C. é ’ b
4
1 an T

Basically during the chemical activation proggs ‘arb‘u{

steps happen simultaneously with the aid c :“

Xa i

i11|11$ridc (AICI3), magnesium

chloride (MgCly). and sulp, Ncid 'l'l N a%o’z et al., 2008) are usually use in

mical activation. The precursors

/
£,
(@]
<
2
—_
o

Centsfcan)prpv g elopment and reduce the volatile

‘ ’
gl et al.,

Na activation methobnorc than one chemical (activating agent/s) can

carbo rosity through dehydration (Kumar & Jena, 2016) and degradation
mechanisms (loannidou & Zabaniotou, 2007). The interaction between the activating
agents and the carbon structure allows the application of a lower temperature compared

with that of physical activation. However, prior usage of the prepared activated carbon,
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the residual chemicals need to be removed from the carbon using distilled water or a
mild acid (Alslaibi et al., 2012).
There are at least four main advantages of chemical activation in compi\sg to
physical activation as listed below: %
5 The activation required lower activation temperature, therefore inimized
the cost of energy (Bashir et al., 2015). V
i. The chemical activation produced higher carbon yi cznpa‘ed with the
\d
o

g,lqbgp
@ﬁbi et

)
i

slai

physical activation (Acharya et al., 2009), J
i

il The chemical activation required less acti\'atm@\l
Iv. I'he chemical activation developed high porw!arhw
al., 2012) (?‘\~)

It was proven that chemical uclivzhms ¢

production which results in high carbo '"Jd o

C

ppress the tar

development of oxygenated groups ()N.

ogp).
s &
However, the applicgfgn of ac'nn\?gagcm ()Jlll add a relatively high cost to

&

' f st:@ﬂs needed to remove the chemical
(Alslaibi et al., 201¢D,~ et ol 008). R@yf; process could also lead to a possible
contamination zjwpmcnl C

2008).

by chemical activation (Gad &ELaaWed, 2

the operational bu

10n Ymsed by the chemical agents (Yener et al.,

&

”IN*nosl common chemical agents used are ZnCly, KOH and H3POa.

- be likely to use less K2COs as activating agent (loannidou & Zabaniotou,

Rese:
2007). However, ZnCly can be harmful to human, animals and environment due to its
toxicity effects (Panchalingam et al., 2016). Activated carbons impregnated with ZnCl,
are not suitable in pharmaceutical and food industries applications due to its possibility
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to contaminate products (Chandra et al., 2009). Tay et al. (2009) suggested that NaOH
is efficient to activate low structural-ordered carbon materials and KOH is capable for
the highly ordered carbon structures. \Y.

The two-stage chemical activation process is more practical, where th: ced
activated carbon is equipped with higher porosity and better surface arcogklgg nnidou &

Zabaniotou, 2007). Impregnates a carbonized raw material would gi\w er result in

R‘d to, the carbon.
clopn ?Iwurfaw

®
l(bx&@}vgf
d a»q;: g the

sorosity as the activating agent can get inside the pores and

Activating agents have a great influence on the pore

characteristics (Sahira et al., 2013). 1t also helps in crecatljoNe betief dg

cross-linked structures, as well as lessening the uViCmsQ
chemical and contaminations (Mohd Din et al.. ewrablc 2.

researches on application of chemical ncliquhn«&*

5.
llLIR\\‘AS[L‘-"&SC i\"l@‘ ~arbons prepared
e iquc.- [ b‘

carbons using agricultural waste as precul

Table 2.4 A list of agrig
using chemical activat

Raw Material &g =

Reference

: {ussaro, 2014
Palm oil shells %\ &) Hussaro, 201
Corn cobs % !\sv()ﬂ Njoku & Hameed, 2011
Pistachio gl U .)00 W Foo & Hameed, 2011
Yﬁucrmmvc)
Jatrop (1S 70 Tongpoothorn et al.,
shell \ 2011
270( ]
1 H:PO; sl Liuetal., 2010
(microwave)
R ZnCl, 500-700 Demiral & Guindiizoglu,
Sul@wr beet bagasse 2010
ute sticks ZnCl, 400 - 700 Asadullah et al., 2010
K.CO;3, 600 - 800 Tay et al., 2009

Soybean oil cake KOH
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2.3.2.3 Physiochemical Activation

Physiochemical activation is perform by simultaneously activate the precursor

with physical and chemical activation. The process is usually perform qull
%lz or

H3P04) under the flow of oxidizing agent such as CO: or steam (Salmgge& Hameed,

temperature (600 to 850 °C) in the presence of activating agent (e.g. K2

2010). With the combination of chemical and physical activatiorfagh

activation is highly desirable where high quality activated caflyon qilh llargcr surface
arca can be produced. However, this type of activation is costgMoh L,n{ld, 2009).

Recently, high quality activated carbons from vari recurgors Ll o‘lg ) —
KOH activation with different operating parameters Y&cmwl‘f( nt m&s have

ducesmicroporous

Q
e ﬁ@ cherry stones.
A

been reported by several researchers. Nowic M (20??)

activated carbons with surface areas rangesN

na»‘ p%r%v

v . , T :
larger surface area (1793 m*/g) from N

microporous activated carbon cilh \Zfacc afea i [ o using giant knotweed as
precursor. \ \ L)

The interaction bagwe K C

Temdrara et al. (2013) succeed to produc

0> r@s in dehydrated to K2O and K2COj3

*n{e rowth of the carbon material is due to the

¢
due to the walcr—shi}‘Q* cacyon. fhe ex
intercalation of S$ILM ﬁl : &cam&nctwork, which accelerates the carbon
N
liberation (l'l\# ini, 2015). SimilaNbservation was reported by Huang et al. (2015)
when th d that application of CO> in activation technique was efficient in
incr®goe e surface area and the formation of mesopores in the activated carbon.

Another study by Veksha et al. (2016) demonstrated the effect of interaction between

KOH and CO, or steam gasification in pore opening thus leading towards well-
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developed pore structure. Table 2.5 shows a summary of researches on application of

physiochemical activation technique in preparation of activated carbon.

technique in preparation of activated carbon.

Table 2.5 A list of researches on application of physiochemical s%lon

Activation

Raw Material ‘M‘Ll:rl:l‘"g Temperature Refer T
[ o CcoO___

Aspen wood KOH/CO, 900 Veksha 2016)
Olive stones KOH/CO, 800 TLIHT , 2015
Giant-knotweed KOH/CO, 1el I. (2015)
Cherry stones KOH/CO, ' ‘1 s 201
Oil palm fronds KOH/CO,

Date stones KOH/CO.

Coconut shell KOH/CO,

2.3.3 Ashin Activated Carbon
Ash is a troublesome compound i
porousness (Ahiduzzaman & \adrul

thai remains when the carbonaceous

other metal oxides such as calcl

potassium oxide (K>O) Q]l l C
l R ,
content (Danewalia c ( 6)f ! y F. dCJ an be leached out from the activated
. \ 5
carbon using ucnd li b()}lt ongl(A n aman & Sadrul Islam, 2016).
/\cung&u Ahmad et al., mb) cocoa shell-based activated carbon had

~ = 2] ~, .
ach in surface area from 367 m%/g to 1,000 m*/g after acid treatment

1 3G

recorded an 1
was gpp!| ™y The temperature used and the acid concentration applied during the acid
treatment had affected the development of highly mesoporous structure. Acid treatment

modified the surface chemistry by releasing the acidic and phenol groups linked to

calcium, which increased the acidity of activated carbon (Ahmad et al., 2013b).

23



2.4 Characterization of Activated Carbon

The quality of an activated carbon lies on the adsorption performance, which
basically reliant on its characteristics and properties. Qualitative and quax@
information of activated carbons will give a foundation for assessment and #8sOrjjent
of activated carbons for explicit applications. This information is a]sowmal for

modeline the characteristics and performance of activated carbons.

sizg, pore size

' Mopular
.

ca uste BET

clho@*c another

The usual measured data are surface area. averag r

model equation and pore volume using BJH nnewcmsn
method of characterization which enable the mmli nint

aspects of activated carbons. Such microsc 'J

=
é‘
=

S sghri I]il%& cctron microscopy

(SEM) (Achaw, 2012).

2.4.1  Physical l’mpcrti% @ Q
\ ( 'acué(‘{cs of activated carbons play an

Physical proper Or Tlexture ‘]I
*Tr.
theif stimctres @cmporc mesopore or micropore) suite

them with thengad&ghtion me

important role. The

& andgdefine their porosity. Pore size is a very

Y

important ¢ \nl in liquid adsorplih? as well as the specific surface area. Another

compogtag pore volume, where the ratio between the pore structure and the pore
volum ™ be useful in the adsorption capacity studies.
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2.4.1.1 Carbon Yield

Selection of precursor is very important in producing the properties of the end-
product of the carbon. Both physical and chemical activation methods affect th M
yield. Physical activation via thermal application produces lower carbon fr %raw
material and the type of pore structure is usually microporous. Chen® tivation

produce higher carbon material compared with that of physical a,wion method.

~ tz wilh chemical
N\,
N4

Yield (in percentage) of activated carbon 1s est@ from fthe lc‘llz ) of
s by

ratio of the dry weight (g) of the prepared activated ¢ 4 wc‘ot\h f w%ht @) of

the precursor, w, as shown in Equation 2.1 (WueNOI )‘\ Qé
Q1) Yield (%) = —£ x 100 \ NS .\O
L. o) — A
Wo Lomy AT &
6 =

where we is the dry weight (g) of the [& gd actl
(g) of the precursor. This amognt Vs n‘leas,xred o}l
activation process (Ahmad uﬂ\_ 1) \ b
Higher temperatug® dMgg ci ion{?ﬁ - 700 °C) can increase the release
of liquid and gases but #™MPsamg tim “e&cc char yield. It will also intensify fixed
\ . . ~ ~
carbon and ash c% and doegedS lh@atile matter content. This is the effect of

the primary osition of precum&D and the secondary decomposition of char at

Usually, raw materials with high content of volatiles are

activation method to produce the activated carbon (Kharat, 2

high tempg s. In consequence, high carbonization temperatures provide a higher

qual@ut lower the yield (Zhao et al., 2017).

Commonly, the increase in pyrolysis temperature would decrease the yield of
char and activated carbon that can be observed from the reduction of solid yield and the

increase of liquid and gases production. However, as the temperature is elevated, the
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ash and fixed carbon contents are also raised but the volatile matter is decreased (Zhao
etal., 2017)

As a result, when the temperature is raised, the quality of char produce @
but the yield is decreased due to the decomposition of raw materii rpnary

ition) (Nor

decomposition) and the decomposition of char residue (secondary decor

et al., 2013). The secondary decomposition of the char produces

According to Yahya et al. (2015). agricultural wasteaMgggno ’lWlatcrial

Y
yield lower activated carbons compared with hard raw mat& s codl, ‘n@ilc
or peat. However, these materials can produce a high

is the top concern. Volatile matters containg Nc

2015). o%

Generally, in optimizing Lhcw ratior c a&‘\‘étcd carbon, there are

important parameters that neello )&z:onsid red

carbonization temperature a
C
* Pr .9

activation, the nnpn:gnzw

C
Lial Ahd shxactiv@tion method affect the characteristics of

Q
.1ctmO(Yahya et al.,

1igh MMhe carbonization time, the

method. Both the raymgna

\
the prepared actj wmmn{( i al.$)8)

2.4.1.2 ated Carbon Structure
civated carbon is a carbon based material equipped with internally well-

developed pore structure. The developed pore structure defines the surface area and
porosity of the carbon which can be divided into micro-, meso- and macropores
(Bhatnagar et al., 2013). Much attention was given to the effect of pyrolysis pressure in
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structuring the carbon to form the chars and liberation of ash. Such effects can be
observed by the occurrence of plastic deformation where particles were melted at high
heating rates. This phenomenon usually correlates with carbon species which @
volatile matter (Tchapda & Pisupati, 2014). Due io carbonization, the 551% of

activated carbon is consists of elementary crystallites, graphitic layers stacks of

horizontal planes (Mopoung. 2008). V

Figure 2.2 depicts of a porous structure of an activat n. The large or

diffusion pores are penetrating through the entire particle. rbat diffuse
.

()‘f@\in

IS, &Hlaly

condensation (with the formation of a menisc l{M llqlnd « )rb@kcs place

from the external surface into the fine pores, that brancl pirom fhrg

the particle. The fine pores are where most of l

within the mesopores (Grosman & Ortega, 2008 -\O

Macropores are importani as pas LDK loﬂl mi ($’thc pores for the
] Q-
ilougﬁle difference between
N

'1I:sa®cs and macropores) lies in

2.4.1.3 and Surface Area Characteristics

key property of an activated carbon is its adsorption performance which is
associated with surface area, pore volume and pore size distributions. Variables in
preparation stage such as activation temperature, activation time and chemical
impregnation ratio will affect the development of pore and surface profiles of the
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produced activated carbon (Guo et al., 2009). Porosity and pore size distribution for an
activated carbon characterize its pore space, that portion of the carbon’s volume that is
not engaged by solid material (Nimmo, 2004). The pore size distribution of ac\%&d

carbon is well represented in Figure 2.3. 3 )

A pore is a hole or cavity on the outer surface of an object. It has IY’”‘ﬂ uence
on the performance of an activated carbon. The pore space is usually IM< od in terms

oS zuci;‘l character.
Porosity is the ratio of voids to solids in an activated carbon. It

"Ry
volume that is taken up by the pore space (Nimmo, 200@ ' _i:)\
£
3

Large dissolved V

organic molecules

of individual pores - a concept that enables quantifications

Macropore

Mesopore

0)
iaonsq( explains the difference between
reesopore and micropore (Cousland,

deternMgafhe fraction of the total pore volume accessible to molecules of a given size
and shape. According to the classification of TUPAC-pore dimensions, the pores of

absorbers can be grouped into micropores, where the diameter, d is smaller than 2 nm,
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mesopore where d is between 2 to 50 nm and macropore when d is bigger than 50 nm
(Yahya et al., 2015).

The distribution of pore size describes the internal structure of solid carbqg W
on the assumption that the empty and vacant spaces in the carbon can be ch z%zed

by a model of same set of non-communicating and commonly shapvcgu The

distribution is directly associated with equilibrium and kinetic purzuw relevant to

)

Activated carbon for
gas phase adsorption

F Molecular \

sieving carbon
(MSC)

o
-
o

Pore volume (mUy)

0.1

S EAERALLL
i
1
}
']

0.0}
Q

>

Nt palm shell are preferable raw materials for

Hard ma %
N\ NSF

production N\fatcd carbon becaustof their high density, high carbon content and

highes i of char, activated carbon and higher activation rate during activation as
lignin has a high carbon content and a molecular structure similar to bituminous coal
(Suhas et al., 2007). Hard shell-based activated carbon was shown to have a major

portion of its pores in the micropore range, whereas wood-based and husk-based
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activated carbon contained significant amounts of mesopores and macropores
(Ginsburg, 2016).

According to Yahya et al. (2015), pore size distribution of the p

ﬁ
S
o

activated carbon depends on the degree of initial impregnation of the catal&t ugdd. It
varies depends on the type of precursor used as well as the method applicgmpagoduction

3|

of activated carbon (loannidou & Zabaniotou, 2007; Tan, 2008). RaMI’iHIS with a

perties
wn as

recognized method to characterize the @ Oy porou O)jc@ and fine particles

“« Q-
(Thommes et al., 2015). Nitrogen (N;Nne S\ sed{iﬁmractcrizc porosity at

77 K. Alternative gases such as€ugagoW. argofandffatbagdoxide can be used at 77 K,
' &
87 K and 273 K, respectivel 0Vilze \l( 15). Eb

In physical aclivilm,&lc SUrTe 1 of@ activated carbon increases due the

-

development of p()@ ure fwhe®

cat*b\'ith thermal treatment using carbon

dioxide, steam, :E ally oxi 71k oRes. The carbon selectivity and adsorption
i d with further ckmical treatment using chemicals comprising

capacity 1S 1Mgrove

;' &clmnul groups. Chemicals such as sulfuric acid, nitric acid, phosphoric

ng the usual chemical used. A mixture of acids could result in increases or

numerao,

acid a
decreases of the surface area of the carbon. This is due to the impact of the acids to the
pore structures, where too much acid applied could damage the pore (Shawabkeh et al.,
2015).
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According to Shawabkeh et al. (2015), activated carbon contains mineral oxides

significantly affect the porosity’s increment scale.

2.4.1.4 Surface Morphology

Scanning Electron Microscope (SEM) is usuall

morphology of precursors and produced activated carb

Ahmad et al., 2013a; Yahya et al., 2015: Yakout an ral IS ; H()l@(.)mc of

3). Ip dsual practice,

the pore structure, surface structure and porMparraggcm o f 'lLQﬂlCd carbon is

f n d ga™on Woduc &duc to its abihity to
7 | Y
q

Q-

e dey hent ne carbonization and

=
O

them use Transmission Electron Microscope (

1d v&' but lack of porous structure. They

_{cct acfivated carbon where porous structure

a Za)maining many craters and its pores were

untform g pcroporous to mcsa@ous structures. Ahmad et al. (2013a) presented
differg s of pores (small, transitional and large pores) with different shapes which

le in micrograph images when studied the cocoa shell-based activated carbon

with SEM.
Figure 2.4 shows the SEM micrographs of cocoa shell precursor and cocoa shell-
based activated carbon produced (Ahmad et al., 2009). It shows that the coconul shell
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activated carbon has relatively numbers of pores developed after activation process

compared to char itself.

TRV WD T T det s Tmag Y
600KV 1 0mm (™ 300 "0 x

Figure 2.4 Scanning clectron microgra
shell-based activated carbon (Ahmad et al.

2.4.2 Chemical Properties

2.4.2.1 Proximat,

Proxii alysi :1 Prms determine the moisture, ash and volatiles
matter cog{CTmdorder to calculatc‘&‘?ﬁxed carbon of a precursor. Ultimate analysis or

Llcmélysls is carries out to determine the percentage of carbon, hydrogen,
Omygen and sulphur present in a precursor (Wu et al., 2013). The thermal
treatment applies during the production of activated carbon removes the moisture, some
ashes and the volatile matter contents of the precursor to produce solid char and

activated carbon with different properties than the initial material. This leads to
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development of porous structure, larger surface area. variation in pore structures
(micropores, mesopores and macropores) and different composition of elementg and
ash content (loannidou & Zabaniotou, 2007). The inorganic material re \ in
activated carbon is measured as ash content (in percentage) where allow@tical
limit (the ash content) in commercial activated carbon usually in the r?@lwccn 2

and 5 % (Huang et al., 2015). V

: 'gell, carbon and

nat CM&S % of
g

oxygen, 45 % of carbon and 6 % of hydrogen. 1t Wagg sKown tRat a‘h Outent
might be due to the presence of potassium, calcTilicw kodiutmglineral
contents such as potassium and calcium in eNCUI'S en ﬁga various

reactions engaged in the production of activalCpcarkQn ar ance for higher

reactivity which support the process (%’1 ) s ?'9% (}

Most lignocellulosic materials are composing mainly

hydrogen. A study done on peanut shell material demonstrate

Activated carbonsghave ¥ N@J SMrface functional groups which

iva@uhas et al., 2007). Kalijadis et al.

: té’?’stcd by Boehm, 2002) can be used to

(2011) had stated h% , cihd
. ~ \ . . °
determine lhc% oxye ps d’an activated carbon with acidic (carboxyl,

lactone ar 10l) and basic p@ics. The O-containing groups are the most
important Melice functional group which gives features such as polarity, hydrophilic

 character (Li, 2012). Allwar (2012) proved that the activated carbons have

d ac
oxygen functional groups consisting of carboxylic, phenol or lactonic group besides

aromatic hydrocarbons ring.
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Acid such as nitric acid modifies the surface functional groups of activated

of

carbon by increase the presences of acid group. This might be due to the eliminati
inorganic compounds and the left sites on the carbon were filled with o & y
chemisorb. Additionally, the increase in intensity of C=0O (carboxylic%). O-H
(hydroxy! group) and C-O (phenol group) in the FTIR spectra show Wscncc of
N The acidic

ic, 'lcu'me, lactol

‘ngtri

more oxygen functional groups on the activated carbon (Allwe

character that relates to the surface oxygen contents (carboxyl,

of cocoa sheli-based activated carbon (A hm;m% 01,

<

t .
\01 Cgbony

Carboxylic Lacton
A
OH (

\

”
|
H

L 0’ ~

% \\ TN %Vz
I’igu@ﬂurl‘aur oxygen containing groups on carbon (Shafeeyan et al., 2010)

34



CSCH_500

4000 3500 3000 2500 2000 i ] 1%d_
Wavenumber (¢cm-1) ¢ Y'

Figure 2.6 FTIR spectrums of cocoa shell-based
carbonization temperatures (Ahmad et al.,

2.5 Adsorption lsotherm \

Adsorption is the accomulation css\Nat can generally be

9
defined as the material at the imeri\ ween SoddAnd l@phases (Khaled et al.,
| _ N
2009). The best method to mhcme G activﬁrho@ing gas adsorption because
of the irregularities of II]QC VsiG {‘ h ang&gascs are the usual adsorbent
molecules use to eval{ > poxdsyst

(micropore) better tf 2 as

Y
5

S. C@an access narrow and small pores

O

: itd&ifltcr of Ny is bigger (3.64 A) than CO
3

(3.30 A) (Sun %b;b')f ) r, g%dsorption is relevant to only material with

pore size le 1 300 nm based ox\ﬂas elvin equation (Cao et al., 2016).

-

W'Ncally, adsorption isotherm is important as it describes qualitative
ixor@n on the nature of the solute — surface interaction. Additionally, in the
practical point of view, it defines the specific relationship between the concentration of
adsorbate and its degree of accumulation onto the surface of adsorbent at constant
temperature (Li et al., 2009).
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Most of the adsorption isotherms fit into one of the five types shown in Figure
2.7. Type | isotherm shows that the pores are microporous. Type 1l isotherms indicate
the adsorption occurs on nonporous powders or on powders with pores diametc%z
than micropores. Type Il isotherms are specify the greater interactio been
adsorbate and an adsorbed layer than the interaction with the adsorbent e. Type

IV isotherms oceur on porous adsorbents possessing pores mainly in TRGBPOre range.

az‘orbint which 1s

I'ype V isotherms exhibit the potential interaction of adsor

similar o the Type 1V isotherms (XAmplified, 2009).

Type 1

Amount adsorbed

Amount adsorbed

A 4

Pressure

L ' Pressure

isotherms (XAmplified, 2009).

et al 08). The parameters obtained from the different models provide important
information on the sorption mechanisms, the surface properties and affinities of the

sorbent (Khaled et al., 2009). Several equilibrium models are available for analysing
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B

experimental sorption equilibrium data. From the literature. it was found that different

adsorbent - adsorbate systems showed different adsorption behaviours wherg the

adsorption data were represented by different isotherm models. c\
2.5.1 Langmuir Isotherm v

The Langmuir isotherm was developed on the assumption thaWgfle adsorption

dso"bcnl surface

the site, no further adsorption can take place at thajeghisk ¥ hich

adsorption process is monolayer in nature (Mohdv

indicates that monolayer adsorption might Ogc.,Nsurt‘

el

surface was created with homogeneous adsorptign paighes

The Langmuir equation is bascOnQ#sst 1% é
SRS
(2013): N NS
S

1) Monolayer adsorgffion ONo a surface

i) > surfaq

szzxprcsscd by the following equation

Ce 1 1
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where C,is the equilibrium concentration of the adsorbate (mg/L) and Co is the highest

initial solute concentration, g. is the amount of adsorbate adsorbed per unit m ‘
adsorbent (mg/g), QOpis the maximum monolayer adsorption capacity of the cs t

(mg/g) and K is the Langmuir adsorption constant related to the free ener%rption

(L/mg). The constant value can be evaluated from the intercept and th&Slope of the

4

linear plot of experimental data of (C./qe) versus Ce.

The essential characteristics of Langmuir equation can

dimensionless separation factor, Ry defined as (Dada et

1
2 S —
eet) R (1+K.Co)

where R; value implies the adsorption to be cithw /ouuTle > 1) r(R.=1).

favourable (0< R, <1), or irreversible (R, = J é

252 Freundlich Isotherm \‘e : “ A@'
The Freundlich isothe mwes t'at

surface through a multilayer adggptiag oeg

Y
<9
J"/)),

el 2
(2.5) qe@' :,D_)‘, -ééJ

where g Qamouni of adsor@\w adsorbed at equilibrium, (mg/g), Ce is the

equilibril.\ncentration of adsorbate, (mg/L), Ky is the Freundlich constant,

he equation is conveniently used in the linear form by taking the logarithmic

of both sides as equation 2.6 (Dada et al., 2012, Bulut et al., 2008):

1
(2.6) logq. =logKs +;logCe



A plot of (log g.) against (log C.) yielding a straight line indicates the
confirmation of the Freundlich isotherm for adsorption. The constant can be obtained

from the slope and intercept of the linear plot of experimental data. The va!Niz7

. azorb‘ém and the

d great

indicates favourable adsorption when 1< n <10.

2

2.5.3 Temkin Isotherm

Temkin isotherm explains the interaction between

adsorbate. The principle of the model is to ignore the ex

describes a linear function of the adsorption engeey

works with ion concentrations in imerrncdrm

bf &
The linear forE s SUTSRY od.c 1

's universal gas constant (8.314 J/mol/K), T'is temperature at 298 K and B
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2.6 Adsorption Kinetics
The adsorption kinetics depicts the rate of adsorbate uptake on activated cz

and which regulates the equilibrium time. In order to select the optimum con% r

adsorption at full-scale batch equilibrium study, the adsorbate uptak%ﬂcs is

essential. The kinetic parameters are important to predict the zldSOI'ptmc. These

H

parameters are:  the effects of initial concentration, contact timg nd adsorbent

dosage. provides important data to design and modelling sor;tion process

(Kalavathy et al., 2005). In fact, Kinetic models are usefulin dS®gmige Mﬁca&gc

of diffusion mechanisms and the accuracy eslimati@& diffu§ivi

or ligd¥d-phase

adsorption are pseudo first-order and pseudo %Nor ; S (@thy et al.,
2005). \ O

I'he approach of the adsorption p J S \ﬂll ;)c i:’lchn@by the physical and

4 Q
chemical characteristics of the zidsorN an < /stcmi‘ymditions (Ruiz-Baltazar
NS
& Perez, 2015). The kinmic%‘,‘ be w dh(@r the pseudo-first order or
s

\csl(hm%%nadl-l\’alalagh et al., 2011;

o-first order-kinedgnodel (Srihari & Das, 2008) has been widely

used l‘%rcdiclion of sorption Kinetics. The model is defined as in equation 2.10

(me, 1998):

dqq
(2.10) i ki(qe—q1)

2.6.1. l’soud:%-

I'hg
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where g. is the amount of adsorbate adsorbed at equilibrium, (mg/g), g: is the amount

of solute adsorb per unit weight of adsorbent at time, (mg/g). k; is the rate constant of

pseudo-first order sorption (1/h). \z

gives the following equation:
“y \ ~ o kl
(2.11) log(g, — q;) = log ge — —=t

2.303

(2.12) In(q. — q,) = Inq. — kqt

The plot of In (g — q:) versus t gives a slope of k7 anc

o

14 behavior over the

2.6.2. Pseudo-Second-Order Kinetic M i‘%

ata w
orpl.gfﬁghncchanism being the

In contrast, the pseudo-second-q tl

whole range of adsorption and it is a wilh an ¢

rate controlling step (Bulut er al 20U Tl[ [ —secaeorder equations based on
equilibrium adsorption can l%zsud as eque o 2 Ho & McKay, 1998):
‘s

(2.13) =t _ Nﬂ)" . | (,)C)
P83

ALe z‘ids%ed at equilibrium, (mg/g), ¢ 1s the amount

of solute taAucr unit weight 01@61‘&3111 at time, (mg/g), k; is the rate constant of

pscudo-se -order sorption (g/h.mg).

chraling equation 2.13 for the boundary conditions =0 to 7 and ¢~0 to qu,

gives the following equation:

1 1
(2.14) = — + kot
Qe—dt de
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which is integrated rate low for a pseudo-second-order reaction. Equation 2.14 can be

rearranged to obtain linear form:

t z
2.15 — —
5 de sze * CIP !%\

The linear plot of #/q. versus 7 gives 1/g. the slope and 1/k>q” as the int

2.0 Adsorption Mechanism E
The kinetics and mechanism of adsorption proces ed te!n\incaxsing a
°

developed kinetic model. The diffusion limitation ncQlg to be fcons e?:d a’&'o

effectively define the adsorption system (Akpomie 5). Tfeads ptio\r"@roccss
mechanisms (or the rate-conirolling steps) ij\tﬁm usin@e‘:aparticle
diffusion and Boyd models. \% é
The intraparticle diffusion and [%\IIIGUCS 0 $s @C expressed as in
Qe e < SN
d spec ;

equations 2.16 (Khartikeyan et al.,

(2.16) g =k 4O

(Q | O
where, where K;, (mg/g min" he it cn‘d@su)n rate constant and C is the
intercept. The bound‘u&\nu 1 2SS 1 esu‘l y the values of the intercept. The

larger the intercept, @te isth da yer effect (Ahmad et al., 2014).
(2.17) B &7’7 J‘ [ o \(J
. P 1 =

where F'1s the 1on of solute adsw at different times (/) and B, is a mathematical

functio N“ value represents the fractlon of solute adsorbed at any time, / (min) and

0 lated by equation 2.18 (Okewale et al., 2015):

(2.18) F=



According to Okewale et al. (2015), there were three steps (mechanisms) in the

process of an adsorption. The first one was film diffusion, where the ions ofthe

adsorbate moved in the direction to the external surface of the activated car
second step was particle diffusion, where the ions of the adsorbate mov%
pores of the activated carbon not including an indefinite amount of adsmmhal took
the ions of

place on the outer surface of the activated carbon. The last step W, s W

the adsorbate adsorbed on the interior surface of the activat ted ¢

2.8 Principal Component Analysis
Principal Components Analysis (PCA) is a 1

and use the identified patterns to highlight dn‘NEm

(n various literaturesfflog
carbons, PCA was applied

of data and compare ‘\n O
L
1CY,

avoid any inconsig fise fror

avagte activated carbons. The idea is to

ec@ :dlifergnccs among these sorbents. This

N

ue aflc LANOTEN ecifi sment of the influence of each

data analyzing
property ¢ such as the phys‘l@)nucturcs chemical properties and adsorption
perfor, ata (Alvarez-Uriarte et al., 2014).

a descriptive technique, the selected variables for the PCA can be of any
type. For example, x value may have a multivariate normal distribution, and the
variables could be a mixture of continuous, ordinal or binary (0/1). Without taking into

consideration the relevance of variances, covariances and correlations, and the linear
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functions of binary and continuous variables, PCA summarizes almost every data
variation from the original set of p variables using a smaller number of derived varialles

(Matricardi & McNally, 2014). \

In order to apply the PCA properly, the mean from each of the data%s ons
needs 1o be subtracted to get the average across each dimension. For exX ¢, the x

values will give x subtracted and the y values will give 7 subtrggtedWlhe data set

produced is having zero mean (Bartel et al., 2013).
In performing PCA, the original data is transforms lin i ati
procedures. The transformation nto a new set of da]a@iulcs itl \\lv&%le

that termed as Principal Components (PCs). ]'hevs 1N as @mr and

(2.13) X = (x1, x2, X3, ...Xp)
The first PC of the da

(2.14) Zi =a1’x = a;

where a; = a1, a», u;zw»

(2.16) can + bIPCI + bARI2 + Error ...
I'he at A model equation can be explained as below:

(WY X=TP"+E
where. X is data matrix, TP" is the data structure and E is the residual which are left

unexplained by the model.
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In PC analysis. the results are commonly explained using the graphical features
of component scores called Scores Plotand Loadings Plot. The Scores Plot is the values
of the transformed variable equivalent to a certain data point. The Loadings Plot isgkdag
load that each coordinated original variable ought to be increased to produce t .

From the literature reviews, there are few examples of applicaliodNTA in
evaluating the characteristics of activated carbons. For example, Eza gt al.z;()lﬂf) had
applied PCA to investigaie the relationship between the adsorplionWon odor onto

two types of fabrics which were lined with different type of acjai rben$. The study

sorbed by falific, an e

1T tad ' ‘kal

ifferg sghptiofgresult.
@ \3”3

W(N to @X.ine with

PCA, as to get a betier separation between lhcwa and got slil@%hable result.

&curb&»& ‘~ésut.ions PCA was
)

9 .
oss ofwvajited nosulfur compounds

N
bol. A llfi)@OFmCd by Al-Ghouthi &
'e

Al-Degs (2014) on the ndsmw cli ‘ENK as togcHaluate the practicability and

effectiveness of the studied? nmtagod \}d rialéJ%)c’ They used PCA to assess the

was 1o confirm a hypothesis; that an onion odor will be

distance between the fabric and the source of odor will give

However, Eza et al. (2014) used Linear Discrimin'\‘VAl y

In another work-related to acti

>

11‘ n(ij[:gancsc—loadcd activated carbon. The
Y

1*_ ss, adsorption temperature and surface

Y
functional gro@lhcy found out ta{4he activated carbon was significant in OSCs

removal fre PCA experimental parameters.

Jvious work of Al-Degs et al. (2012), PCA was used to measure the
empirical relationship between the adsorption performance and the studied variables.
Two data sets were made for experimental model and validation purposes which

consisted with linear terms, non-linear terms and interaction term of the variables. The
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performed PCA discovered the significant of linear and non-linear terms of variables
for data modelling rather than the interaction term. Based on PCA., the best combination
between the variables was established for maximum adsorption among the following: 7

days of shaking time, pH 12, 950 mg of mass of activated carbon, 450 mg/t ial
e

dye concentration, 3.0 M NaCl concentration, and 40 °C set for solution* ature.
PCA was also applied to compare the degree of accumulation ments onto

activated carbon after one year of usage with a new activated ca he sample data

was developed from inductively coupled plasma — optical guisRio sp@tty (1CP-

OLES) experimental technique in determining the elemcfig presen d

¢ Actiyated
;}wﬂ

i
carbons (Ca, Mg, Ba, Sr, Mn, Ti, Al, Cr, Cu, Fe, NI K, Zn, @ P); siné}e PCA,
NV

Dabioch et al. (2013) discriminated the actival@g c: 5 'n\ﬁﬂrec@)s‘ Among

these groups, the similaritics were assesse J :ntify th

clements such as Ba, Al, Cr, Niand Ti %stin@t } @ar accumulation of

0 S

clements during the usage of the actfegi® carbOng i Q%
¥ s

ﬂ”e@‘&s As a result,
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