v v

o v Ay a ' o A Y Y
ﬂ1§ﬂ1°’|]ﬂﬁﬂf’)llfﬁ’i’iﬂ»l“lﬂﬂ‘iﬂﬂ!!ﬂuﬁhﬂaluuﬂ’lﬁsllﬂﬁﬂi%‘l.l’J‘I»!ﬂTiﬂf’)NNﬂT‘m

TaglFounuiuaoinlfgmalda

d A a d
u]ﬂﬁT}]!ﬁTﬁﬁﬂ ‘lfﬂ\‘lﬁ'i‘)‘aﬂWﬂ

U

a a ¢ A < [ a C )
Inentinus i uaiurtiavesmsanmmunangasiSaygianssumansuriiania
a2 a2 =
AP IAINTINAN
unMInenaunaluladgsus

Umsanu 2556



REMOVAL OF NATURAL DYE OF SAPPAN WOOD
(CEASALPINIA SAPPAN LINN.) FROM EFFLUENT
OF SILK DYEING USING EUCALYPTUS

ACTIVATED CARBON

Saowanee Chuyingsakuntip

A Thesis Submitted in Partial Fulfillment of the Requirementsfor the
Degree of Master of Engineering in Chemical Engineering
Suranar ee University of Technology

Academic Year 2013



o v AY a ' Z Qy Y 74
ﬂ]‘iﬂ]i)ﬂﬁﬂﬂﬂﬁi‘iu‘lﬂﬂ°‘l)1ﬂ!!ﬂuﬁhxﬂ‘ir!‘lnﬂﬂﬂﬁllﬂﬂﬂi&’ﬂ?ﬂﬂ]iﬂﬂmwﬂﬂﬂ

TaglFaumuiudoinligmalda

a @ o v a a Jd yr:,’ 1 %
v Inedema Tuladgsuis ewdd lhivInedwusaivibiludiuvilsvesnsdn

aurangasliyyuiude

AUZNTIUMTTOUINTNUT

(0. 3. 5320 quiuia)

5L FIUNTTUNT

Y Y a J Y
GRERTL ﬁﬂﬁﬂﬂﬁlf}a“ﬁl)

I a a o
NITUNIT (61%138ﬂﬂ?ﬂ‘]&ﬂ')ﬂﬁﬂuwu‘ﬁ)

H a J @
(37. 47070 AIADATNATY)

NITUNIT

v I o
(@. ﬂi.q%ﬁiiﬁ AUNTNTUN)

NITUNII

a a Ao J 4 o A J.
(1. AT YN all‘]_lflnuﬂﬂ) (3¢1. 9.9. AT.NUATT ‘Iﬂuﬂizmﬁu)

a [ a o v Aa a 4
59493 MIVARIEITING ANUAFIINIFIAINTTUAAAS



wnild gtaanafing : mitsaddensssumannuaurhaluhiaesnszuiums
doudh luuTag1¥auiusiugon lifgaadda (REMOVAL OF NATURAL DYE OF
SAPPAN WOOD (CEASALPINIA SAPPAN LINN.) FROM EFFLUENT OF SILK
DYEING USING EUCALYPTUS ACTIVATED CARBON) 019136711/3n11 :

4 @ ] a J @
MITNTINTY AT, TYYA NTDAYNAYEY, 153 ﬁﬁjl

a o @

¥ ' 3 &
QWN’J%EIﬁﬁﬂ‘H1ﬂT§ﬂWﬂﬂ%é’ll@3J‘ﬁﬁﬁiJ“HW]%WﬂllﬂuI’/h\‘lcluL!WNGU’E]\‘]ﬂig‘U’JuﬂﬁEQJ}@NPi}W

v o J =

Tnudremrunududanlfgmddda Tasligayauisuesnsauiuizsniside ioason

I o o JdAaa A Aa ' v Y o 1 o o JA A 9
onuduanliautianismenimuazmaaiinuanaienu udnhownuduaimson1d l1ge
Yy v ]
FuFdontinaluszungasUIUUIIA (Batch adsorption) AZTZULAFULLUILATY (Fixed-bed
) [ U v o da [ g @ 1
adsorption) @115V UNUTUANIFluNINATOUMTAATUININNA 3 A106719 AD ACB00
( ' a 2]
AC900 11az 0A800 1n8A10819 ACS00 HAZACI00 161538URIBIDNTZAUNIININTNA LA T
I'4 o A { 1 [ [ % [] g’/ o A []
amivoulaoen lealdliauiannunguiuana iy @21a29619 0A800 HUTINITIANNTY
Jd o ! a ' v o J a @ T v o
WINFUVUNUAIVOIUAUITUA ACS00 A28N1500NFIATUAIGDINIA WU IUN UL UR
4 H
AC800 AC900 11aZ0A800 HANUAFITUWIZIMINY 738, 921 LAZ833 AITIUNATAONTY
o a Y 4 a 1 o o
MUAIAY UTNIATFNIUTINNINDY 039, 0.53 14AL0.45 NINANIFUANATABATY INEIAY
YUIAFNFUIAAY 21.2, 23 1Az 21.7 DIaATON AIWAIAY tazldadiuveslsniasgnguvma
9 =1 [ =) o o a2 A ] J o
na1edesay 31, 43 uad4 MeunuSuIaIzngusI Muday nazilSuanylensu
a 14 a <3 = dy a 1 v W = Y A
pONFIIU (M5VONTFA uan Inu nagiluea) yuiuAIveIUINTUA Foeanuinlides Ao
OA800 AC900 LAz AC800 ANEIA1)
4 o 1 @ @ 4 ?,‘, Y] 1 % %
Wohmuduiuaniduaregsnageumsgasuluszuugagunug Tay
d15az0TFIFoU [Al(brazilein),]” A lFlunsnaaoslinnuduiuEudu 220 Naansuao
a = 9 A A 9 9 A A 1 =
das 3¢ ldnnasazarehmaennmsdoudu lvuimssuninmsnauszniedisazalod
[ 1 = 1 v o Jd
anannunude nazasdu [KAISO,)12.H,0] TasAnyiwavesdsuianiunuiuaasnisge
o o a T v o
T, szoznm IUNIgadU tazgugIvesdITazale (25 1440 oarnITaITed) WD UANTUA
= a a Y d’ =) d’ 1 \ =)
AC900 Nilszanimnlumsgadugaga tiesnnlvagnyunlugni vazlsuasgngu

a R =

1NN TasliaSuumsgadugagangumgiinsgaty 25 30 Haz40 IR EAIFY 1NN
1010 1586 1az1659 Haanfuneniu Mua1AY uiIaUNamanivpINITRATUAINTD
a 4 v v W

a5 110 IAARIGANNMTIAUNAMTATNITAATUTUAD T UTON (Pseudo-second order  kinetic

I
model) uazwuNFUUsEANTMTUNTVOITITAzaeTTIFounteTugnguliaroglurag



Y
5.88x10° 94 4.81x10" MINFUANATADIUIN VUAVTNIZMINAABI AMTUMsANEITUYD
o ' ad Y a o J
m3sgadu nule Txisuvesnisgaduauisnouie lanrsaun1sveuasiag (Langmuir
. = ¢ a ¢ o ! o ay Ag
isotherm) agmsfnyunes lulaiindvoanisgadu wunmsgaduasazarvddoniniu
Y
N32UIUN59AA1IN50U (Endothermic process) 11A2NTZUIUMITQAT U NIRRT IR0
(Spontaneous process)
) @ v A a g A A 9 Y o
dmfumsgadudiFadounindisazaeitmaevninmsdoudu lnluszungaduy
A ' v o & o
puuais Tagldniunuiug AC800 wazfnbIHAYLIA3INT Iva (989 §4 2472 kg/h-m))
' Y ! ]
HAZHAYOIANNFIUA (7.5 D4 125 IHUALAT) WUIIIAWDTANGUA ANV DANNFVOUVAT
A 2 o 9| Aq Y1 a o ~
MY azons1ng Inavesmeilouanas nazan e lianfSumsgaduaisazared
a { U v o { a @
IFIFOUNYAUTINIUINGAVDIDTUANTUA ACS00 AD NANNFIUUA 12.5 IBUANAT 1AZOAT
M3 Ina 2472 AlanfuAeasiauwasaed T Fallauminy 31.25 Taansuaeniu uagwumn
' v v a A o a : 1
aunuiud Aco00 Hiszaniamlumsgadugaga TasnasannandInng Falia
N 356 YN UTMANIAAFUNNIANUIING 11N 74.38 HadnTudensy uazllsuanms
AadUgIgaNdnIzaNga 1IN 158.46 daaniuaonin Noas1ms Ivavesaiedlou 1236
v Y
A 1anTuABAITINNATADTI TUI HAZANNFUVA 10 1FUANAT HBNIINTNITNATOUNTIH
IUSNNFAIOUUVTIADIU9 1N (Thomas model) FaTauyAgIu Ao oasiMsaasueglugll
J A v o = ad J v A 1A
yosaumsvaunamaasinliouaudeuiion nag lo Tsniuiunuvuauis  meriai
{ a 14 [ ' ° @
MINAUNTAVBINIINNDT ¢, A 1AL &k VOIWVUIIADI WUNUVUTI09U03 Indiauny 3
a 4 a @ a2 a 9 Y 1 (=}
Wees dsneduiensuINngveImIgaduaIsazaemFeadoulaa uazwua il
% v 1 @ v 1 @ 1 v a Jd 1
ANUAUN LTI NFANUTZNINAIVOIANNGUUALAZOATING IHAaADAINITININDTA1 VDA

aumsld

a a S A A v K
A1V1IBIIAINTTUIAY DYUDBOUNANY

= = A A I
r]J'ﬂ”lﬁis’f'fﬁ%l”l 2556 a1ﬂﬂﬂ%@@1ﬂ15ﬂﬂﬂ§ﬂy1
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ADSORPTION/ACTIVATED CARBON/SAPPAN WOOD /EUCALYPTUS

The objective of this research was to prepare tttevaded carbons from
Eucalyptus wood with different pore structure andace chemistry and used them to
remove the residual dye left after the silk-dyeprgcess. Both of batch adsorption
and fixed-bed adsorption were performed using thmegvated carbons (sample
AC800, AC900 and OAB800) as adsorbents with sampgl809 and AC900 being
obtained by physical activation with carbon dioxaied sample OA800 by oxidizing
carbon sample AC800 with air. The porous propertiekiding the BET surface area,
average pore size, mesopore and macropore voluth&tal pore volume were also
determined, giving 738 ffy, 21.2 A, 31% of total pore and 0.39%m 921 ni/g, 23
A, 43% of total pore and 0.53 éfg, and 833 g, 21.7 A, 34% of total pore and
0.45 cni/g for the carbon sample AC800, AC900 and OA808peetively. The order
of increasing oxygen-containing functional grouprfoxyl, lactone and phenol) on
the surface of activated carbon is: OA800>AC90088C.

For batch adsorption, the dye solution used wast®rgéc aluminium dye

complex of [Al(brazilein)]” derived from a mixture of alum and extract of the



heartwood ofCeasalpinia sappan Linn., with dye concentration of 220 mg/l being
used as the starting feed. Effects of adsorberagdgsadsorption time and temperature
in the range of 25-4C on the dye adsorption were investigated. It veamd that the
carbon sample AC900 is a very effective adsorbenadlsorption of this cationic dye
due to its containing larger pore size and poreiwva and the maximum adsorption
capacity was 1010, 1586 and 1659 mg/g at 25, 30 4@, respectively. The
adsorption kinetics of this cationic dye was betaibed by the pseudo-second order
kinetic model. The values of effective pore diffusi of this cationic dye in porous
carbon were found to vary in the range of 5.88k104.81x10° cn¥/s. Adsorption
isotherms of this cationic dye were well fitted lfie Langmuir equation.
Thermodynamic study showed that the adsorptiorisf ¢ationic dye was feasible,
spontaneous and endothermic process.

Furthermore, the adsorption of this cationic dydooaucalyptus activated
carbon was studied in a fixed-bed column. The &Sfexf feed flow rate (0.8-2
ml/min) and bed height (7.5-12.5 cm) on the dyeogatton were investigated using
carbon sample AC800. The results indicated thabtbakthrough time increased with
increasing in bed height and decreasing in the ftate. The highest breakthrough
capacity of 31.25 mg/g was obtained using 12.5 timed height and 2472 kg/h-ém
of feed flow rate for the carbon sample AC800. Teel height of 10 cm and feed
flow rate of 1236 kg/h-cffor carbon sample AC900 was found to be most tifec
for adsorption of this cationic dye in fixed-bedsatption and gave 356 min of the
breakthrough time, 74.38 mg/g of the breakthrougpacity, and 158.46 mg/g of the

equilibrium adsorbed capacity. Thomas model basethe assumption of a pseudo-



second order rate equation and Langmuir isotheiams, been applied to predict the
breakthrough curves by optimizing the model paransetq,, f andk. The

breakthrough results predicted by this model wasidioto be in good agreement with
the experimental data but there was no specifitdtfer the variation of the model

parameters with the process variables.
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uaﬂmﬁamﬂimm%ﬁqgw;uuazwuﬁmmmmuﬂuum
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Fuduauianinaneo
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i
a a4
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1 o X ax @ A ! Jd o a v o A [ a =
ApMIgadU ¥938Msliulasumyianduuuin i uiuana1eny (riavesasaiiuaz
~ 9 o Y a [ d v Lg a 1 [ o o~ 1 [ [] do Ax
annznld) sz ldinangledduuuiurioiunududnuanaisnu TasnyWendunil
Aa I 4 a o aan Aa o 94 A Y
pongouiluesdlszneuszianinmsvilgasoeendatuludaizunansoveunad o
o Aaan a ] v 3 9 1 d o Aa [
ilffsereendiasuludazunane: Tanydandusiia Hydroxyl 1z Carboxyl d3u
a @ 1 Jd o a @ { a 1
pongaduluaniizvourialvg lanylendusiia Carboxylic acids 931N 2.3 uaaswtiany
J o a a 1 A a 1 v o 1 ] Ju Ao I
WanFueenFusiaa1eg Ui uAIvesa1unuiua drunydendunil luTaswuwily
J a aaa Y ] Jd o 1
penlsznovazinannUns oo Tu s (ammonization) TaeldnyWenduua laun c-H,

C=N amino cyclic amides nitrile {{Q1& pyrrole A ﬂﬂug 1 2.4
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H
0. - OH |
r% i I
Carboxyl Quinone Hydroxyl
(% rw(ij;q D
Carbonyl Carboxylic anhyride Lactone

{ 1 d v a a 1 &’ Aa 1 v W
g1 2.3 wyjlanFueendouriingia  DUNUAIVE IR UANITUA (Wenzhong et al., 2008)

Pyrrole Pyridine Pyridinium Pyridone Pyridine-N-oxide

~ 1 d v a 1 &’ a 1 v o J
510 2.4 wylanduluTasnuatiaaie q UUNUAIYEID AU (Wenzhong et al., 2008)
A 1 d v g a U (% ] 4 o 9 o Aaan
sy lanFuDunuAIn unuiua awnsanszila lnenisiilgnsen
a Y Aq 9 3 % a L= ] a 1 [ a
pondiadu a3 lfniudeond ladiiognatoriia wu unalolau (0, nialuasn (HNO,)
¢ s S % o

laTasnunlessnlea (H,0,) wazTdunaGoulosunenuua (KMnO,) 1Wudu i lild

I A ]

1 v o du Aa a < J A 2o o A a
muﬂuuuﬁﬂu‘Viy,ﬂiﬂ“ﬁuwuaaﬂ%mmﬂumﬂﬂﬁzﬂau UMM UBNINUIIT 1T UTUN U

TiTnalasFudu 9 1w -NH, -Cl nazduq Idauaaaluzli 2.5
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T
C—0H O

Neutral Surlace

=1

Acidic Surface Polar Surluce

] k4 H 9
Fmsm T lumsiSulgaaamaiinui Tasnsnasunlasmilassuvesiiuii

&an
=
=D.
)
o))

Taal¥a51Tia199 (Wongsooksin, 2008)

v oA

a 4 1 d o c&‘ a [ 1% a 9 9 1 am
ﬂ133lﬂ51$ﬁﬁﬂuﬂﬂﬂ%ullﬂ$ﬂi$ﬂﬂuWHW’JﬂTHﬂﬁJNH@W]uﬂNi% "l,ﬂllﬂ 95 Boehm

Titration 7% Fourier Transform Infrared Spectroscopy (FTIR) 1az3s pH of the point of zero
I 1 [ e
cahge (pH, ) 11udn Taviiseazidenotiegensae il
. ﬂ1511/]£1/]59]ﬂ3ﬂ-&1|ﬁ
am a 4 [ Y ,&’ Aa 1 Y] ] o am 9
'J‘ﬁﬂTi’JLﬂS"I%WWﬂJ”ﬁ\‘]ﬂ"]f‘L!']J‘L!W‘LlW'Jﬂ"luﬂllNuﬁiﬂﬂﬁ‘ﬁﬂ1§ll1ﬂwliﬁﬂ'Jflﬂ'iﬂ
Aa Yo A ax . . 9 g H 7 :
gaziua AHeul¥nu Ae 35 Boehm Titration (Boehm, 1994) ﬁ”lﬁi']JWJquﬁQﬂ“]m carboxylic ¥i1

v

{ J 1 [ d o J 1
i]"lﬂﬂ1311‘1/1L‘VI5@]61363f‘]WEJ‘ﬁhlﬁjﬁHﬂsU’f)\iNﬁiﬁ%‘Vi’JNﬂ1‘Llﬂ3J§J°LN]ﬂ‘]JﬁﬁE]$ﬁ1EJ NaHCO, aIuny

v

Jd o { J J o
Wanyu carboxylic L181% lactonic ‘Viﬁ]’]ﬂﬂ'ﬁllvllciﬂiﬁﬂ15a$a18ﬁllﬁ"l]”lﬂﬂl@\?ﬂﬁlli%ﬁ’ﬂﬂﬂ"I‘Llﬂlllluﬁ

@ 1 Jd o
AUA1TaLa1Yy Na,CO, uazwyjﬁm%u carboxylic lactonic @i phenolic w1913 Inmsa
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H 1 v [ o d v [ ] J o
13028107 IRINVOINANTEHINIUANTUANUA1582A10 NaOH dIunyWlensumasium
H 1 1 o @ v
Tannms lnmsamsazaren Idanveanauszriausuiudnuaisazals HC

9. Fourier Transform Infrared Spectroscopy (FTIR)

v ]
ad A A =

I 9 o [ ) o [ a 4 [ Y
FTIR Ll]‘Ll’J"D"VILlflll1ﬂfﬂuﬂEﬂ\?ﬂ'ﬂﬂsllilﬂlﬂﬁ”lﬂi']_lﬂTi?LﬂiTgﬁﬂHﬁﬂﬂ%uﬂ

' ]
S 1

[} j’ a 1 v o d v 1 {
Usingeguuiurivesnuiuiug Tasnmsianin1sganauutaaiaInuaaIg 9 a15199 2.3
] 4 ) @ 1 Jd o 1 { ;&‘ a v o J
HEAITNANUGIAAUYDINTYAUAIA NS UHYTINTUAI 9 NUTINQUUNURAID AN LA
f. pH of the point of zero cahge (pH )
3 a J A o g 4 ! (J o
19 pH, Humsinnzrauauifuesdigaduiiiondan pH ve3dIgady
A s dy a g J A o ' &’ a (g
o angitlseysmuuiuAuugud n3aii pH vosmsaza1edInd1 pH . WUHIVBAIQA
o I 1 { 1
Fuszlaniwaiuulosoundn daulunsdlil pH vesasazalegandi pH . suaal

v
(3 v A

g a U U v { o g‘J
levouavvuiuivesigagudwaailuzii 2.6 aniuargadunlaninlossuauszga

U

FuTuanad leoenuan (cationic dye) 18 (pH>pH, ) uaz Tutanad loseuay (anionic dye) 3

k4 H
gaduLUIAIeIgaduniianmleoautn ldwuiu (pH<pH ) (Srivastava et al., 2008)

+
+
(M) pH<pH_,, (V) pH=pH_,, (A1) pH>pH,,,
JUf 2.6 UsgquuiuAn 1dsuanTwaves (n) pH<pH (V) pH=pH , 1az(A) pH>pH,,

(Ngernyen et al., 2009)
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{ o ] 4 o o ] J o v {
A15190 2.3 ﬂ1§ﬂ1‘ﬁ'uﬂ“ﬁ’3\‘lﬂ’]'ﬁJEﬂ’JﬂﬁuﬂlﬂﬂﬂWi@.ﬂLLﬁQﬁWﬁﬁUﬁuﬁﬁ\‘]ﬂ“ﬁuﬂN 9 ﬁﬂﬁmguu

! a v o Jd o [ a 4 a .
ﬁummuﬂwuﬂ ﬁ1ﬁﬁUﬂ1i’JLﬂ‘§1$ﬁﬁj’Jﬁlmﬂuﬂ Fourier Transform Infrared

Spectroscopy (FTIR) (Ngernyen, 2009)

a ] Jd o
HAveIrIlanFu

MIMUUAANNEINAY (cm_l)

C-O in ethers (stretching)
Alcohols

Phenolic groups

-C-OH (stretching)

O-H

Carbonates; carboxyl-carbonates
-C-C aromatic (stretching)
Quinones

Carboxylic acids
Lactones

Carboxylic anhydrides
C-H (stretching)

N-H C=N

Cyclics amides

C-N aromatic ring

C-N

C=C=N

N-O-

1000-1300
1049-1276, 3200-3640

1000-1220
1160-1200, 2500-3620
1100-1500. 1590-1600
1585-1600

1550-1680
1120-1200, 16665-1760, 2500-3300
1160-1370, 1675-1790
980-1300, 1740-1880
2600-3000

1560-1570

646, 1461, 1546, 1685
1000, 1250, 1355
1190

2070-2040

1300-1000
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2.2 NYEYMIPATY
o . I as ] R Aq Y Ay
M139AFY (adsorption) 1UITNIIRE1IHIINIFlUMIuen Tuanavead1NaoINIs
[ 9] a 4 ]
ponnndswanluigmavesiva e, o, veunal) uenmileanisnmsuendus wu s
& o . N 9
NaY (distillation) NIANANT (extraction) HAZATANNAN (crystallization) Wudu Tagedans
A 9 A 9y A [ 1 dy a
naoude Tuanavesa1sNAeINIIIEN HIPA1IYNAATY (adsorbate) T az AuBGUUNUA?
3 = o Y A d ] @ ] 9 o
meluvesudedaimihnidua1sgady (adsorbent)  Taonisgaduutialdaiunsanszi
. . ' Y v @ < o
(interaction forces) i$‘Vi’JNﬁ”liﬂﬂ‘ﬂf‘ﬂﬂUﬁ”lig]ﬂij]ﬂ“]mblﬁ)l,ﬂu 2 VU ABMTYAFUNIINIAIN
(physical adsorption) uazmiﬂﬂcﬁmmmﬁ (chemical adsorption)
2.2.1 Uszanveamsgady
U32IANUBINIYATUIL NI UININUTINTEMITEHIN TNANAV0IAIQATUNY
o Y a =< ' 1 A A 1 4 4 I
A13QNAATY D UNALTIAIYABEINODUNITENI L1TAUIUIADITINIE (van der Waals force) 92111
v Y
MIPAFUNNMENIN At IuanavesdIsgnaasugnaasy linnurineluvesaisgaduy
o =\ v 3 Y] =\ =\ =} [ dy
Taguszial szdalumsgadumani Iaglsigaziveanail
. MIPATUNIINMENIN
I v A Aa da! = ~ 1 Y] 1% v W o
AuMIgAFUNAAYUIINUTIBANUEITENINAIGNAATY NUGIgATY Tag
= A4 & P s= g = A Ay A o aa 2
usegamtenusuumaesNad dutumssamtiean luudause vag luliwusznnayuy
oA a 2 Py a aq Y 9 3 v Ao ' a '
Usingmsaitinevu ldnguugilng lianuseusenuuanies e d1n120 flagane Tua
' ' 9 ' a 2 Y 3 v aa A
HANINNIIAMINTBUVDINITAILLUY EMTonaIu Iaeg195aa52 Tunuin g Tuana@unig
WD uAnSANAIAAFUTAMUNF UGS FATINITAATUIZH 1AL INT12QNTINARIY
@ < 1 ) a 3 ,&’ a 3’1
gn315v0IMsunsnalugnguy msg}ﬂ«mmqmamwmﬂﬁu"lﬁ'uuwummwmmmmss;]ﬂ
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v Y 1
mﬂmmﬁwummm@%u miaﬂﬂ:113Jﬂuwdsmwuqmwgmmammzﬁﬂ%mmmmifﬂu

]
=1

o o 7 4 { (g o CoR £
nmsgaduanas uazsirld luanangnaadumasuiesnaindigady Udsingniselsaeil

Y U G

ax o

~ 1 @ . & g @ 1% 9 = 2
138071 NN (desorption) G]NLll1!3‘5ﬂ15u1515@1ﬂ%ﬂﬂaﬂﬂ11%1ﬁu@ﬂﬂiﬂ

Y. MIPATUNIUAL

Y
=1

I v A a Yot A a = 1 o %
nJumisg]ﬂqmmﬂﬂmu"l,ﬂﬂwqmw;]uqq FILANATNNUNTIAFUNINNIYN TN

Tagvzinalfnsenaiisznindigngadunudigadu uazldanuieuninavindjnseuail

Y v
p0nIguNszana 50-400 A lagane Tua d1wsVITHITNBVeIRIgNeaTdUADHTAKIY
F v 4 v A aan e Aa @ @
minvesdigaduaeudiaios e inmsgatunannlfasoualiniuiivesdagady

J v o f I o g v 2 1
B I ﬂTﬁﬂﬂ“]ﬁJ1Ji$!ﬂﬂﬁ%mﬂuﬂWiﬂﬂ%UuUU‘Bu!ﬁEI'J (monolayer) NIUU L@



19

' 4 Y
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=
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ANYULANUUANAN MIRATUNINGAIN MIAFUNIAUAL
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ANNIUNIZYDIN TR Taigumnz uANUTINE
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2.2.2 aUYAMIPAHY
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Aad a o g‘/ [
1UPAC Tag'loTyiiisn 5 astiausn (Type 189 Type V) lagnswun’iasua 3 a.q. 1940 Tag
v A J ' U
WnInemans 4 1y 14U S. Brunaver, L.S. Deming, W.S. Dlming and E. Teller 130019{580
° ad a ] o
msdwun loTminsy 5 stiausninilumssuunauiuuves BDDT
< ad o @ v A g ¥ o .
Type Iilu lo T sudmisumsgaduinilununduer (monolayer adsorption)

A A ' v . < A A I Ce o A ]
NIVTYNIUUULANNIT (langmuir) L‘]JHLHJ‘U“V]\‘HEJ“VIZ:(@ L‘]Jl!l]ﬁﬂ;]ﬂﬁmﬂﬁ@ﬂ“ﬁﬂﬂl’ﬂ\‘]ﬁﬁ‘ﬂqu
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~ A < & o o v W ? A A % y
NAITUNTU mamwauﬂlmmaﬂnJumu’Jumﬂ WU DIUNUUURA mwie”laﬂ wumiumsm
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o Y < = @ A 2 i < { o
FUN1UAY HAaZNIIAAFUNINNIYNTN @aﬂanwmmmwmzgwuﬁuaanmmmﬁmmﬂu

A

o o . o ~ v o 9 Y = v A d’! =
TUNND (relative pressure) ¢ waghanuanduinsgui1lng 1 VSUNTIAAFVUNAVUHINGN

S 9
Ny

'
v IS}

Type 11 loTaiAisugidoa (S-shaped isotherm) Wnvzinanyiagililinaw

q

A A ' = ci . . .
W?HW?@N?‘W?H%HMTHEIJ (macropores) m;mﬂaaumml A B (inflection point or knee of

G

. 2 o 1 Aa ) ¥ a A O o o q ¥

isotherm) L‘]JHGYILLTTL!QV]N'JW‘Ll"lE]ﬂﬂQNLLHU%U!@&?!ﬂ@UﬁNuﬁﬂllla’J Lll@lWiJﬂ?”lllﬂuﬁ]%‘ﬂ”li‘ﬁ
o a 3 U . Y 3] o { I o 2

ﬂ”l'iﬂﬂ‘ﬂfﬂlﬂﬂﬁull”lﬂﬂ?”lﬁﬁﬂ‘]fu ﬂﬂUUﬂ1i@ﬂ%ULtuuﬁﬁuﬂumi@ﬂ%mmuwmﬂ%u

(multilayer adsorption)

v v
= =

Type 11 15lu'le Taniuii hifiganlaounsivl fizdirendronszanch leTxisy

a
'
v A <

A o1 o a o ] I o Aa X o 2 A ]
Lmuullmﬂaawummuﬂ%“mﬂﬂuﬂ”liﬂﬂqm%llm,mmm LTJL!ﬂTSﬂﬂcﬁﬂﬂlﬂﬂﬂluﬂﬂmﬂ\ilﬁlﬂ‘ﬂqu
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Type IV Lﬂu"laimmwwuu1ﬂ1uﬁ”ﬁ@ sngualvdlugnguvuanais
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A a ] a = . . 49! 2 o Y a .
HeINNANIAIULUULAT AT (capillary condensation) muiugwgu ¥ 1nina Hysteresis
loop 11474 Desorption Fsdoyavesmsnamsaiuuiulugiwatladamisomduanum
. C e <
NINTZNIBYUIAVOIFNY (pore size distribution) Tuveuisniignguymanansla s
1 a A o Y . ==Y [ d' 1 a [ d' (%
AULUUAYa1391 19999 Desorption  NUFu1agaguNgInIINIsnaANIsgatuNAIINAY
MINY
A ad a 1 @ = a 1 =
Type V thilou lo Tmiisuatia Type IV aranuiisananisaruudulugwyu @
. ad d" r LY
hysteresis loop) 1o Ttsuuuutiazny luvestin
I ad Y o ad g
Type VI tHu'lo TS unnuaiuiiula (Stepped isotherm) To TasiSuunuiiag wu
(I o A 3 o :gz}z 1 g}x J Aa As o
Tudewin TasunuuluszuunilumsgadunuusuaesununuimRtanuaitduoves

[ [ . U ad 3 1w a
WALIUNIGATY (uniform surface) Tavgils1avedlo Tmnsuszavegiuszuy nazgaungily

MIPAYL
A Typel Typell A Typelll
© el ©
() () ()
2 2 2
3 2 3
© © ©
© © ©
€ 1S €
) ) 3
£ g | /% £
< < B <
Relative pressure, P’/PV Relative pressure, P’/PV Relative pressure, FD/PV
A TypelV \ TypeV A Type VI
© © ©
() (9] (9]
2 2 2
2 2 2
© © ©
© © ©
€ € €
> > >
o o o
£ £ £
X s
Relative pressure, P/P Relative pressure, PIP Relative pressure, PP

g1 2.7 naasloTaisunsgady (Ngemyen, 2007)
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2.2.3 aumslelaisunmsgadiy
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v . . Ia . .
‘ﬁfjﬂ Ao AuN1TLaINa5 (Langmuir equation) ﬁ’iJﬂ”li‘Ng‘LlﬂaGIf (Freundlich equation) U8 ®¥NNT
Y
BET (BET equation) A1
o @ . . < ~ )
1. 9UNITHANNIT (Langmuir equation) Wuaumsiaus lag Langmuir (1918)
a 1 Y] < { [ J o (91}/ [
TﬂfJW‘1]15@1!1']153‘]J‘]Jﬂﬂ“]5ﬂlﬂuﬂﬁ%'ﬂjuﬂTiﬁ@QluﬁNﬂﬁVﬂQWﬂﬁTﬁﬁi ANUUDATINITIISINY
Y ] 1 v W 1 @ [ [ (44 @
Glli’)\W’]”JE]ﬂﬁ]ﬂ"ﬁllﬁ]glﬂ”lﬂlli’]@]i”lﬂiiﬂilﬂlluu‘ll9\1@]3@1ﬂﬂﬂ%’ﬁﬂTﬂﬁQﬂTﬂLlﬂﬁ NITNAUIFTUNT
v Jq Y a [ dy
LLaﬂﬂJﬁii‘b’ﬁNM@lﬂWU JU
o I g’/
- mﬁﬂwmﬂugmuw@m (monolayer adsorption)
- Tuanavesasgnaaguzgnaaduld o duvisiuiveuy uazed
15z (localized sites)
H v ki
- WaN1uGUENmﬁﬂﬂclmflﬂ1ﬂdﬁ@ﬁ®@ﬂﬂﬁﬂﬂ’)ﬂl@ﬂﬁ’)@ﬂ%ﬂ (homogeneous
|dg’ v o ) %
surface) IHAUAUIMIIazSINUMIgaTY
- litiuseansziisznaneluanavesasgnaasunegIndnu (no lateral

interaction)

@ a 1 v J o @
VINUANNITUASTUYATIUAN ?niJWiﬂﬁlﬂuauﬂWiLlaQN"lﬁﬁqﬂiUﬂ15@ﬂ

— qu KLCe

= 2.6
14K, C, 20

Ce

e C = anuinduvesasgnaasuNanzauga (mg/L)
{ 1 ] 90’ % L%
g, = nudgngadunauganentiteiminuesa1sgad (mg/g)
g,, = USURINAAFUNIT oV UTUREIDURIVDIR QAT (mg/g)

K

L

o a £ o a J ] 'ow
= ’s’fiJ’L]igﬁﬂ‘ﬁ"ll’ﬂiﬂﬁ@'ﬂcﬁﬂﬂlﬂx‘lllaflm&ﬁ (L/mg) <uauUNIny
o U 1 ' { Y < 9 1 1 o <
’E'J@Iﬂﬂ")u§$‘ﬁ’]NﬂWﬂ\‘lﬁGll’E'JQ@Glﬁ1!5'ani@ﬂ“H‘ULLﬁ3ﬂ1ﬂ\1°ﬁﬂlﬂ\‘l@ﬂi%i’)ﬂﬁﬂ18ﬁﬁ (ka/kd)

2. MﬂWiW?Mﬁa% (Freundlich equation)

I A

A I Y] Y] ~ Y o 1 1 =
ﬁllﬂ”li?\l?i!ﬂaclﬂﬂuﬁllﬂ”liﬁﬁﬁﬂwLl‘ﬁ‘ﬂ‘l!EJ?JGLGlfﬂLl'EJfJNLLW'iWﬂ”IEJﬁEJﬂ"Iﬁ‘WLN

&’Qd’ e g

) . a 1 I o 1
Ll”ll,ﬁuﬂjﬂﬂ (Freundlich, 1906) ﬁﬁwmgmm Lﬂuﬂ"lﬁﬁ]ﬂ“]f‘]_lUHWHN’JWWQQQWHﬂWi@Jﬂ“KUﬁﬂ”I
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] { v A I ' . o [
Tyinan (heterogeneous surface) Tﬂﬂm‘i@ﬂﬁwmmﬂuﬂqm (patch wise) MMUTEAVVYDINANIU

1 1 @ o & o Ja [ -
Tﬂmmazﬂ’qmmmaﬂymzﬂﬁ@ﬂqﬂwﬁmﬁmuuuuamw ﬁNﬂTﬁW?Uﬂﬁ‘Hgﬂl!UUﬂﬂﬁ
1/n
q,=0,C, 2.7

A 1 A o Ia
o QF= ﬂ”lﬂ\‘W]ﬂ”liE]ﬂ“ﬁ']JW?l!ﬂﬂ“b’
n=MA4N (Freundlich intensity parameter) waasnennu aiiave
A a o
VONNUNINTITYATY
. < = Y
3. @uM5 BET (BET equation) (T udun15Nidue I Brunauer et al. (1938) 19

Y
f?”lﬁiﬂﬂ”liﬂﬂ%ﬂl!ﬂﬂﬁﬂ"lﬂ%u (multilayer adsorption) Tﬂﬂﬁﬁﬂn@ﬁiul%ulaEJ’Jﬂ‘Llﬂ‘Llﬁllﬂ”li

o @ o

v J o @ J { Z S a @ 2 ]
UauIT ﬁawawmmmmsg%uﬁmmﬁmaawﬁummmm@%u ”luﬁuﬂumsmm uag

Psmsmsgadu nu'lutinsensziszninluanavesasgnaaduieglndnu Taelzluny

U

Y
auN15 BET A4l

P 1 C—l( P j
k= + — (2.8)
n(P°-P) nC nC\P°

e P'=anuanleduaivesasgngady Ngmurgiueinisgad

]
Y

n = 15110a139NYATUNANVAL P (mol/g)

7 =}

v 9
n”1=ﬁu1mﬁﬁgﬂﬂﬂ ST ENLL‘]J‘]J‘BL!LaEJ’J?J‘L!N’JGU’ENG]’JE]QGH‘]J (mol/g)

U

[ v

1 d' 9 1 d‘d [ [ v d‘
C= mmm"liwmammm HAUTNUNAINUNTAAYD Tagh

(E-E)

Cz=exp ———=~
P RT

(2.9)

1 1% { a 1 < o
e E,= MNasnuiinaaIngsifegassiiNuesuiuns a1igngacsy
E, = ManuiouueIn1snIumiy
1 A %3
R = MAINVUDIUNE (gas constant)

T=quuiiduysal

G U
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2.2.4 vaunamaniMsgady
N1503 U1 UNAMAATVDINITYATURIGUUVTIADINAUAMAATAI
annsautseendlu 2 uuusiasandng Aeuuusiasstlfize1n159aFy (adsorption reaction
model) uazgmufﬁ’wammmw%mmmigmcﬁu (adsorption diffusion model) c??w‘%maumuﬁ’mm
Ifesitafiuand ey nafeuuusiaesmsuniveamsgasy szeduena lnnisgady 3
Tupen fio Tuaewd 1 WumsuwsvesTuanalidiimenvesa1sgas (external diffusion
or film diffusion) TuABYT 2 HunisindeuiivesTuananelugnguvesa1sgady (intemal
diffusion or intra-particle diffusion) uazéﬁ“umuﬁ 3 ﬂ%”uﬁﬂuﬂlﬂﬂﬂﬁ@ﬂ% U (adsorption
processes)  @UNDUTIA0URNTOIMTQATUIZOTUIeNITRATUId MRl oualiTu
n3zUIMMIe Felunszuaumsgaduifelfisemagasuszninasgaduiudgady
1. wudaelgnieImsgady
nuusiasslfnsernsgadugnlelunseiuienisgaduasNEA1ee 15U
adou Tanzmin Wuoa uazmiﬁuw‘%ﬁguq (Jia et al. 2000; Wu et al., 2005; Wang et al., 2010;
Boudrahem et al., 2011) LLUUﬁWﬁ@Qﬂﬁﬁ%EﬂﬂTﬁ@jﬂ“ﬁlﬂ 1&un eun13 Pseudo-first order @UA3
Pseudo-second order @UA13V04 Elovich 1AL &@1A15V04 Ritchie 1iuAY “T}ﬂuﬂuaﬁlﬂﬁfﬂﬂ%}
AUM3 Pseudo-first order 1A% AT Pseudo-second order THATAATILYNG
- @UN13 Pseudo-first order 9valag Ho and Mackay (1998)
mﬂﬁmam’mmm1Jﬁﬁ?mmiﬂwﬁ’uuuﬁguﬁﬁ%ﬁ’uﬁ (heterogeneous

surface) 55 HINATYNYATUIAZA1TGATY 92 137

dq,
—=k(d.—q) (2.10)
dt kl e qT

Aa a ~ = = 2

BUNNTATUNT 2.10 AT t=0 DI t=t 1Az q,= 0 D4 q, = q, 92 14

d = d.(1—exptkt)) 2.11)

A .
W t=1221 (min)

C, = AU UUDIA1YNAATY (mg/L)
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- Bunamsgngadu finailaq dentrehniinvesaisgadu
(mg/g)
g, = Ysunamsgngady fieruga @iawﬁaﬂﬁmﬁﬂmmmi@@cﬁu
(mg/g)
k = masfivest §sonfensudumile (g/mg-min)

v Y
aums 2.11 aansodsalieglugilvesaumsiduaseldai

In(g,—q)=Ing,—kit (2.12)

1 < 1 %
Tagensnma k, uaz ¢, ldonnaeanssznang g, i ¢
- @uM3 Pseudo-second order 819941A8 Ho and Mackay (1999) AAIAD
@ 9 % dy a . . <
ﬂ1§ﬂﬂ°ﬂﬁﬁ]$§]ﬂﬂ’J']Jﬂ?Jﬂ’JEJﬂTiﬂﬂ“H‘U‘UuWHW:}ﬂﬁlfﬂu@Hfﬂﬂ (surface diffusion) !Lagllluﬂ"ﬁﬂﬂ

% = IS) v dy
FUNNIAY Iﬂﬂllgﬂll'ﬂ‘ﬂﬁmﬂ"liﬂﬂu

&

i 2(0, ) (2.13)

Aa a ~ = = Y
BUMNTATUNT (2.13) a1 t=0 D4 t=t11AZ q,= 0 D4 q, = q, 92 19

Akt

2.14
1+ gkt @14

G =—e 2

o t=1721 (min)
C, = ANV UUDIA1TYNAATY (mg/L)
- Buamsgngadu finailaq dentrehniinvesaisgadu
(mg/g)
= 5snaasgngada fieruaa @iawmaﬁmﬁﬂmmmi@ﬂcﬁ’u
(mg/g)

k,= MAINYeIRAToUNBUIUAVADI (z/mg-min)
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[

H 4
aumsh 2.14 awnsodaldeglugdvesaumaduaseldasi

= 1 +—1t (2.15)

t
g k&

' <3 ' o
Tagauns0nn k, uaz ¢, lannnasanslsenang g, nu ¢
1 @ o 4
mwamumzé’ummﬂizmumiﬂmn ffﬂll15ﬂﬁ11ﬁﬂ1ﬂﬁuﬂﬁ@ﬁ!il‘ﬁﬂﬁ

(I

: o o J 1 ' { aan [ a 4
(Arrhenius) G?Q!Lﬁﬂ\iﬂ'ﬂuﬁllwu‘ﬁﬁ‘ﬂ'JNﬂWf’NﬁGU?JQﬂgﬂiﬂWﬂU@lmﬁﬂ“N \‘]ﬁ
k= Ae =T (2.16)
A @ Y
o E,=NaNTUNIEAU (kJ/mol)

1 A N A
A =MANNUVND1IILUY A

R = MAINV0IUAE (8.314 J/mol-K)

a

T=quungiauiysal (K)

QU U

an =

k= masnveslgnseniionduauniluionsoouaudouiion

v Y
aumsf 2.16 aunsodalieglugilvosaumsiduaseldasi

Ink=In A= Es
RT

(2.17)

Amdsnunszquanson ldnnanuduvesnsanuduius sz nang
Y : 1 o f ] o
In k 70 UT Fmasnunszquilamnsoventszimnvesmsgaduinilunisgadunia
NYNIN (physical adsorption) w%mi@,ﬂﬁﬁumqmﬁ (chemical adsorption ) Tﬂﬂﬂ”liﬁ]ﬂggﬂﬂﬁ
Moz 1FAIMEIIUNTZAUAT (5-40 kl/mol) IN51ZU590AMTI5ENINETYNAATUIAY
@ 13 aaa < v @ Y . = . 1
asgadu laudase Ufasendunuudunyld (reversible) taziin13n18e1s (desorption) a1
msgaduMuAliinazinmasunszqunga (40-800 ki/mol) msizinalfnseualisening

@ =2 A =2 P A g v a Y 4
AIYNAAFUNUAIAAYVIINUITIIAUL N UYINLUIULI VT mﬂwu‘ﬁﬂmnaw (covalent bonds)

Hudu

o=
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2. HUVTIABINITUNIVDINIAATY

9 9
Meng (2005) NA1IN YUADUNTIUWIUBDINITIAATY ﬂﬁgﬂ’ﬂﬂﬁlﬂﬁl 3 YUADU

]
v A

9 9
ﬂwﬂanm%’wﬁ’u L!ﬂaluﬂ’i%ﬂ’)uﬂﬁ@ﬂ“ﬁﬂﬂNﬂWﬂﬂWW (physical adsorption) HUNWUINVUADU
4 a

X 19 1 & [ o o v & Y =
n3 i]zLﬂﬂﬁmi’JiJWﬂﬁﬂ"liJ1%%1&%91&ﬂ1ﬁ1&ﬂ6@151ﬂ1’5§]ﬂ“]§ﬂi’m AU 2 "]Juﬁ@usuﬂ\jﬂ']ﬁl;!fwjﬁ

A I 2 Yy 1 . . ]
mamzmumumumimuﬂu ]'I,ﬂll,ﬂ NITLNTNIIUBNDYNIA (film diffusion) UASNITUNT

Y
v A a 1

Molueyna (intraparticle  diffusion)  ¥41Tu1u3TeazWNITUINTUNTVOINITGATUYN

Y
=

Muuadomsuninieluounin Tagaznanasee liil

- suudaeImsuninelueynia

° Aq Y A ' Y 1 .
puudraesildesuenisuninielueynia 1dun Homogeneous solid

I o [
diffusion model (HSDM) Weber-Morris model (182 Dumwald-Wangner model Lﬂuﬁ’u qaInsTy

Y
nuteileg 1fuuutiaes HSDM Tunmsesutemsuninelueynia
upuass HSMD lddsueTuienisunsneluvesounindigadui
1 I v 7

ﬁgﬂimﬂmaﬂwu‘qmmam (Homogeneous sphere) (Cooney,1999) @uNITAAUIAUDINITQA

o <3 o A
Fumelueynailuaail

D, F—Z‘jﬁ@} _2q (2.18)
ore ror ot
TaslanzuoUe
q=0,r =R, (2.19)
Taomsiiowdlsnar13mie fail
Ty = [F)Qszt (2.20)

ensalasuanms 2.18) Ieglugvesdaus1imineans q Tdaumsaeluil
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oY 20Y oY
s = (2.21)
o2 C o e,
AanZiRudY tazanZYe LA IHTUANMS (2.21) A
Y =0, 7, =0
(2.22)
Y=1, (=1 7,50
1&hmeuaumsde'lyi
. q_, 6&1 2 2
e -—Zgﬁexp(-n 7z, (2.23)

Tagd ¢, v ldanaumslelaiisu g, = f(C,) Feausaldiveuns leTmisuldnnuuy
¥ a g ad Aa Y
nauuFadu uaz lo Tansuniinnulag

NAUMT (2.23) Rorsauieanounsn 12 1an

4 =0 {1— (%j ex;{ _”F;D el H (2.24)

A 9 1 Det
’Eﬂi’]W]i’JiJ"lS‘VTU’JEJ"IJ@QL’Jﬂ”I, T=—3

p
A o a £ 1
D, Anduilszansmaunsmeluoynin

=).

Tag

A v A o o = aqg ¥ o = I
R 9 $ANvIAIgATY darundlioumavesdiigaduianbugiily
N3INaN
d a Jd [
2.2.5 medlulanfinamsgady
% I'4 a 4 @ [ H
amalsmanes Tulamndndmagadu Taun msudeunlaveuniail (AH)
{ [T a a 4 o H 0 ' o ' 9
Mslasuulaandinudaszaud (A¢) uazmslasuulaseuIngi (As) Fadlsmaiil
1 I oy een a 3 a
oAUl 18 (feasibility) 1azn15AATUIBY (spontaneous) AINTITHIIAVD
nIzUIUMIRATY Tasmuln Idainaun1sa1ee 1819999101a199 91UI90 (Hameed et al.,

2007; Li et al., 2009; Ahmad and Alrozi, 2011) A%
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Y A 2 A
%1ﬂﬂg]ell@°lfl 1 1’]1\1&1’]@313Jhlﬂu1uﬂﬁ
AG=AH -TAS (2.25)

a 1 A aan = g Jdou o a
%1ﬂu81uﬂlﬁiﬂ1ﬂ\1ﬂﬁﬂﬂaﬂlfN‘]JJ;]ﬂﬁEﬂ (K) mtﬂuﬁﬂﬂ%uﬂuqmﬁqu (@nauNs

1 4-370 V04 Perry’s Chemical Engineers’ Handbook)

K zexp(_éi; j (2.26)

K=fmnaugaueallnien

=).

Tag
AG° = ulasumlamdsnudasziuduolfisen
R = MAINV0IUAE (8.314 kJ/mol)
a o o
T=gunuauyial (K)

MnauMs 2.26 a3 Inuioz 18
AG° =—-RT InK 2.27)
unuauns 2.27 adluaums 2.25 a1z la

AS’® AH°

R RT

InK =

(2.28)

1 1 { v J
Tasf K=A1AINV0IANI5 (K,)

an o 2

a A4 a X ) [ = dy
‘]JQﬂiEJWILﬂWIJLlﬁ"IWﬁJﬂi%‘].l’J‘LlﬂﬁﬂﬂG]ﬂJ UPANU

A+ s# AeS (2.29)



Tas 4 =TwanNaveda13gnaAsil (adsorbate)

S= ﬁ’)ﬂﬂ“ﬁjﬂ (adsorbent)

Y
A-S= ﬂﬁﬂﬂcﬁ‘iﬂlﬂ\ﬂhlﬁﬁ]ﬁ A Uuﬁuﬂ’)ﬂl@ﬂﬂ’]ﬂﬂ“ﬁﬂ

1 { o < o

k, = ﬂ']ﬂ\‘]ﬁel]@\if’]9’]5“53ﬂ15§]ﬂ%ﬂﬁ15
U { o 5]

k,= ﬂTﬂ\‘]ﬁﬂ@]j“jjﬂTiﬂWﬂﬁTi

Y1 4 ey A
NAUNIT (2.29) ﬁlzllﬂﬂ”lﬂﬂ‘ﬂfmﬂa (K, equilibrium constant) A®

o

{ [ L4
Taendaydnuaived [ ] vanenaanuudy
NNAVYAFTIUVBIANMTLANIT
Y < @ o <
8AT13INIATUAS = 0ATUTINTAGE

k [A]LS] = k [A-S]

ka
:k—: KL

d

K= _g,
kde
faiuaumsh 2.28) 32169
nK, A8 _AH
R RT

30

(2.30)

(2.31)

(2.32)

(2.33)

A1 AH nazAs’ awsodiuda ldvinanudu uazgadnveansil

ANUFNRUTIENIN InK, FU 1/T
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1 o I 1 v a 2 a a
51?11 AG Lﬂuﬁ‘ﬂ!tﬁﬂi’ﬂﬁﬂi%U’JUﬂWi@.ﬂ%ULﬂWﬁuﬂﬁi UAgNHANTINUBDINIG
v Aa X Y A g J o A g 9 '9
AAGUUNATVULDN D1 AH’ NﬂWL‘IJu’U’Jﬂllﬁﬂ\‘l’31ﬂ'53‘U'31!ﬂTi@ﬂG])"UuLﬂuLL‘U‘Uﬂﬂﬂ’NiJiﬂu UAD
3 ' o ' < J [
nJuammmamiz‘uaumi@ﬂmmﬂmmuﬂwmm%u a1 AS° Lﬂuammmmmm”lmﬂu
= v A 19 [ =
IZLVIUVDINTSUIUNTTIAFUUATANA LL@]E]”IUJL!‘LI’Jﬂﬁ]%Llﬁﬂ\‘lﬂ'flll]llllﬂuigl,llﬂlleu@ﬂ

Y
N3ZUIUMIGAFULAIGIVY

o a
2.3 2UURAFVUUVIVAUI
o A g Sq v d o
srvugaduuuuaila flunszuaunmsuenasnldlumsuennunauazvounad
Y [ o ]

Tagussyasgaduaslunedmiluanimuaas (fixed bed) udrlouvoslva (fluid) Wi

< [ L a K A ] 1 A @ A
avowieluaeduiiluiianielnadu (up-flow) ¥5o Tnaad (down-flow) eg1aneriiod aegia
2.8 Tagldvesluagailszneudrsaisgngaduniinnududuaduane lvadmiedunu
4 ] v { o a o o g
woveslva lnaduasduiaisnawisogngasuldvzgnaatazinzAaanudisgaguiiy

= = A 9 ) A o ° Yy a o A A o

wdsszeznamilmsasnamuivesnegasuazauauin Iinailuaninmsoudalu

v A 1 a A o = <3 Z A 2 v a X a Y
N139AT 38071 UTIWNGI (saturated zone) FI9zTusu lulimsgagunayudnud,
Tuvazivinauidennuinuninsdudzdunansgasiogodisaoiios UTNMY0INS

Y
QATULGEIN UTNWMINIBNNIA (mass transfer zone, MTZ) i 1A NTUTUYOIT1IgNGA

v ] Y
suluaisazarvanas luvazinnududuvesdisgngaduuumsgaduIziiuIued1
1] H ] Y 1 1 H H ]
ADIOINNILEZNIININUAY e T 15azA18INA UNHIUIATIDYHIVOIA1TQATIIUATIINY
v 9
ANNTUY0IA1TYNYATUNA W HINI10NAZIFEN TN 1921 9A1TNANG (breakthrough
. Y A a Y ¥ A o v s Y v .
point) MHUHBAAMNANUTNTIRsUAUNA19E 14 Tws Tldvesaududu (Concentration
{ [ 3 { J @ X '

profile) Nianvmzifwduldediisdsadions “s” Fai5ona1 ns1iusnng (breakthrough
curve) A @ 1N130U1 Breakthrough Curve FSTIRTR Length of unused bed (LUB) Az Length

. o [ 4 o [N
of mass transfer zone (LMTZ) #3d s 114 lumsesnuuuaedinigaguvualugjae 11

L
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Clzt)
0.0 C

1]

Saturated
Zone

Adsorption
+—  Zone
(MTZ)

Fresh

Carbon
T

1.0 ”—Cll'.;cll T
o
k- _"Cl’rcn—h_“r—"_hJI“'_"'_‘l_‘_“_,J' Complete
‘:: | | | / Exhaustion
e ! Breakthrough
B | Curve aratine Tims
:-51;(:-'_ ! ! ! / Operating Limit
B | -
0 | | v
] ' | |
£ _ | . 5
E= ..(H_.-(“__.._._Jl_.___u_il_.._.____%
= I[ 1" Breakpoint

0_0 L e —

Time in Operation

g‘ﬂ‘ﬁ 2.8 'iw‘ugﬂc]?mmmmﬁﬂ (Mass Transfer Zone, [On-line])

2.3.1 HUURABIINTUIZTVUYAFUNUVIVAHS
aumsgautaa1svesd1sgngaduluwaiis (Ruthven, 1984) aunsadou’la

Fluauns Partial Differential 1@@3auni1sf (2.34)

) -
D, 24, i(VC)J, o, (Ejé_qzo (2.34)
0z° oz ot e ) ot

Y
ANYAFIUVD IV VT1009 1NN (Thomas model) NeAail
I 2 ]
1. ms adlunuudan vaz lulimswaylusuaunu (0,=0)
<3 ] 1 1 A A
2. ANNITIVOINS IMAHIUFDITVBUDA (v) BAAIN
3. QUUHNUDITTUUNAININ
[ o i 4 [
4. dasimIgaguedluglvesaumasaunamaniinlouauaounen (Pseudo-second

order kinetic)

ad I A .
5. lolamsudlunvyuasing (Langmuir isotherm)
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Y a [ ' Y v 1 d,;
moeldauyagiuainane laaunsasae luil

1. dumsaugawrads luigmavesiva

0% 0% 126 |04 _, (2.35)
5z ot | g )t

aumsh 2.35) salugivesaums 1¥ninedilu

5(Cblc°)+5(q/q°):o (2.36)
5& 5t
2. @AuMITATIS)
5q .
=K G(d ~a)-pa(c,-c)] 2.37)

A @ ' 3
MnauMsn (2.37) sagdvesaums 13minelaiu

SR o

[

Yo < 2
i]zulﬂﬂmamlmﬁumilﬂu JU

G _ I(fz.7) (2.39)
G

J(pEr)+[1-3 € pr) exd (8- (r-¢)]

Taeh

B=unmoiauga = (2.40)

(1+bC,)



[z
7 =kC, t——}

| u

kqoz_l—eb

5= u | g

q = qbC,

° 1+bC,

1i® k= mMANv9987515N159AFY (L/mg-min)

¢, = anududuluenoloud (mg/L)
z=ANIUA (m)
< 1 1

u=au52v0d Iamealuyesinaue (m/s)
t=1301(s)
g, = AMANUNTUVDIUA

Y ?1’1 =
g*=1USNUMIATUFIFALVUTURAYY (mg/g)

1 y v

b = AAINVRIANMTLAINIT (L/mg)

Beveridge (1962) waaan Iag1lseanavoalansu J(u,v) fail

expl-(Vu-)'|

J(u.v) E%[l_ erf (\/a_\/v)}r 2742 [(uv)ll4 +V1/2}

exp| ~(VAE ) |

Ips =2 1-ert (JBE-V7) [+

uae

27V [(ﬂfr)l/4+r1/2}

34

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)



35

exp| - (V& - 77 |
" 272 [(ﬂﬁr)lm + (ﬂT)MJ

(2.46)

3@ pr) =3[ 1-art (JE - )

HNUAUNTT (2.45) 110(2.46) asluaums (2.39) Lﬁ’f)“l’i"lﬁ"l@]’f]‘].lﬂl’f]ﬂﬁilﬂ"li
1ensarinensiusnngaenuD1a09ue Ind (Thomas model) 1ag
= 9 ~ 9 d‘g oA ~ a d [
nﬁa‘umamﬂgam”lﬂmﬂmimam NDVATNIHUNEAUNTAVDINITINADIA N 1FU ¢, ﬁ
= a 4 1 A d o o E) 7 Y
uae k Fansmeiva1lilse levudwmsulslumseonuuu Scale up ﬂlﬂﬂig‘l_l‘l_lﬁ]ﬂ“]f‘]_lllﬂ
Y
dnsuluauidelivznadounsiusnngarenuusiaesves Inded nudoya
d' o 9 a 4 1 A [
Msnaaed laeuuudiasslsznoualenisiumes 3 A1 Ao q, ﬁ uag k Taguueansnagoy

Y
poniifu 3 jUuny sl

]
=

1. Muimal g, uay fondewluaunsi 2.40) uaz 243) udamah

]
=
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2 2 2
qe,exp qe,cal kl R qe,cal kZ R qe,cal De R
(mg/g) (mg/g) (min") (mg/g) (g/mg-min) (mg/g (cm’/s)
ACR00 25 365 357 9.47x10" 0.9544 412 3.10x10° 0.9858 340 5.88x10” 0.8097
30 369 362 1.05x10° 0.9188 424 3.12x10° 0.9966 353 6.00x10” 0.8165
40 378 368 2.18x10° 0.9986 402 8.33x10" 0.9996 361 1.20x10° 0.8233
AC900 25 375 363 3.40x10° 0.8220 388 1.54x10" 0.9986 357 2.00x10" 0.8273
30 377 371 3.24x10° 0.8120 394 1.53x10" 0.9966 362 2.05x10° 0.8231
40 380 377 6.20x10° 0.8646 385 5.24x10° 0.9997 368 4.81x10° 0.8249
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A9A A9naat k, GGG
(Adsorbent) (Adsorbate) (g/mg-min) (reference)
gAAA [Al(Brazilein),]”  3.1x10°-5.2x10" sl
i$1thdw acid green25  3.3x107-3.8x10°  Hameed et al., 2007
duthe 2-nitroaniline 1.7x10*-4.3x10™ Li et al., 2009

A <3 ] a 4
Lﬂaaﬂmaﬂmmmumu@
X z 9
10DINANT (Polygonum
orientale Linn)

nlaenany

Congo red
Malachite green
rhodamine B

malachite green

0.019-0.096
8.6x10"-23x10™
2x10°-5.8x10™

5x10°-3.7x10”

Kumar et al., 2010

Wang et al., 2010

Ahmad and Alrozi,

2011
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C, (mgL)

{ ad v a {
510 4.8 TeTwnsumsgadumsazare@Fadounanududu 220 mg/L 151105 25 mL taz

@ 1

a o 1 o o B
PUNYN 25 C YDINUNVNUATN 3 ADYN

{ a Jd { o . .
ATNN 4.5 HAAIWITIULAD TR ﬁﬂ"ll!ilm"l@’]}il"lﬂﬁﬂﬂﬁ Langmuir 8% Freundlich ¥94N139A

o Aa g A Y 9 ~
VTSI IFEDUNANWUNUYU 220 mg/L uawﬁmmmiazma 25mL N

PUNNNAIN
- TUNIT Langmuir @UNIT Freundlich
. . quuql 2 2
GRLEAN . q, K, R n, K, R
q®)
(mg/g)  (L/mg)
AC800 25 719 0.0564 0.9938 2.63 118 0.9943
30 1240 0.0347 0.9708 1.91 102 0.9696
40 1140 0.1699 0.9942 3.24 311 0.9506
AC900 25 1011 0.0761 0.9772 2.33 158 0.9378
30 1586 0.0640 0.9560 1.95 180 0.9414
40 1659 0.1113 0.9798 2.32 285 0.9527

OA800 25 639 0.1952 0.9903 5.68 287 0.9987
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(g/mg-min)  (kJ/mol) (kJ/mol) (kJ/mol-K)  (kJ/mol)

AC800 25 1.40x10" 55.5 105.3 0.38 -6.84
30 -8.72
40 -12.48

AC900 25 9.47x10° 67.7 55.6 0.22 -9.67
30 -10.76

40 -12.95
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Sample C, Bead height W.c Flow rate Flow rate t, Area under curve q, q,
(mgl)  (cm) (&) (mL/min) — (kghm)  (min) (min) (mglg)  (mglg)
ACS800 220 7.5 0.6912 0.8 989 69 275.41 16.69 70.13
220 10 1.0025 0.8 989 156 396.89 26.02 69.68
220 12.5 1.3102 0.8 989 235 449.74 29.99 60.41
220 7.5 0.6907 1 1236 15 165.00 4.54 52.56
220 10 1.0005 1 1236 115 256.14 24.02 56.32
220 12.5 1.3104 1 1236 176 384.78 28.07 64.60
220 7.5 0.6907 2 2472 10 111.07 6.05 70.75
220 10 1.0007 2 2472 51 167.47 21.30 73.64
220 12.5 1.3108 2 2472 98 388.09 31.25 130.27
AC900 220 10 1.0003 1 1236 356 720.49 74.38 158.46
OA800 220 10 1.0002 1 1236 268 587.19 56.00 129.16

< {2 o
WNBIR: NaNDINNg (1) iWunafisuasawuanududuvesddonluszay 5% vesnnududuvesmsazareddonluasilowdn (c/c.=0.05)
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t:i] Bed height 7.5 cm
= Bed height 10 cm

4 Bed height 12.5 cm

f% Bed height 7.5 cm
[=] Bed height 10 cm

F77 Bed height 12.5 cm

0.8 ml/min 1 ml/min 2 ml/min

JUN 411 wavesdnsIms lvanazanuguuaaenanusnNg (0 HAzHAYDIBATING I1a

HagANNgULUAelTINUNI9A

500

400

300

200

Breakthrough time (tb)

100

'
v A

q

FUNYAVINNG (V)

7] Breakthrough time &3 Breakthrough capacity

AC900

100
80 >
g
F 2
3
60 g
5
[~ =
Ey
- 40 9
=
L z
3
L 20 @
0

OA800

{ o { 1 A @ 1 {
319 4.12 Haveananus NNz SINUMIGATUNYALIANF VIO UANTUANY 3 AI9E19 N

ANUITNTY 220 mg/l 6A31115 11a 1236 ke/m’-h 1BZANNFUVA 10 cm



80

10
0.8 4
0.6 1
o
Q
o
04 Flow rate 0.8 mi/min
A Bed height 7.5cm
02 1 o Bed height 10cm
’ X Bed height 12.5cm
Thomas model (3 parameters)
0.0 : T T -
0 200 400 600 800 1000
t (min)
(n)
1.0
0.8 1
0.6 1
[=]
Q
o
047 Flow rate 1 mi/min
A Bed height 7.5 cm
02 | o Bed height 10cm
- % Bed height 12.5 cm
Thomas model (3 parameters)
0.0 T T T T
0 200 400 600 800 1000
t(min)
(V)
1.0
O,
0.8 1 o
056 g %
o
Q
(@]
041 X Flow rate 2 mi/min
A Bed height 7.5 cm
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a g =
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81

10
0.8 -
0.6 -
o
Q
o
0.4 4 Bed height 7.5 cm
A Flow rate 0.8 m/min
o Flow rate 1 m/min
021 X Flow rate 2 mi/min
Thomes model (3 parameters)
0.0 T T T -
0 200 400 600 800 1000
t (min)
(n)
1.0
0.8
0.6 1
o
Q
o
047 Bed height 10 cm
2 Flow rate 0.8 mi/min
02 ©  Flow rate 1 m/min
X Flow rate 2 m/min
Thomas model (3 parameters)
0.0 T T T -
0 200 400 600 800 1000
t (min)
(V)
1.0
0.8
0.6 1
o
Q
&)
047 Bed height 12.5 cm
2 Flow rate 0.8 m/min
021 O Flow rate 1 m/min
X Flow rate 2 m/min
—— Thomas model (3 parameters)
0.0 o oG T T T
0 200 400 600 800 1000
t (min)

()

3UM 4.14 waveedas 1M Inavesansazare@BadouaonsiusngianugauanIa1e
= Yy g A 9 A Aa o 1A
(M) 7.5 cm (V) 10 cm 1A(A) 12.5 cm NANMAVNTUITUAY 220 HaanTuaoans Loy

a9 =
QUNYUTIDI (30 DIAUKALH )



82

1.0

0.8

0.6

cIc,

0.4 A

4 AC800
o AC900
x  OA800
Thomas model (3 parameters)

0.2 4

0.0 20 R T T T T T
0 200 400 600 800 1000 1200 1400 1600

t (min)

{ a 1 v o d @ v
5UMN 4.15 #aveIsUanIUA NN UAAa N MZYINT 1 IUTNNG ﬁ@@]i”lﬂ”lill‘ﬁa 1 ml/min g

RY U

a o

ANUGUUA 7.5 cm NANUduTuEUAY 220 Tadniuaeans uazguugiites (30

G

=
AU AL )

432 uyuaRI@HIUNNIVIIuIINg
= dy Y o o/ 2 a 9
msani Idhninaassminilisnnuesmsgasuasazatemdadouly
A 1 o @ 4 a @ o o o
szuuwatiimenunuiuann lifgaalaa sazhunensminsnngarenuusiaosves Tnid
v 1 { o Y] a I'4 v
(Thomas model) #4'1dna12 13 luumn 2 Tasuuudiassves Inialszneudiemisiimes 3 A

A 1 I [ o A [ A
A9 g, ﬁ ey k uazuiuemsnagevesndu 3 gﬂLL‘UU muwumﬁmmmmmgﬂ‘w 4.16

HUUIADIVDL TN
a 4 a 4 a 4
1 W5109035 2 W51UN DT 3 WISINNDS
L k q() B
k 9,

k

JU7 4.16 unudimsnaaeunswiusnngmenuusiaesves Inde naasmstvuadnlsi

Y o . .
a9 regression analysis



o CY =) v tﬂy
Taggumsvosuuuiiaod Inid ngﬂuuumu

c _ J(pE,r)
C, J(B&r)+[1-3(. po)]exp[(B-1)(r—¢)]

Taeh

exp| -(VBE - )|
27| (pee) + 7

3.2 = 5[ 1-ert (JBE e |+

exp| - (V& -Br)

6.0) =5 -t (JE B )| 22| (pee)" +(pe)” |

B=uvlnmoiauga =
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(4.7)



' A o 3 o 2
k= AIPNNVIIDATUIINITAAYT Y (cm'/s)

C, = AnudutuEuAY (mg/L)

z=fAYY1UUA (m)
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3 ' 1
u= ﬂ')']uljjsllﬂ\iulwaﬂ']ﬂ‘lu%ﬂq:]'Nn_lﬂ (m/s)

t=1381(s)

&= f"‘”lﬂ’J”lﬂJW?‘L!GU’ENL‘LIﬂ

% ?X’J =
q*= ﬂ?mmmi@,ﬂcﬁuqwmmuwumm (mg/g)

b= mAsivesaumMIanig (Limg)

~ 1 a I Y Yo @ o ¥
MTNN 4.8 m‘W”maJmai‘wmaﬂ%ﬁmi‘umimuamglums‘ﬂﬂﬁ’e)um 3 gﬂlﬂJ‘U

parameters AC800 AC900 OAS800
ANUHUILUUVOIAINAT L,
. o 1.4621 0.6787 1.4301
p, (g/em’)
FOIINVOIL, €, 0.86 0.70 0.86
5@i1ﬂ”lil11fia, u (m/s) 0.0037 0.0046 0.0092
ANuTuTUENAY, C, (mg/) 220 220 220

ANNFIUA, z (m)

0.075, 0.1, 0.125

0.075,0.1, 0.125

0.075, 0.1, 0.125

$afiveenod N, r (m) 0.00393 0.00393 0.00393
q* (monolayer adsorption
. 1240.4 1586.1 -
from Langmuir at 30 C )
b (Langmuir const. at 30°C) 0.0347 0.064 -
Gy ooy (ME/2) 1096.74 1480.92 -
Bicoy 0.12 0.066 -
HINONA: A1 q, . 102 By, AuIs ldnnaums (2.38) uaz 2.41) Tuumi 2

] o ) 1 a I ] o ]
ANUNU L UVDIAIRATY HIDANUHUIMUUDI AN UUBIA gAY
Aesama 183e 1ndaTaIuveInlanelsuasvesans lag ldninms

nAaady
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2 parameters model

3 parameters model

Bed height Flow rate
Sample k q, R’ k q, B R’
(cm) (mL/min)
(cmz/ s) (mg/g) (sz/ s) (mg/g)

AC800 75 0.8 9.46x10" 4.65x10° 0.9704 497x10° 1.34x10° 130 0.9956

10 0.8 8.07x10° 5.18x10° 0.9721 1.62x10" 741x10° 091  0.9918

12.5 0.8 9.39x10° 4.58x10° 0.9773 2.51x10" 565x10° 0.85  0.9841

75 1 1.06x10" 3.89x10° 0.9811 1.24x10" 536x10°  0.64  0.9886

10 1 1.46x10" 3.97x10° 0.9874 2.67x10" 6.77x10°  1.06  0.9981

12.5 1 9.44x10° 4.80x10° 0.9464 1.94x10" 579x10° 074 0.9890

7.5 2 1.34x10" 5.15x10° 0.9594 7.00x10° 1.39x10°  1.13  0.9942

10 2 1.48x10" 5.57x10° 0.9866 1.67x10" 1.09x10°  1.07  0.9955

12.5 2 6.33x10” 1.05x10° 0.9729 9.40x10” 1.56x10°  0.85  0.9934

AC900 10 1 6.74x10° 4.25x10° 0.9794 8.07x10" 438x10° 024  0.9795

OA800 10 1 - - - 7.54x10° 1.55x10°  1.03  0.9975
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{ o { a ' v o
@]TﬁN“ﬁ Nl %’ayamm@%um%"luimmu‘ﬁ’e‘;mﬁgu -196 mmwaz%ﬁ VDADTUNUUUA AC800 AC900 ttag OA800

AC800 AC900 OA800
Adsorption Desorption Adsorption Desorption Adsorption Desorption
P A\ P A\ P A% P A% P A\ P A\
(mmHg)  (cm’/g)  (mmHg)  (em’/g)  (mmHg)  (em’/g)  (mmHg)  (cm’g)  (mmHg)  (cm’g)  (mmHg)  (cmg)
0.00 10.19 0.01 193.70 0.00 10.11 0.01 230.12 0.00 0.00 0.94 288.26
0.00 20.40 0.02 200.04 0.00 20.23 0.02 239.55 0.00 20.33 0.89 285.96
0.00 30.61 0.03 203.47 0.00 30.35 0.03 245.53 0.00 30.50 0.83 284.41
0.00 40.81 0.04 205.93 0.00 40.47 0.04 249.75 0.00 40.66 0.80 283.55
0.00 51.02 0.05 207.89 0.00 50.60 0.05 253.06 0.00 50.83 0.75 282.34
0.00 61.22 0.06 209.51 0.00 60.72 0.06 255.82 0.00 60.99 0.70 281.17
0.00 71.42 0.07 21091 0.00 70.84 0.07 258.23 0.00 71.15 0.65 279.99
0.00 81.63 0.08 212.12 0.00 80.96 0.08 260.27 0.00 81.31 0.60 278.73
0.00 91.83 0.09 213.16 0.00 91.08 0.09 261.90 0.00 91.47 0.55 277.36
0.00 102.03 0.10 214.45 0.00 101.20 0.10 263.94 0.00 101.64 0.50 275.82
0.00 112.23 0.15 218.75 0.00 111.32 0.15 271.48 0.00 111.80 0.45 272.21

66



13197 n1 Yeyamsgasuma luTaswuigungl -196 ssrmusaiFod voan1uMTUA AC800 AC900 1Az OAS00 (#D)

AC800 AC900 OA800
Adsorption Desorption Adsorption Desorption Adsorption Desorption
P A\ P A\ P A% P A% P A\ P A\
(mmHg)  (cm’/g)  (mmHg)  (em’/g)  (mmHg)  (em’/g)  (mmHg)  (cm’g)  (mmHg)  (cm’g)  (mmHg)  (cm’g)
0.00 122.43 0.20 222.34 0.00 121.44 0.20 277.20 0.00 121.96 0.40 266.48
0.00 132.62 0.25 225.24 0.00 131.56 0.25 282.34 0.00 132.12 0.35 262.85
0.00 142.81 0.30 228.50 0.00 141.67 0.29 285.76 0.00 142.28 0.30 259.76
0.00 152.98 0.35 231.23 0.00 151.79 0.35 291.73 0.00 152.43 0.25 256.01
0.00 163.12 0.40 233.78 0.00 161.89 0.40 296.73 0.00 162.58 0.20 252.26
0.00 173.12 0.45 237.89 0.00 171.99 0.44 305.47 0.00 172.72 0.15 248.09
0.00 181.79 0.50 240.41 0.00 182.07 0.50 315.17 0.00 182.82 0.10 243.03
0.00 186.53 0.55 241.58 0.00 192.10 0.55 318.03 0.00 192.85 0.09 241.53
0.01 189.94 0.60 242.59 0.00 202.03 0.60 320.62 0.00 202.68 0.08 240.38
0.01 192.08 0.65 243.46 0.00 211.34 0.65 323.00 0.00 205.75 0.07 238.97
0.01 192.99 0.70 244.28 0.00 218.44 0.70 325.27 0.00 211.13 0.06 237.37

001



13197 n1 Yeyamsgaduma luTaswuigumngl -196 ssrmusaiFod voan1uMTUA AC800 AC900 1Az OAS00 (D)

AC800 AC900 OA800
Adsorption Desorption Adsorption Desorption Adsorption Desorption
P A\ P A\ P A% P A% P A\ P A\

(mmHg)  (cm’/g)  (mmHg)  (em’/g)  (mmHg)  (em’/g)  (mmHg)  (cm’g)  (mmHg)  (cm’g)  (mmHg)  (cmg)

0.01 196.34 0.75 245.08 0.01 223.06 0.75 327.56 0.01 214.73 0.05 235.40

0.02 199.03 0.80 245.90 0.01 226.61 0.80 329.88 0.01 217.83 0.04 233.28

0.02 200.75 0.83 246.48 0.01 228.11 0.84 331.76 0.01 218.43 0.03 230.54

0.03 202.51 0.88 247.56 0.02 234.99 0.89 334.80 0.02 222.94 0.02 226.75

0.03 203.86 0.93 249.29 0.02 238.02 0.94 338.58 0.02 225.75 0.01 219.35

0.04 205.01 0.02 241.41 0.02 227.71

0.05 206.09 0.03 244.50 0.03 229.73

0.05 207.00 0.03 246.78 0.04 231.33

0.05 207.85 0.04 248.83 0.04 232.71

0.06 208.69 0.04 250.66 0.05 233.90

0.07 209.46 0.05 252.29 0.05 234.98
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13197 n1 Yeyamsgaduma luTaswuigumngl -196 ssrmusaiFod voan1uMTUA AC800 AC900 1Az OAS00 (D)

AC800 AC900 OA800
Adsorption Desorption Adsorption Desorption Adsorption Desorption
P A\ P A\ P A% P A% P A\ P A\
(mmHg)  (cm’/g)  (mmHg)  (em’/g)  (mmHg)  (em’/g)  (mmHg)  (cm’g)  (mmHg)  (cm’g)  (mmHg)  (cmg)
0.07 210.14 0.05 253.76 0.06 236.08
0.08 210.81 0.06 255.13 0.06 236.99
0.08 211.45 0.07 256.45 0.07 237.85
0.09 212.06 0.07 257.66 0.07 238.67
0.09 212.63 0.08 258.80 0.08 239.46
0.10 213.18 0.08 259.89 0.08 240.18
0.10 213.70 0.09 260.92 0.09 240.81
0.15 217.79 0.09 261.90 0.09 241.48
0.20 221.76 0.10 262.85 0.10 242.15
0.26 224.98 0.10 263.77 0.10 242.77
0.31 227.88 0.15 270.36 0.15 247.72

01



13197 n1 Yeyamsgaduma luTaswuigumngl -196 ssrmusaiFod voan1uMTUA AC800 AC900 1Az OAS00 (D)

AC800 AC900 OA800
Adsorption Desorption Adsorption Desorption Adsorption Desorption
P A\ P A\ P A% P A% P A\ P A\
(mmHg)  (cm’/g)  (mmHg)  (em’/g)  (mmHg)  (em’/g)  (mmHg)  (cm’g)  (mmHg)  (cm’g)  (mmHg)  (cmg)
0.35 230.16 0.21 277.30 0.21 252.48
0.40 232.71 0.26 282.82 0.26 256.39
0.45 234.94 0.31 287.77 0.31 259.91
0.50 236.90 0.35 291.24 0.35 262.65
0.55 238.62 0.40 295.91 0.40 265.77
0.60 240.09 0.45 300.47 0.45 268.57
0.65 241.37 0.50 304.89 0.50 271.12
0.70 242.54 0.55 309.03 0.55 273.40
0.75 243.62 0.60 312.85 0.60 275.43
0.80 244.67 0.65 316.25 0.65 277.20
0.84 245.76 0.70 319.42 0.70 278.83

€01



13197 n1 Yeyamsgaduma luTaswuigumngl -196 ssrmusaiFod voan1uMTUA AC800 AC900 1Az OAS00 (D)

AC800 AC900 OA800
Adsorption Adsorption Adsorption
P \% P \% P \%

(mmHg)  (cm’/g) (mmHg)  (cm/g) (mmHg)  (cm’/g)
0.89 247.04 0.75 322.52 0.75 280.34
0.94 248.94 0.80 325.53 0.80 281.85
0.99 252.83 0.85 328.60 0.85 283.43
0.90 331.97 0.90 285.26

0.95 337.09 0.95 287.81

0.99 342.20 0.99 291.97
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¥1. myiamsganaunaazaaaiuvesddousisuma uazasazare@Bigou g1y
1304 Ultra Violet-Visible Spectrophotometer

A o 9 Yy 9 J A A Aaa

iewhasdu [KAISO,).12H,0] Amdudu 0.005 Tuans Usuias 200 dadans uag
a s A Aa aa @
AdPUTITUIA (Brazilein) ANWITUTY 0.005 Tua1s USuas 100 Haaans wnaunuTaegly
(Y] 1 9 1 = a 1 [ =Y 9 A A 9
dadruarsduaoddousssura midy 2:1 Tagdsuiag azldasazaredivadou
4 I [ a [
[Al(Brazilein)’] i ldiiluddonlumsdonduluy Taswunasazarw@izadoulinganau

uAIgaga Wnw 0.8612 uazlinnueaaugega (1, ) 10D 509 W1 Tuuas aeaadlugili
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< Y1 gy a A a9 A o 1 A A ]
V1 LLﬂ%%%Lﬁullﬂ’J”lﬁﬂﬂll‘ﬁiill%”lﬁ UaZaTaLAYFTBIFOUNA LU UIANNYININAUNUANA

E4
=

o & aw = o a2 a9 Y Y} Y v ' v
U G]N‘1°LN”I“Ll’Jﬁ]fll!i]ﬁﬁﬁﬂ‘]el"lﬂ"li@ﬂc]fﬂﬁﬁazﬁ1EJ’CTL%Q%E‘JL!?Hﬂﬁaﬂﬂﬁﬂ@mﬁull‘ﬁllﬂ?ﬂﬂ"luﬂm

v J

uann ldgaaddaa vagdamanududuvesaisazae@Fadountonainisgaduny

§1IAAUFIFA 509 W1 Tuas

A = 509 nm
|
——220 mg/1 of 1 luti
A =431 nm \L mg/1 of dye complex solution
0.8 ——0.005 M of extracted dye
S
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A Y 9 2 a gy ' A ~
AT NN V2 ﬂ'ﬂlllsllllélluéll’f]\‘]ﬂ"]ﬁa$a1flﬁlslf\3°ﬁ@1‘llla$ﬂ'lﬂ'ﬁﬂﬂﬂaul!ﬁ\iﬂ xmax =509 nm

ANUTTUVDIENTATAETFHOU (me/L) Absorbance
14 0.0286
28 0.0485
50 0.0955
71 0.1352
142 0.2896
213 0.4759
284 0.6305
426 0.9684

y =0.0022x
0.8
R2=0.9976

0.6

Absorbance

0.4

0.2

0 100 200 300 400 500

Concentration of [Al(Brazilein)2]+, mg/L

RY

~ A a ~ A 1w
51]1/] V2 ﬂflmn/\li]1@]3;@1”%@\1?{13@361185!%@%@“%?]3131313?]@“@\1@@ (}\'max) N1NY 509 nm
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¥3. Mmamualsuaegiiflounenainisgasy
wseuANNdNTuveegiitionlusaa 100-400 ppb 9INAITAZAIY KAI(SO,), 12H,0

o a 4 4 [
AMuENAY 1000 ppb udni AT zialens0eile 1ICP-MS 1z lanslinasgiuasgl 43

30000000 -
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20000000 - R2=(0.9948

£ 15000000
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10000000 -
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v Y v
MNUWNATAz 18T FIFoUNAINITRATUNI 2 ml 11 dilute Arornauan’ld
Y511a3 50 ml udhlinadount Al Tasdainialdne A1 CPS @edrusundiod s

AsazaemFadeun 1Founuiug 0.0064 nSu Jaa1 cps 18 18339560

9
v W

JUU

= v ~ a 18339560 + 9009852
UANWANVUVDIDQUIUBY = 90351 =302.7 ppb

Yy 9 A A A A o Y ' v w o
1.) ATUVINVUVDIDQUIHIUNIADIINNITAATUAIGDTIUNUNUA 0.0064 N3

N C,V,=C,V,
9 9 a A A A o Y ' v o J o
ATUINVUVDIDQUIHIUNIYADIINNITAATUAIYDTIUNNNUA 0.0064 N3

~ (302.7ppb) x (50m)
- (2m)

= 7567.5ppb

9
v W

wiuanududuvetoglitiouiiiionnmsgadudrenunuiug 0.0064 nSu My

7.57 ppm

a v

) a A o o
2) anududuveseglifisungnaasy 13l ununuiud
Yy 9 a A ~ o Yy Y a A A ] =
ANuduTuvetogiiilonignaasl = (ANududuvesegiitionogluasazaed
S 9 9 aa A A o Y v o o
IFedon 220 mg/l) - (ANWDUTUVBIOgIHNNHADINNTYAFUAIUAUITUA 0.0064
nTY)
Yy 9 a A ~ l Aa 9
*“HIeme): ANUITNINYetogiitiounogludsaza1emFadou 220 mg/l = 11.48 ppm
Y aa A o
ANNALTUYeI0QUIoNTIgNAATY = 11.48 — 7.57 = 3.91 ppm

3.) q, (mg/g AC)
q, (mg/g AC) = [(Al uptake, mg/1) x (V, mD)]/[(weight, g) x (1000)]

= X2 50 heeac
0.0064 x1000

9
v W

(S a { 1 a o o 1 v o d !
aniuSunaegiifisunogluamsazae@Fidounenadimsgadusieaunuiug AC800 f

a = Y v A
QUMY 30 DI UKALTY ﬁ”l?J”Iiﬂﬁ?ﬂhlﬂﬂQ@]”ﬁ”Nﬂ U3
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~ 2 = ~ 1 a A 9 @ [ Y U [ Y] 4
137190 U3 ﬂﬁﬂJWﬂ!fJQNLL!EJiJ‘V]E]QGluﬁﬁa$ﬁ1EJﬁ'L“ING]fﬂufnﬂﬁﬁﬂﬂ?ﬁ@ﬂ%ﬂﬂﬁ]ﬂﬂWNﬂMhu@l

a

AC800 NV 30 DA UFAITHA

U

In dye-
Adsorbed phase Bulk solution phase
complex
W. of AC
@) g Ce Totad Indye A+ Tol Indye A%
complex complex

(mg/ (mg/ (mg/ (my/) (mg/l (mg/
9) 1) 9) (mg/g) ) (mg/l) 1)
0.0064 811 488 153 12.3 298 757 0.74 6.83

0.0087 635 355 143 9.64 462 6.52 0.54 5.98

0.0132 448 199 11.2 6.80 440 557 0.30 5.27
0.0178 347 955 8.62 5.26 336 535 0.14 5.20
0.0354 175 829 531 2.66 265 396 0.13 3.84
0.1002 62.7 532 232 0.95 1.36 218 0.08 2.10

0.1500 419 483 1.78 0.64 114 0.83 0.07 0.75
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A o A a 9 A A Y Y Y ' v o @
ANITNNN V4 ﬂ%ﬂJ'lfl!ﬂWﬁ@ﬁ%‘UﬁWﬁﬁ$a18ﬁl“]5\1‘3]5’l3)1n/ll1’i'ﬁ’E)“MﬂﬂTiElf)iJLﬁuUl‘Villﬂ’JﬂﬂWHﬂNiJuﬁ

AC800, AC900 1az OA800 NANMITUTUTUAY 220 mg/L uazguund 25, 30

1ag 40°C
25°C 30°C 40°C
Sample
C. q. C. q. C. q.
AC800 10.79 270.70 9.54 243.04 1.75 267.35
15.48 355.59 9.55 346.79 3.59 382.69
28.85 415.64 11.14 406.17 4.61 545.82
53.81 548.98 19.85 448.13 8.95 687.42
68.47 574.66 21.02 571.48 19.27 870.53
35.53 634.88 60.50 1038.00
39.54 713.56
48.79 811.23
60.65 845.00
AC900 5.00 223.99 15.58 750.35 2.55 286.41
7.79 365.83 8.94 696.06 3.17 380.85
12.89 525.94 6.01 486.36 3.56 504.69

21.74 690.58 5.69 444.85 5.42 734.61
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ANIT NN V4 “IJQiﬂJ'lfl‘lﬂTﬁ@lﬂG]ﬁJﬁTi'ﬁ$a18ﬁl“]5\1‘3]5’t]u1/ll1’i'ﬁ’t)“lnﬂﬂ'l'iﬁlf)ulﬁuvlﬁNﬂ')flflTLlﬂiJlluﬁ
AC800, AC900 1taz OA800 NANMITUNUTUAY 220 mg/L uazguund 25, 30

1az 40°C (a19)

o

25C 30C 40°C
Sample
C, q. C. q. C. 4.
AC900 43.52 734.99 5.56 376.85 10.98 875.79
533 281.53 40.00 1355.00
37.00 1115.00
OAS800 8.29 416.52
17.11 476.69
31.91 516.11
50.77 586.42
88.46 628.30

1 v o d o
9S. Nﬁﬂl@ﬁlﬁNWﬂ!ﬂWHﬂNNu@m@ﬂﬁﬂ@‘b’ﬂ

{ = @ o 1 a A o ' v o d
AN V5 Waéll’éNﬂﬁﬂWﬂ!@]?ﬂﬂ%Uﬂﬂﬂ’iZﬁﬂﬁﬂTWﬂﬁ@ﬂ%Uﬂl@\iﬂWUﬂNNu@l AC800 uag

AC900 AANMUITNIUEUAY 220 me/L tazgungl 25, 30 uaz 40°C

25°C 30°C 40°C
Sample
Adsorbent (g) %Ads Adsorbent (g) %Ads Adsorbent (g) %Ads
ACS800 0.0204 95 0.0051 67 0.0215 99
0.0152 93 0.0064 81 0.0149 98
0.0122 88 0.0076 85 0.0104 98
0.0081 77 0.0087 86 0.0081 96
0.0071 70 0.0103 92 0.0061 92

0.0132 93
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{ = @ @ 1 a A o ' v o d
A5 IN V5 Waéll’éNﬂﬁﬂWﬂ!ﬂ?@ﬂ%Uﬂ@ﬂixﬁﬂﬁﬂWWﬂTﬁﬂﬂ%Uﬂl@\iﬂWﬂﬂNNu@ AC800 uag

AC900 AT uENAY 220 mg/L nazguuagl 25, 30 uaz 40°C (710)

25°C 30°C 40°C
Sample
Adsorbent (g) %Ads Adsorbent (g) %Ads Adsorbent (g) %Ads
ACS800 0.0151 96
0.0178 96
0.0254 97
AC900 0.0253 98 0.0072 94 0.0200 99
0.0153 97 0.0080 96 0.0150 99
0.0104 94 0.0127 97 0.0113 98
0.0076 91 0.0150 98 0.0077 98
0.0064 81 0.0201 99 0.0063 95

Y6, VAUNMAATVYDINTYATY

{ 1 a @ a U v o {
A15197 V6 Wﬁﬂl@\‘ll')@Wﬂ@ﬂillTﬂ!fﬂiﬂﬂ%U%L%Q%ﬂﬂﬂl@ﬁﬂWHﬂNNuﬁ AC800 L@z AC900 7

A & o v o oA a
ANUANTUEUAY 220 mg/L, WINUND N WITUAN 19 0.025 g uazqumngil 25, 30

1ag 40°C
25°C 30°C 40°C
Sample
t (min) q, (mg/g) t (min) q, (mg/g) t (min) q, (mg/g)
AC800 264 130.81 393 155.59 360 221.46
1110 240.58 1155 258.42 907 297.83
1692 261.02 1467 267.78 1505 335.73
2160 285.76 2160 303.81 2160 356.98
4320 358.85 2880 337.12 4320 376.60

4680 361.24 4320 366.91 4680 377.27
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{ 1 =Y % a U o o 4 {

MINN V6 HAYEIIMIARLT UM IAATUTITIFOUVDID UANTUA ACS00 11AZ ACI00 N
A 90; o U v W A a

ANMUANTUEUAY 220 mg/L, WINUNDUAITUAN 19 0.025 g nazqumgil 25, 30

1az 40°C (av)

25°C 30°C 40°C
Sample
t (min) q, (mg/g) t (min) q, (mg/g) t (min) q, (mg/g)
AC800 5040 362.56 4680 367.96 5040 377.94
5040 368.56
AC900 300 243.13 360 260.85 360 337.46
720 319.22 960 341.73 907 365.14
1080 341.76 1200 359.36 1505 377.58
1800 358.62 1800 366.05 2160 378.62
2160 359.36 4320 371.89 4320 379.08
4320 365.83 4680 377.09 4680 379.50
4680 374.08 5040 377.43 5040 379.57

5040 374.75
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Flow rate Bed height Initial conc. Weight (g) Time (min) Cc/C,
(ml/min) (cm) (mg/L)
0.8 7.5 220 0.6912 16.74 0

46.74 0
76.74 0.0891
106.74 0.1265
136.74 0.2258
166.74 0.272
196.74 0.4019
226.74 0.4902
256.74 0.5412
286.74 0.5812
316.74 0.6485
346.74 0.6909
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Flow rate Bed height Initial conc. Weight (g) Time (min) Cc/C,
(ml/min) (cm) (mg/L)
1 7.5 220 0.6907 19.7 0.0003
49.7 0.2319
79.7 03114
109.7 0.3275
139.7 0.4672
169.7 0.5528
199.7 0.6446
229.7 0.7637
259.7 0.7581
289.7 0.823
319.7 0.8941
349.7 0.9032
379.7 0.9617
409.7 0.986
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Flow rate Bed height Initial conc. Weight (g) Time (min) Cc/C,
(ml/min) (cm) (mg/L)
2 7.5 220 0.6907 9.84 0

39.84 0.2882
54.84 0.3574
69.84 0.4272
84.84 0.4963
114.84 0.6011
144.84 0.7124
174.84 0.7749
204.84 0.8014
294.84 0.9583
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Flow rate Bed Initial Weight Time C/C, Time C/C,
(ml/min) height conc. (2) (min) (min)
(cm) (mg/L)

0.8 10 220 1.0025 13.78 0 277.48 0.3364
27.48 0.0023 287.48 0.3387
47.48 0 304.48 0.3609
67.48 0 317.48 0.3505
87.48 0.0166 327.48 0.3791
107.48 0.0223 337.48 0.4017
117.48 0 347.48 0.4461
127.48 0.0146 364.48 0.4494
147.48 0.0423 377.48 0.4659
157.48 0.0501 392.48 0.5072
167.48 0.0827 407.48 0.5441
179.48 0.0839 437.48 0.5531
187.48 0.0863 467.48 0.6098
198.48 0.0866 497.48 0.6535
213.48 0.1287 532.48 0.7667
217.48 0.1322 553.48 0.8403
227.48 0.1767
237.48 0.2
247.48 0.2009
257.48 0.2428
267.48 0.2669
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Flow rate Bed Initial Weight Time C/C, Time C/C,
(ml/min) height conc. (2) (min) (min)
(cm) (mg/L)
1 10 220 1.0005 15.52 0.0088 265.52 0.5812
35.52 0 275.52 0.6043
55.52 0 285.52 0.6455
75.52 0 295.52 0.6779
95.52 0.0483 320.52 0.7556
105.52 0.0263 350.52 0.806
115.52 0.0537 410.52 0.9129
125.52 0.0605
135.52 0.0987
145.52 0.134
155.52 0.1809
165.52 0.205
175.52 0.2381
185.52 0.2968
195.52 0.3378
205.52 0.3812
215.52 0.4173
225.52 0.4525
235.52 0.4816
245.52 0.5095
255.52 0.537
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Flow rate Bed height Initial conc. Weight (g) Time (min) Cc/C,
(ml/min) (cm) (mg/L)
2 10 220 1.0007 25.08 0

55.08 0.094
70.08 0.1124
85.08 0.2115
100.08 0.269
115.08 0.339
145.08 0.4931
175.08 0.5965
205.08 0.6197
235.08 0.7786
265.08 0.8436
295.08 0.8892
325.08 0.9432
355.08 0.9998
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Flow rate Bed height Initial conc. Weight (g) Time (min) Cc/C,
(ml/min) (cm) (mg/L)
0.8 12.5 220 1.3102 109.8 0

174.8 0
199.8 0.0143
229.8 0.047
259.8 0.0793
289.8 0.1449
319.8 0.1513
349.8 0.392
409.8 0.4119
559.8 0.723
589.8 0.8028

1135.8
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Flow rate Bed height Initial conc. Weight (g) Time (min) Cc/C,
(ml/min) (cm) (mg/L)

1 12.5 220 1.3104 22.43 0
52.43 0
82.43 0
112.43 0
142.43 0
172.43 0
202.43 0.0535
232.43 0.1313
262.43 0.2631
292.43 0.3368
322.43 0.4772
352.43 0.5853
382.43 0.5778
412.43 0.6353
442.43 0.6332
472.43 0.6933
502.43 0.7467
532.43 0.7926
937.43 0.8408
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Flow rate Bed height Initial conc. Weight (g) Time (min) Cc/C,
(ml/min) (cm) (mg/L)
2 12.5 220 1.3108 25.53 0

55.53 0
85.53 0.0086
115.53 0.0517
145.53 0.1228
175.53 0.2169
206.53 0.241
235.53 0.2907
265.53 0.3324
295.53 0.3667
325.53 0.4068
355.53 0.4772
385.53 0.5554
415.53 0.6045
475.53 0.63
535.53 0.7367
595.53 0.8022
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Flow rate Bed height | Initial conc. Weight (g) Time (min) Cc/C,
(ml/min) (cm) (mg/L)

1 10 220 1.0002 50.18 0.0000

110.18 0.0000

170.18 0.0000

230.18 0.0000

290.18 0.0000

350.18 0.0000

410.18 0.0000

440.18 0.0687

470.18 0.1699

590.18 0.2794

680.18 0.3894

710.18 0.5131

770.18 0.6672

950.18 0.7538

1490.18 0.9900
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Flow rate Bed height Initial conc. Weight (g) Time (min) Cc/C,
(ml/min) (cm) (mg/L)
1 10 220 1.0003 50.7 0
110.7 0
200.7 0
230.7 0.0023
260.7 0.0096
290.7 0.036
320.7 0.0757
351.7 0.0891
380.7 0.1612
410.7 0.2233
442.7 0.2809
470.7 0.3239
507.7 0.3773
530.7 0.4144
560.7 0.4743
590.7 0.4972
620.7 0.5409
650.7 0.6011
710.7 0.648
1296.7 0.9467
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ABSTRACT

Two activated carbons with controlled pore size were prepared from Eucalyptus wood by physical activation with car-
bon dioxide, giving the BET surface area and pore volume of 738 m*/g and 0.39 cm*/g, and 921 m%g and 0.53 cm®/g for
the carbon sample AC1 and AC2, respectively. These activated carbons were then used to remove the residual dye left
after the silk-dyeing process. The dye solution used for adsorption study was a cationic aluminium dye complex of
[Al(brazilein),]" derived from a mixture of alum and extract of the heartwood of Ceasalpinia sappan Linn., with initial
dye concentration of 220 mg/l. Effects of adsorbent dosage, adsorption time and temperature in the range of 25°C -
40°C on dye adsorption were investigated. It was found that the adsorption kinetics of this dye complex was best de-
scribed by the pseudo-second order model. Adsorption isotherms of this dye complex were well fitted by Langmuir
isotherm equation. The adsorption capacities for the uptake of this dye complex at 25°C, 30°C and 40°C were 718.7,
1240.4 and 1139.5 mg/g and 1010.5, 1586.1 and 1659.0 mg/g for carbon sample AC1 and AC2, respectively. From
these results, it can be concluded that activated carbon containing a higher proportion of mesopores gave better dye re-
moval efficiency, emphasizing the fact that a proper pore size distribution of carbon adsorbent is crucial for the effect-
tive removal of relatively large size of the dye molecules. Thermodynamic parameters, including free energy, enthalpy
and entropy of adsorption, were also determined. The adsorption enthalpies for the removal of this dye complex of AC1
and AC2 were 105.3 and 55.6 kJ/mol, respectively, indicating that the adsorption is an endothermic process. It was
found that the adsorption of this dye complex is spontaneous at the temperatures under investigation.

Keywords: Adsorption; Activated Carbon; Dyeing Effluent; Eucalyptus Wood

1. Introduction

The aqueous extract from the heartwood of Ceasalpinia.
Sappan Linn. is traditionally used for the dyeing of silk
by villagers in the northeast of Thailand. The extracted
dye, which consists mainly of brazilein (see Figure 1(a)),
imparts a beautiful red or pink color to the silk [1]. An
alum mordant is generally added to the dye solution to
form a cationic dye complex of [Al(brazilein),]" (see
Figure 1(b)) which helps improve the fastness property
of dye onto silk. The effluent left from the silk dyeing
exhibits high color and the discharge can cause a serious
problem and concern to the environment. There

“Corresponding author.

Copyright © 2013 SciRes.

are various methods available for treating dyeing efflu-
ents such as membrane separation [2], eletrochemical
method [3], coagulation/flocculation [4], and biological
processes [5-7] etc., with each method having its own
limitation in terms of cost and effectiveness. Of these
treatment processes, adsorption is an attractive separation
process for removing a number of pollutant species from
wastewater, due to its process simplicity, low energy
operation and capability of adsorbent regeneration [8,9].
Among commercial adsorbents, activated carbon is most
widely used for liquid-phase adsorption because of its
many advantages such as low cost, large internal area
(typically 1000 m*g) and the required pore size distribu-
tion can be easily achieved by controlling the preparation
conditions [10-12].
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(b)

Figure 1. Chemical structure of (a) Brazilein and (b)
|Al(brazilein),]” complex.

In this study, activated carbons prepared from euca-
lyptus wood by physical activation with carbon dioxide
were used to remove residual cationic dye of [Al(bra-

zilein),]" from real silk-dyeing effluent. The effect of

carbon porous structure on the kinetics, equilibrium, and
thermodynamics of dye adsorption was investigated.

2. Materials and Methods

2.1. Activated Carbon Preparation and
Characterization

Eucalyptus wood (Eucalyptus camaldulensis Dehn.) in
the form of shaving was milled and sieved to obtain a
size fraction of 20 x 30 mesh (0.714 mm average size).
The wood sample was then dried in an oven at 110°C for
24 h to remove excess moisture. Next, about 7 g of the
dried sample was placed in a ceramic boat and carbon-
ized in a tube furnace (Carbolite, UK) at 400°C under the
flow of N, (100 cm*/min) for 60 min. The derived char
was further activated with carbon dioxide at a rate of 100
cm’/min in a stainless steel packed-bed reactor (2.5 cm
[.D. and 10 cm long) inserted in a tube furnace. Two ac-
tivation conditions, 800°C for 60 min and 900°C for 90
min, were employed to produce activated carbon with
different porous structure and the resulting carbons were
designated as AC1 and AC2, respectively.

The eucalyptus wood was characterized for proximate

Copyright © 2013 SciRes.

analysis and lignocellulosic compositions using the pro-
cedures outlined by Tangsathitkulchai er al. [13]. Spe-
cific surface area and pore volume of activated carbon
were determined from nitrogen adsorption isotherms
obtained at —196°C provided by an automated adsorption
apparatus (Micromeritics ASAP2010). Adsorption theo-
ries and models required for calculating porous proper-
ties of activated carbon from isotherm data are well
documented by Rouquerol ez al. [14].

2.2. Preparation of Dye-Complex Solution

The heartwood of Ceasalpinia sappan Linn. was col-
lected from plantation areas in Nakhon Ratchasima
province, Thailand. The wood was reduced into small
sizes (~0.3 cm x 3 cm) and boiled in deionized water,
using the ratio of 1 g wood per 100 ml water, for 2 h at
80°C - 90°C. The aqueous extract was filtered and dewa-
tered by a rotary evaporator (R-210, Buchi), followed by
drying in a vacuum freeze dryer (DW3 Drywinner, Hito)
to give the extract in powder form.

Next, the alum-dye complex solution for silk dyeing
was prepared by mixing the stock solution of dye powder
(5 % 10" M, 100 mL) with alum [KAI(SO,) 12.H,0] (5 x
10" M, 200 mL), giving alum-to-dye mole ratio of 2:1.
The dye complex formed is present in the dye bath as a
cationic complex, [Al(brazilein),]" or [AI(C sH,405),]",
which has a molar mass of 599 g/mol [1]. The existence
of this aluminium dye complex in the dye solution was
ascertained by the application of electrospray ionization
mass spectrometry (ESI-MS); the details of measurement
and results can be found elsewhere [15]. The dyeing was
performed by mixing 5 g of silk yarn with 50 mL of the
prepared dye-complex solution and shaken in a wa-
ter-bath shaker at room temperature for 2 h. The dye so-
lution left after the dyeing process was further diluted
with water to obtain the dye solution with initial concen-
tration of 220 mg of dye/L solution and was used for the
subsequent adsorption experiments.

2.3. Adsorption Experiments

Tests were carried out to obtain adsorption isotherms of
the dye complex by ACI and AC2 as follows. For each
run, 25 mL of dye solution (220 mg/L) was mixed with a
fixed amount of activated carbon and shaken at a set
temperature (25°C, 30°C and 40°C) in a thermostat shak-
ing bath until the equilibrium was reached (~72 h). The
amount of carbon used was varied from 0.005 - 0.025 g.
The equilibrium concentration of dye in the solution was
determined from a calibration curve constructed based on
the measured absorbance of standard dye solutions, using
a UV-visible spectrophotometer (model 8453, Agilent)
run at the wavelength (4y.) of 509 nm. The amount of
dye adsorbed can be calculated from the following equa-
tion.
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(c,-c)v
/4

where ¢, is the amount of dye adsorbed at equilibrium
(mg/g carbon), C, and C, are the dye concentration
(mg/L) at time t = 0 and at equilibrium, respectively, V' is
the solution volume (L) and W is the amount of carbon
used (g). Experiments were also performed to study the
effect of time (adsorption kinetics), carbon dosage, and
temperature on the adsorption of this Al-dye complex
from aqueous solution. Since the primary purpose of this
work was to study the effect of pore texture of activated
carbon on dye adsorption but not the effect of surface
chemistry, no attempt was made at this stage to investi-
gate the influence of solution pH on the dye removal.
Therefore, dye solution with the initial natural pH of 4.0
was used throughout the adsorption experiments.

q.= (1)

3. Results and Discussion
3.1. Material Characterization

Table 1 shows the proximate analysis and lignocellulosic
composition of eucalyptus wood studied in this work.
The results indicate that eucalyptus wood contains a high
proportion of volatile matters but with relatively low ash
content. The fixed carbon content is comparable to other
biomass materials used for the production of activated
carbon, for example, corn cob (16.1%) [16], coconut
shell (18.6%) [17], and pistachio nut shell (21.6%) [18].
Eucalyptus wood studied in the present work is classified
as hard wood type, based on the following range of lig-
nocellulosic contents for hard wood: cellulose (57% -
62%), hemicellulose (12% - 16%) and lignin (25%) [19].

The porous properties of prepared activated carbons
are listed in Table 2. It is observed that sample AC2 has

Table 1. Chemical analysis of eucalyptus wood.

Lignocellulosic

Proximate analysis (Wt%) composition (Wt%)
Fixed carbon 18.3 Cellulose 57.3
Volatile matters 76.4 Hemicellulose 16.8
Ash 1.2 Lignin 259
Moisture 4.1

Table 2. The porous properties of activated carbon.

Sample Shet D Vevic Vineso Vi
(m:«"g) (A") (cm“/g) (cm‘n"g) (cm‘/g)
0.27 0.12
N 21.2

ACI 738 212 (69%) (1%) 0.39

0.23

b 0,

AC2 921 23.0 0.3 (57%) (43%) 0.53

Copyright © 2013 SciRes.

larger average pore size, higher surface area and pore
volume and contains greater mesopore volume than those
of sample ACI. Figure 2 shows the nitrogen adsorption
isotherms of the two carbons used for the pore charac-
terization. As seen, the isotherm of sample AC1 shows
Type I isotherm, typical of microporous adsorbent, while
AC2 displays Type II isotherm with small hysteresis loop
which is indicative of a mesoporous adsorbent. It has
been reported that the pore structure of activated carbon
plays a significant role in determining its adsorbed ca-
pacity and the transport of adsorbate molecules within
the pores can be strongly limited by the steric effect due
to the molecular size and shape of adsorbate relative to
the pore size [20].

Figure 3 shows SEM images of carbon samples ACI
and AC2. Visually, sample AC2 possesses larger pore
size as compared with ACI, in accord with the pore tex-
ture results reported in Table 2.

3.2. Effect of Adsorbent Dosage

Figure 4 shows the effect of adsorbent dosage on the
percentage removal of dye complex with samples ACI
and AC2 at different adsorption temperatures from 25°C
to 40°C, using initial dye concentration and solution
volume of 220 mg/L and 25 mL, respectively. It is seen
that the amount of dye adsorbed was increased with in-
creasing adsorbent dosage from 0.005 to 0.025 g. More
than 95% adsorption efficiency could be achieved using
the carbon amount of 0.025 g for both the AC1 and AC2
at all adsorption temperatures. The results indicate that
the uptake of this cationic dye by these two activated
carbons depends directly on the amount of adsorbent
used. Obviously, the increased adsorption should arise
from the increased number of active sites for adsorption
with increasing amount of adsorbent used. Consequently,
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Figure 2. Adsorption (closed symbols) and desorption (open
symbols) isotherms of N, at 77 K of tested activated car-
bons.
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Figure 3. SEM photographs of AC1 and AC2 activated car-
bons.

a fixed amount of activated carbon of 0.025 g was em-
ployed for the kinetic study of dye adsorption in this
work.

3.3. Adsorption Kinetics

The effect of time on the adsorption of dye complex is
shown in Figure 5. The amount of dye adsorbed in-
creased rapidly for the first 500 min, followed by a slow
increase and finally attained the equilibrium at around
4000 min. The relatively long equilibrium time reflects
the slow diffusion of large molecular size of the dye
complex and possibly by the hindering among the dye
molecules. It is also noted that the adsorption is favored
by the increasing of temperature. This could be attributed
to the increased mobility of the dye molecules inside the
pores and the lowering in the liquid viscosity as the tem-
perature is increased [21].

The adsorption kinetics of natural dye complex by
eucalyptus based activated carbons was analyzed using
the pseudo first-order model [22], the pseudo second-
order model [23] and the pore diffusion or intra-particle
diffusion model [24]. These kinetic equations are given
as follows:

Pseudo first-order kinetic model:

dg, _ _
==k (9.-4,) 2
q, = q.(1-exp(~kt)) 3)

Copyright © 2013 SciRes.
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Figure 4. Effect of adsorbent dosage on the adsorption effi-
ciency of dye complex onto AC1 and AC2 (initial dye con-
centration 220 mg/L, dye solution volume 25 mL).

Pscudo second-order kinetic model:

_=k1 . — Y, : 4

o = kld-a) )
¢kt

=42 5

q, T+q .kt 5)

Pore diffusion model:

q, =4, |:l —[%)exP{_RI;ZD‘J ]:| (6)

where ¢, and ¢,(mg/g carbon) are the amount of dye ad-
sorbed at equilibrium and at any time 7 (min), respect-
tively, 4 (min") and &, (g/mg-min) are the rate constants
of the pseudo first-order and pseudo second-order model,
respectively. D, is the effective pore diffusivity in cm’/s
when the time t is in second, and R, is the radius of the
assumed spherical shape adsorbent, taken as 0.036 cm.
Table 3 lists the values of kinetic parameters of the
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Table 3. Kinetic parameters for the adsorption of natural dye complex with eucalyptus based activated carbons.
Experimental Pseudo-first order Pseudo-second order Pore diffusion
Sample T (°C) e Gea ki R’ Gecal ka R’ Gecal D. R?
(mg/g) (mg/g)  (min™) (mg/g)  (g/mg-min) (mglg)  (em’ss)
25 365.0 357.1 947x107 09544  412.1 3.10x10° 09858 3395  5.88x107  0.8097
ACI 30 368.6 3624 1.05x10° 09188 4236  3.12x10° 09966 3529 6.00x10° 08165
40 377.9 367.6  2.18x 107 0998 4019  833x10° 09996  360.7 1.20x10° 0.8233
25 374.8 3634  340x10°  0.8220 3878 154107 09986 3568 2.00x10" 0.8273
AC2 30 3774 3705 324x10° 08120 3940  1.53x10° 09966 3617 2.05x10° 0.8231
40 379.6 3770 620x 107 0.8646 3852  524x10° 09997 3675 481x10° 0.8249
400 amount of dye adsorbed. These results conform to the
results of pore diffusion model in that the intraparticle
300 diffusivity (D,) also increases with the increase of tem-
perature, indicating the increased transport rate of adsor-
c) bate molecules through the pore network to the adsorp-
2, : . A
£ 200 tion sites. The values of D, of the two eucalyptus acti-
s 3 vated carbons vary in the range from 5.88 x 107 to 4.81
100 "0 (‘ 2l x 107 em?/s as compared with the values of 1.8 x 107 to
40°C y 3.8 x 10™” ecm’/s of coconut shell activated carbon used to
o) X, o) |
Pseudo-21C order mode) adsorb the same dye complex [25]. It appears that the dye
0 T T molecules can transport at a faster rate in eucalyptus ac-
0 1000 2000 3000 4000 S0M0F GOqQ tivated carbon than in coconut shell activated carbon and
Time (min) this should result from the difference in their internal
(a) pore structures.
3.4. Adsorption Isotherms
Langmuir isotherm equation [26], proposed based on the
monolayer adsorption on a homogeneous surface (con-
® stant heat of adsorption), was used to describe the ad-
] ® 5C sorption of dye complex onto activated carbon from
- 36 o IS eucalyptus wood. The equation reads
100 1 L
4 40°C _ qml.Kl.Cc (7)
—— Pseudo-2M order model e 1+ KI.C‘»
0
0 1000 2000 3000 4000 5000 6000 where C, (mg/L) is the concentration of dye complex in
Time (min) the dye solution at equilibrium, ¢, (mg/g) is the amount
(b) of dye adsorbed at equilibrium, and ¢, (mg/g) and K,

Figure 5. Kinetics of natural dye complex adsorption using
eucalyptus activated carbon (initial dye concentration 220
mg/L, dye solution volume 25 mL, carbon dosage 0.025 g).

three models for AC1 and AC2 obtained by a non-linear
curve fitting, along with the values of regression coeffi-
cients (R?). Based on the values of R the pseudo sec-
ond-order model appears to give the best fit for all condi-
tions, followed by the pseudo first-order model and the
pore diffusion model, respectively. The values of the rate
constants, &, and k,, were found to increase with in-
creasing in the adsorption temperature concomitant with
the favorable effect of increasing temperature on the

Copyright © 2013 SciRes.

(L/mg) are Langmuir constants related to maximum ad-
sorption capacity and adsorption affinity, respectively.

Freundlich isotherm equation [27], developed based on
the adsorption on a heterogeneous surface with distribu-
tion of adsorption energy, was also tested and is ex-
pressed by

q.=K.C"™" (8)

where K- and n- are Freundlich adsorption constants.
The adsorption isotherms of aluminium dye complex
for the two activated carbons are displayed in Figure 6
as a function of temperature. It is clear that the dye ad-
sorption is favored by an increase of adsorption tem-

AJAC




133

384 S. CHUYINGSAKUNTIP, C. TANGSATHITKULCHAI

perature, indicating that the adsorption of this cationic
dye complex by eucalyptus based activated carbon is an
endothermic process. Since the dye complex is a large
molecule with long benzene ring structure, it is hypothe-
sized that with increasing in temperature the dye mole-
cules can acquire high enough energy to arrange them-
selves and adsorbed more on the carbon surface to attain
the most stable condition. The increase in adsorption

1200
1000 4
800 A
o
<
2,“‘ 600 1 ACI
o nee(n
F 400 4 25°C
30°C
200 1 40°C
Langmuir
isotherm
0 . L
0 20 40 60 80 100
C, (mg/L)
()
1400
1200 A
1000 4
9
< 800 A
§ AC2
< 600 o
2 ® 25°C
400 A B 30C
A 4C
200 A —— Langmuir
isotherm
0 i
50 60
C, (mg/l)
(b)

Figure 6. Adsorption isotherms of natural dye complex onto
ACI and AC2 as a function of temperature.

capacity with increasing temperature has been reported
by several investigators for both the basic and acidic dyes
[28,29].

There is also a clear indication that the adsorption ca-
pacity of AC2 is higher than that of ACI at all tempera-
tures. The adsorption of dye molecules on a hydrophobic
activated carbon surface is by dispersive attraction be-
tween the m electrons of carbon graphitic plane and ©
electrons in the aromatic ring of the dye molecule [25].

As a result, activated carbon with large pore size,
which facilitates the transport of large dye molecules,
and with greater pore volume and surface area will be
able to accommodate more adsorbed dye molecules on
the carbon surface.

Table 4 shows the fitting parameters of the isotherm
models. By considering the values of R? Langmuir
equation was found to give the better fit of isotherm data
at all temperatures for both carbons, in comparison with
the application of Freundlich equation. As expected, both
¢m. and Ky, which reflect the adsorption capacity of
activated carbon, are found to increase with increasing in
temperature. There is also a general trend for K, which
is a measure of surface affinity, to increase with the
temperature. However, there is no definite trend as to the
effect of temperature on the value of n; which indicates
the degree of surface heterogeneity and the non-linearity
of the isotherm.

3.5. Adsorption Thermodynamics

Thermodynamic parameters of dye adsorption process
including the standard enthalpy (AH"), standard free en-
ergy (AG?) and standard entropy (AS”) can be obtained
from the following equations by plotting K, against 1/T
on a semi-log scale [30],

Ink, T )
where R (8.314 J/mol-K) is the universal gas constant, 7'
(K) is the absolute solution temperature, and K, (L/mg) is
the Langmuir affinity constant. The slope and intercept
of the straight line plot are used to calculate AH” and

Table 4. Parameters of Langmuir and Freundlich equations for dye complex adsorption with eucalyptus activated carbons.

Langmuir isotherm

Freundlich isotherm

Sample TCO) G K. R’ ny Ky R’
(mg/g) (L/mg)
25 718.7 0.0564 0.9938 2.63 117.7 0.9943
ACl 30 1240.4 0.0347 0.9708 1.91 101.5 0.9696
40 1139.5 0.1699 0.9942 3.24 310.6 0.9506
25 1010.5 0.0761 0.9772 233 157.5 0.9378
AC2 30 1586.1 0.0640 0.9560 1.95 179.5 0.9414
40 1659.0 0.1113 0.9798 232 284.7 0.9527
Copyright © 2013 SciRes. AJAC
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AS’, respectively. AG” is calculated using the following
relation:

AG” =-RTInK, (10)

Arrhenius equation is applied to examine the effect of
temperature on the rate constant, k», of the pseudo
second-order kinetic model. The equation is in the fol-
lowing form

Ink, = In A— Lo an
- RT

where &, (g/mg-min) is the rate constant of the pseudo
second-order model, £, (kJ/mol) is the Arrhenius active-
tion energy of adsorption and A is the Arrhenius pre-
exponential factor in g/mg-min.

Table 5 lists the derived thermodynamic parameters
for the dye adsorption process. The positive values of E,
and AH’ indicate, respectively, that the adsorption is an
activated process and the adsorption of the dye complex
by eucalyptus activated carbon in this work is an endo-
thermic process. The positive value of AS” indicates the
affinity of the dye complex towards ACI and AC2 and
the increasing randomness at the solid-solution interface
during the adsorption process. The negative free energy
change (AG” < 0) indicates that dye complex adsorption
is a spontaneous and favorable process at all tempera-
tures studied.

4. Conclusion

The results from this study showed that two activated
carbons (AC1 and AC2) prepared from eucalyptus wood,
with surface area and pore volume of 738 m*g and 0.39
cm’/g and 921 m¥g and 0.53 cm’/g, respectively, are
effective for the removal of residual natural dye of
[Al(brazilein),]” from silk dyeing process. It was found
that the adsorption efficiency of this dye complex was
dependent on adsorption time, porous properties of acti-
vated carbon used, adsorbent dosage and temperature of
solution. The adsorption kinetics of this dye was best
described by the pseudo second-order model, while equi-
librium adsorption isotherms were best fitted with

Table 5. Thermodynamic parameters for the adsorption of
dye complex with eucalyptus activated carbons.

A E, AH’ AS’ AG”
Sample T (°C)
(g/mg-min) (kJ/mol) (kJ/mol) (kJ/mol-K) (kJ/mol)
25 -6.84
ACI 30 1.40x10° 555 105.3 0.38 -8.72
40 —12.48
25 -9.67
AC2 30 947x10° 677 55.6 0.22 -10.76
40 -12.95

Copyright © 2013 SciRes.

Langmuir isotherm equation. The maximum adsorption
capacities at 25°C, 30°C and 40°C were 718.7, 1240.4
and 1139.5 mg/g, and 1010.5, 1586.1 and 1659.0 mg/g
for AC1 and AC2, respectively. The positive adsorption
enthalpies for the removal of this dye complex were
105.3 and 55.6 ki/mol for ACI and AC2, respectively,
indicating that the adsorption of this natural dye is an
endothermic process.
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