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Abstract

This research studied the potential application of sewage sludge as a biosorbent
for removing phenol from aqueous solution. The study was conducted to determine
physical-chemical properties of sludge, factors affecting phenol treatment efficiency, and
the mechanism of pheno! treatment process by sludge. Results showed that sewage
sludge used in this study contained moisture content of 11.26%, pH of 6.83, specific
surface area of 44.52 m2/g, total organic carbon of 25.60 mgC/g, and the cation
exchange capacity (CEC) of 38.18 meq/100g. In addition, sludge solution used in this
study contained viable microorganisms. Analysis results of chemical composition by X-
ray fluorescence analysis indicated that oxides of Si, Al, and Fe with a combined total of
62% were the three major inorganic constituents in this sludge. Factors affecting
phenol treatment efficiency were pH, contact time, quantity of sludge, and initial phenol
concentration. In addition, types and concentrations of cosolute especially heavy
metals strongly influenced phenol treatment efficiencyl by sewage sludge. Phenol
removal reaction at equilibrium was best described by Freundlich isotherm. Desorption
of phenol from sludge being sorbed until reaching equilibrium was less than 2%. The
kinetic of phenol removal reaction was well described by the first-order equation.
However, copper and zinc had significant influence on phenol removal in which copper
had a greater obstacle on removal of phenol than zinc. Furthermore, the study on
mechanism of phenol removal process by sludge was found that sludge containing
viable cells were able to remove phenol solution more than sludge containing dead cells

in every phenol concentrations.

Keywords: Organic sorbents, Sludge, Biosorbent, Phenol
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Spectrophotometer) ju, AAB80 115171 Shimadzu

Lﬂ%ﬂdLSﬂ%LiﬁWgaaLim“ﬁuﬁ (X-ray Fluorescence) 31 SRS 3400 131 Briiker
A.G.

wisasaunuiisBiinasounlulasalay (Scaning Electron Microscopy) 31 1450VP
131N Leo

isailansimIBuradansuau (Total Organic Carbon Analyzer : TGA) %
TOC-VCSH 1317 SHIMADZU

Lﬂ%ﬂﬂﬂﬂinw (Microwave Laboratory System) 139" Milestone
Lesastwnaes (Centrifuge) 3% MSB020 1319% Sanyo

weisaslaludlwee (Homogenizer) % DIAX 900 13t Heidolph

LﬂiadL"ﬂm (Rotary Shaker) m SGM-300 131N Gallenkamp

. Lﬂiad’mmwm“ﬁ (pH Meter) ;u 215 U3 Denver Instrument Company
11.

LSaITIRAE A 4 @1Unte (Single Pan Balance) ju TC-254 133191 Denver-
Instrument Company

dounIuQuamnndl (High Performance Lab Oven) 3w ISOTEMP 131 Fisher-
scientific

diliuauaugmnnll (Refrigerator) 3% SF-48 1319 Sigma

ALLUNTIVWIA 200 LU (Laboratory Test Sieve ASTM E11) 131" Endecotts

LA3BdUTn (Glassware)
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1.

10.
11.
12.

SAAITUTU (Sewage sludge) mﬂinﬂwﬁm‘fﬁL?«y“qmmmmﬁalmw
NHNAUAIUAT

Wwaa (Phenol) 1NTA3LAT12% U3 Carlo Erba

4-0z0 1 uland W34 (4-Aminoantipyrin) 1NTALATIZY L5 Fluka
Twunsfuswasinloelug (Potassium ferricyanide) tn3a3taszy U3 Carlo
Erba

lalwunsmGoalalasiaunasing (Dipotassium hydrogen phosphate) L@
aeF SN Carlo Erba

Tnunmdeonlalolasiaunasne (Potassium dihydrogen phosphate) tnIaBLATIER
131 Carlo Erba

L&m%fiuug} (Methylene blue) LNIA3LATIZH LSEN Carlo Erba
lzdsnlaasanled (Sodium hydroxide : NaOH) insaiiAsnzWuSEn Carlo Erba
ssazaslianlufionlaasanlad (Ammonium hydroxide) LnTATLATIEW LSH
Fisher Chamical

§IazANENIATaRIINITNT (Sulfuric acid) INTAALATIZRLSEN Carlo Erba
F1IELANENTA LUASNLTNTY (Nitric acid) 1n593La31e¥ 159N Labscan
§1I8YAN8NTA Lalasaaan (Hydrochloric acid) LN3AILATIER LSEN Fisher

Scientific
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2.2.1. a19azalrgdfaniwaaldudu 1000 dafnSuaaans

A = a o o & e 1A a
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Iwunadoulalalanauamva (KH.PO,) 72.3 N30 sihansnsgadsanazaudsinnams U5y

UYFU9TIUATU 1 Re1T

2.2.3. @rsararalnunaidaaviassnlaalng (K,Fe(CN))

msazmeiigniaioulndnnatand Taptalwunamdoanasinlasiug 4 n3u

ALANEAIEEINAY NTUUTUYIU1eTauATU 50 FaFAaTwIalSuas
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Tlassazasuanluionlaasanlad 30% w1 65.5 Aadaas UsulSunasans
INAUINATL 1 FAT
2.2.5. §178za18 4~z A IRIa A [NSW
& = ' @ ) @ A A - @
miazmwgﬂmmm‘lmnﬂauﬂaﬂ"ﬁ Tty 4—aziluLand lw3n 1 NN azay
#naw UsudSuasanasy 50 Nadaas

L S

2.2.6. @15ALAYHLANDSAWBUALYNDT 1000 HaanSNAaANT

u
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2.3 URAINANVBIFAAD
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Ve v gd & Al e & W
LUAIRNBDIU @:ﬂauﬁﬂﬂﬁmLﬂUi’JU‘S’JNVL@l&ll}i&ﬂﬂLTa\‘iLL"IJ\ﬁaElﬂz 20

2.4 N1LASANAITATALAAAT
11'1ﬁé’@ﬁqmuﬁLﬁusamwvl,ﬁmﬁwmsﬁwﬁaUﬁnnﬁu uazin lfwmdsedsainuisa
3,800 saudawf 1uaa1 5 wifl immgndtduinduuuisly daznausdadniniou1ans
A NABULAL AN TR L9TEn 2 ATe mﬂﬁfuﬁﬂaﬁwaﬁ‘ﬁmumsﬁ'}ﬂﬂauﬁqmwgﬁ 60
asealGus 1uaan 24 Tl Ltﬁaﬁnmméf’aULﬂ‘%awmuaé‘@ﬁTﬁwm@agmﬂﬁamnfh
0.1 IRRLUAT
o v g =2 = & < o &d
IR YRR DAUAIRANIN LT LUANTAN L a:gnmmmﬂmmaaammmumimm 5
nyu lﬁlumaﬂgﬂmﬁmmﬂ 250 TaddaT LANUNaw 100 Tad8as uaxinluvinlwidwiite
WWenulaltiasaslalud lumasnainusisony 8,000 saudawifl 1Wuwiaan 20 wifl sns
P S o & [ A aa o & o &
a:myaamm"lm:mﬂimmaamag 5 NN6a 100 JaARAT YMTALSAFIRITALANUREND

luﬁLﬁuﬁqmwgﬁ 4 A NTRLTER

2.5 NSANBIANIAVDIHAAD

wva = o ga =2 &
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P ad A & A wa
19191 2.1 'Jﬁﬂ'\illaglﬂﬁa\‘l&laﬂim%ﬂ"liﬁﬂﬁﬁa“ﬂﬂﬁqﬂ JUDIHAIA

a & ad A A
wWAeasAane FPnsieIasila
1 gﬂiﬁqLLa:Iﬂiqa%“ﬂo ﬂﬁaaﬁ;amiﬂﬁmmuﬁaﬁLan@iau'luiﬂsaiﬂﬂ
2 AuNA M3QaTURANTAYU (Smith and Coackley, 1983)
3 aNATU auusfiamnnsl 103-105 °C
= - @ 4 A
4 ANWLET LATDIINANNLDY
5 TRaUaIrITaRUNIE Lﬂ%aué”nmiﬁyjaaanm%m?
6 USurmwansBunIs s IndiasTaFurmudaansuaunlasanlas
7 aMNURIVISTDMAITLEN Emsunufdrsvanluiionloaan (Hendershot et al.,
Lﬂ‘é’wﬂizqmﬂ 1993)
8 1Suntulanereazans ADN37281989@137T Toxicity Characteristic Leaching
Procedure (TCLP) (EPA, 1992)
. < ad ' (3 a A 6 o A
9 Bumlarerianye SFnstasdauadnlalasian uasdiensieniaindazaan
Inuavaasute sunlasiWlafiiaas

2.6 n1afinuilaananaaailsz&@nsanlnnisintailuaa

mMInagaurtRadsflnaselszfninanwlunisthvemsazanstuearirldlasldisnns
NARALUULUUAT (batch) fadafivinmseinmlain Teesiimsung anusisey dfies

2aIFTRZANY USUIHENTRZAURAAS. anuduTuSUAuTasNLaR uasKRUaIlancTEazaY

2.6.1 HAWDITZHSIIRINHAA

Tunsdnwdadeodne ﬂﬁﬁNa@iaﬂszﬁﬂ‘ﬁmwlumsﬂ'}ﬁ'@]msa:myﬂuaaﬁmmﬂau
fdas MfisanfelfSufifeludaadulfite wm ANNIZRUGA saviulwdaadudaler
miﬁﬂmﬁaiw:L'amﬁmmmmiamnﬁm@ﬁ%mszwﬁnmia:mUﬁuaaﬁuaﬁﬂi laaian
anudutuansinasfiviimsansa 3 a1l 50, 100, uaz 125 Jadnsudadas wazullyen
SesmMFARTTRIIETaa N uoauAT Az NOuEAASAING 1 TA109 B9 48 TalNs TuADH
Tunsanuinllastlilamsszaoadasmadonduluiade 2.4 $1u% 10 Taddas 1dln
gauAdiTauma 125 Sadas usmsazasfueasiuin 90 ml Jarusziinlowend
anuSTeu 125 seudemifilliwameaud 1 52lug 89 48 dalue shasazansiilaluiy




IR2EIA8ANTIT0Y 3,800 Jaudaufl Wwaat 3 Wil dssazansflalySiaTevinn
PurofusainialussazanslasiBifivu® (APHA, 1992) vhnaisnesssdn 2
Muvasslasldmsaraoadad lulSumdadn walduiinas 100 SaaaaSULNUEITRZaY

Auar w%”awﬁqﬁwmsmaa@’g@muqu

2.6.2 HaPaIAANSITOY

Pulamsarmoadasieioutuluinge 2.4 $1wm 10 faddas lelurautafificage
2119 125 Fada7 LlauanIazatsluaas uin 90 mi YSuen pH vasssazanailu 6 daueny
azansnsadaninniemtazaslodsnlaasenlodidutn 1 Tuans ansadlaruaziily
wihfinusasaush giusiiide 100, 125, 150, 200, 250, uas 300 JeudawITiTaLde
wift Hwnan 24 Falue hasszaedleluiumisedeenuisisey 3,800 sausdawf
duna 3 wift hssszaefldlfmnsimBnatueafimdslumazanolasisifioy
¥ (APHA, 1992) ¥aminaassdn 2 41 vunasdlosldmsazasaaasludSanminogu ue

W@NINNaY 100 FaRAATUNURITAA A UDR w%’amﬁdﬁ'}mimamqmmqu

2.6.3 HA2DIAINLABADIRITAZAY

Tamsazmpasasiiesouiuluinds 2.4 $1u9n 10 Taddes ldluwrreuthiisede
219 125 Fa8aT LaUaITazatsWnaas1wIn 90 mi Y3ud pH 2adssazanuilln 2, 4, 6, 8.
10, WAz 12 @rgmvazaransadaitinvIemsacasladeylaasonloditude 1 Tuans
mniudaruszinlihusAenusisan 125 soudowfiduiia 24 $alus smsazansd
Idlufundosdaoamaitay 3,800 seudewidt Wuwa 3wt shaTazaedilaly
ersimiinafiueafimielumsaraslesATifious (APHA, 1992) ¥inmImaaesdn 2
$1  vuuselaslsasazassdasluliinodnedn uhdudings 100 Haddasunuas

azansiuen W%ﬂllﬁﬂﬁ’]ﬂ’]iﬂ@ﬂﬂd‘g@ﬂ?ﬂﬂi&l

2.6.4 Ha2BIUTNIMAITATA1LTAATHALAMNITNTRISNAWIDIN A

Ylamsazmoasasfiianududn 05, 1.0, 25 50, 7.5, Wi 10.0 niudadas
$ruau 10 SafdaslaluwriauthiifidTewwe 125 Sadas i Tacanefnoafifianudy
Tue1d gnu (10 HadnTudafasiie 500 AadnTudafiag) U1 90 FeRfas USudALaT 209
gzl 6 entullaruazinlUwifinnuszey 125 seudemifilwan 24 47
Tus dhsvazanofilal)dwndsedoanuiiazey 3,800 saudauwf Hwam 3 wfl dhans
sznofildliAieneimSinadiuesiivdslusmsseaolagdfifloud (APHA, 1992) Yinnns
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NAREIAN 2 T1 FuUaIslas LTz Tasa108aas IbUSuNodnIg s uadNtnaw 100 Jaaaas
WNUESATA1LN A wiunahmInesasgaaIugu

2.6.5 HaZpIlansnzazay

Yulamsazansnausznisiluaaidudy 100 Hadnsudades uasnasuaefidanuidudy
@99 $12us 90 Taddas ldluneutfifidifaawe 125 Ssdes @umsazansadadidy
91 5 nFudadaT U3u1as 10 Saddas USudfiorvasmvazaonauin 6 mmiutlanuas
i finnudisey 125 saudawiiinam 24 4l asaraefile L wnses
dhuanaasen 3,800 seudamwiil s 3 wii hasssaefldlAiamsimyFu
vaafindelussazanslagdBifioud (APHA, 1992) uazvihlStaseid3inamasuasfinge
'lumsazmﬂﬁaﬂ"‘a%a:@\auﬁﬂLLausnai‘ufumﬂnImIWImma§ MM maaeddn 2 41 i
wwasdlasldmazaoasasiulSunmdnedu uidudinds 100 fadaasunumsazaiofine

3 wi”auﬁaﬁ']nﬁmaaa’gﬂmuqu

2.6.6 mim’%ﬂm;mﬂmammuqu
msmaaaqﬂmquﬁﬂ@mﬁumm:mUWuaalﬁﬁmnmﬁmi’uuazﬂ'%mmlﬁm
AumIazaelatslunsAnndazifadeluiags 2.6.1-2.6.5 asluwaaurafididatle wels

a e € o 1 dl a a =2 3 w kg
LAURITNERVURRA %’]VL‘IJL“IJ HINTNITLA El'JﬂUﬂ']iﬂﬂH’]l%LL@]ﬂ$ﬁ%ﬁ] HUNNAU

= '3 o o ~
2.7 nsdnulalmmasnaasnisindagisazatsfinaa

Hulassazansfusaanuidudy 125 Fadnsudedas Usues 90 mi ldluwnauis
dilevwna 125 TadAas (Buasazssdasianadududsg 10 Jadaas Usudfias
yasmsazaaiu 6 wasthasazasldidiienuiiisey 125 savdewfduwna 24 14
Tus hasazaad ldlyTwmiesdaeanuidasa 3,800 saudaw Hwan 3 wifl ey
anefldlAiansfnSinadinvesfindelumsazaslasd o s (APHA, 1992) ¥
wuasdlasldmsaramoadaslutiunodhedu  weiduriings 100 HadResunumiazans

Auoa W%@&Iﬁﬂﬁ’]ﬂ’]iﬂ@ﬂﬂd’g@ﬂ’]ﬂﬂu

2.8 ANSA@N¥INITANETU

Dulaviinan 100 Haddey ldluzrauifiussaaznoussadiniunisd jisenny
Auaanszoziiadgnwluindanl 2.6.1 dasazanslidrfinnusisey 125 sauds
wifiifluam 24 $alas shssazanefldluiwwissmoanuisisey 3,800 sausawfi
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a

Wuwnan 3 wfl hasazansfbd WAiassimidSuimineafivzaaninluasazaslaeds
Wgu& (APHA, 1992)

2.9 msdnwiaasnsiialjnsenseuisasararadlnaanudaand

FiasnrazansAuoannutudu 50 Jafnsudefias USu1as 90 988aas 18luuiauria
fifidndavuin 125 fadfas WBumsasanoadasduty 5 niudadas USunas 10 Nadaas
USusnftauassniazanoiin 6 uazihmsazangllwenfanudisoy 125 saudamwiin
e 24 1l hssazanefi lelTwnissdsanu$isey 3,800 saudewf 1w 3
it hesszaneldlyiinnsirsnaiinaaiindolumsazmelasitifioud  (APHA,
1992) YuuasnlasldmiasmeaiaslulSuiodhadn walduiinas 100 SadRasunuas
azanelues w%”awﬁzqﬁwmimawg@mqu

2.10 N13AnEINalan1stTaNRDaRI8AENORAR RS

NNNsAENEBIIGUNLIY  f1sera e AaT s e NAENaRRAASLAIUTZNO UG LTRS
a =1 b‘d'ddn t.l' Y a @ AI J 8 o o o 9 a € = v o
Wunidnitia  Weldifiaanudilabeuionalnnsihdafiuesdiases  Avlevins

WU uUszRNTANmM ST alHaa Te I8 Ta A U RA AN UL TR AN TIALRZRITRZRE

o g

saasnTasyAurIdansudy inmsnasasldlasihsasszaosaadidudn 5 niude 100
faddas lumssiSasendailiesinde (Autoclave) ﬁqmﬁgﬁ 121 adFLTafaR ana
¢ 15 anddaanssiia 1w 20 W Fndaadamuiunanonaa 8 % Tiams
aragEdasAEumsELEeIn 10 Sadansldacluiaumiidinde Gusnsazansiuoafisl
AMULTNEN qﬁuﬁaﬁﬁa 25, 50, 100, 125, 175, 225, 250, Uaz 300 Aafaninédadias $1uin
90 fiadfas shandSuerfiiamuasatazandn 6 iasszmgliiwgfinnusisey 125
soudomfitiwaa 24 Tilue e sezaneflaluiwmisedasenusisay 3,800 sousia
wf e 3 Wit hasaeaedldldiensimltnaiueaiinaelumsazanslagds
Wioud (APHA, 1992) nsnasaduideanuudilisumisraosdasansiefianige
Husnsazaoadasuuudilaimnnsanie

2.11 mﬁm‘mzﬁmﬂ%mmﬁuaaLLaxa%ﬁuﬁTﬂﬂ‘i'ﬁ'tﬁﬂnﬁ

Unafueanazewiussesfiuearhnmliensinlasliififsu&dsdeenitunes
3% (APHA, 1992) vldlasimsazaefinsaslddman 10 Saddasudonsliiiu 100
S8y hasararafiatouldundussazarswenlufionlansanlodluiade 2.2.4
w25 fafdes wimTazaelidnTy  wardSufiesriuiidisrsazanstwines
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Wosna (ade 2.2.2) audiftemviniy 7.970.1 1eumTazany 4-o:lluuandlniu (Wade
2.2.5) uazansazanslnunmdonnaHBnloelud (ide 2.2.3) adhasy 1 88803 WwesT
azanelwidiuuazsanials 15 mkeliAnd ﬁﬁ"lﬂi’@@hﬂﬁﬂLﬂUbﬁﬁWLLUWE@T@Um‘%"aqgul"’ﬁ
sismunlaslnlafwesfianusnain 500 wlwwas
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' o Sa = o wa o ¢ P S "
fauasiife (1) Anmanwuzuscauifvassiadgasu 2) Ansueiniamwninidass
a o “ ¢ = T o ¢d & ks =
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[ rJ A - 8 o ° s ' A o o o U
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P s o ¢d av a a «
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3.1.2 ANUANIMUAINURENILANDDIAAAD

WathsdesfrinuwnsuaszBuaunynnsinsnsnemziniouazlasishennadn
gwgwamé'ﬂafﬁmuﬂ%m Scanning Electron Microscope (SEM) fifn§saeng 1,500 Lyinwu
i aé’m‘iﬁﬁnwm:ﬁuﬁadamhwgm's:mn uazdingutesiesEninan fonarliasesd
suanmanzrudemstasumadllda (3117”'1 3.4)

A s A’ =) et A 9o/ A . .
JUfi34 dnumzWuAIv098d0d7 lda1n1ATa s Scanning Electron Microscope

o fiNasvene 1,500 L¥in

a =3 § tf aa ° W  § e ad o ad ]
WermenzimAuiidimzvessaaddeisnmgadusunBawug wui

Q d‘ 8 ¥ A’ 'a \ Qs 1 o A s Q1 [ 1
gaas Al lunsAn I aSIRIAUNAS NANZIYNND 44.52 aNTItanseanTa H990 et duen

A’ An ° A v Q‘Q.f d a.&’ tJA ° i ' a
wunfdumeiny ldluanadna g ld SslAunAsdimwnzszning 40-140 a1T9LuaTAaNTY

& ' 1 Qs A l‘: g 1

(Smith and Coackley, 1983) a4 lafiaawudnaaas nidlwnsanmasililidianasian

"‘ . b 3 et a d‘
Tunnsuani§outlszauan (cation exchange capacity, CEC) gdﬂ’)’]ﬁ&ﬂ‘%’]ﬂiﬁﬁﬁ%ﬂ@ﬂLﬂﬂ

. Qs A Q4 1 ) Qs a A = '
nyens (Paper mill sludge) Iapaaadnlailen CEC Lyiniy 38.18 Asfaaiuaaudea 100
M A Qs a A 3 1 ' Qs a a
nsu lwmeNsaasainlssnuniaidonszans (Paper mill sludge)lein CEC 1vinnu 7.0 488
fniuiaudda 100 N3W (Callace et al., 2002)
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. (=3 =3 = I A =
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a ae_ & o gd ' o &a A A€ € &
U3 U UL BIREAIN I IUNIINARBINDIN RAAINUITNIMEIBUNIIANTUBUNINNG

a A s ' as =3 A @ ' ° a
25.60 uaansmm%uawanm I@Uﬁﬂia%ﬂ%ifﬂ‘ﬂﬂluﬂﬂ@{a’ﬁ]ﬁLL%&GﬂWL%@&J’]ﬁ]’]ﬂ@SﬂE}%
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Parfuniddminignirineananszunhiaiufegurs 59 Metcalf and Eddy (2003)
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pawssing  wuiisdesfldlunsinsdesnloduasiingeiige  sasasnfeasusznay

6 < a o s t:i A; F=Y a Al' C;

20N MIAUaILREN uwazazaflifisy muday (A1519h 3.1) WaRasandSunmlansduginu
Tugaadwuin aé’m%ﬁﬁ'}mmamﬁmiﬂizﬂaumamammluﬂ%mmgﬁﬁq@ JadaIufa
Tasifoy Inmitey f9nc® wuenia LRSENTNY audeu laglanzinantaradunasnan
ML FeAdn Uit nmaUTaufguNan I AR lENUKNANTIA TR LTI
safunidlugaadonnlssnundaiianszane (Calace et al.,, 2003) WU FAAINIEAITHA
A 6 = ] a = v al as ] A A [ Aan g 6
fasddrznaumaailuisrasgrsafunsdindifoann  nandadeanloauasdaniiiuasd
Usznaugage LLamﬁaLLmIﬁmaamig}wfuﬁagﬂa:mUﬁﬁﬁﬂﬁﬁ hasannielulaseadng
POIRITARUTBIINWINTANT (SI0,) LFIwuszszninadRnautazaandian Januuanens
IR INANAY  (Electronegativity) &9 uwal#lassgienanadlugnsiidan  (lonic
structure) mmmgwﬁumiﬂiznauﬁuaaﬁﬁifﬂd’ (Aksu and Yerner, 2001)

& al

. 1 a (=1 ] ()
('?'I"li’h‘iﬁ 3.1 T Lla31]%N1ma’ﬁa%%ﬂ%ﬂﬂLﬂ%ﬁ?%ﬂiznﬂﬂi%ﬁﬂﬂiﬁ;&ﬁ%

pdn1lsznay - e le (%) 29nLlsznay aniale (%)

SiO, 35.80 CuO 1.96
Fe,0, 13.00 Cry05 0.88
ALO, 12.40 TiO, 0.80
S04 10.10 Zn0O 0.67
P,0s 9.78 MnO 0.50
CaO 9.36 As;,04 0.50
MgO 1.98 Bug 0.88
K,0 1.69

dl o a & a a ¢ o s :’ A <
Ly a‘mmi'zmewﬂimmiamluaa mmnkqmmmLam;u“ﬁumlugﬂ"n:a:mzl

i [ . ] w ¢ P =S 4 ;ﬁ’d w o
wazlimansnozazagldnue  wuhadadguruililunisfinmassiillanzsndndwan
nosualwilonlulTunmgfiga sessaanda lanloy #nzd wazinifia audey (@139
1 3.2) BnalanzinuluadadnltlummasssilenlnmdssiulSanadansinulugand
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791 (Metcalf and Eddy, 2003) wsziilofionsantSunalansreazasaanainadadaas
§N38NA (Extraction fluid) 7#as199 wuhssasdvinmlansrzazasliifiudinnasgin
AMUATA G ﬂsmﬁaaﬁm%wnlsaﬁwﬁ@ﬁwL%U'gwnuﬁﬁmwmam'l&iiﬂLﬂuaﬂiﬁgn'ﬁ:ﬁwﬂﬁ
(Leachable substances) ANIU3zNIANIZNTNOARINNTIN atiufl 6 (NTU339UgATWNTIA,
2540) UazWIIBNUATNERILIASaUVEIUIZINABLISNT (US.EPA) (EPA, 1992) Bnatiowy
1 mIdiudfleredansazasaaasaiunsagsaldnliidn 6 TiReslanznesuas uaz

FINTRTZDANUNYINTY T(ﬂmiﬂam‘naou@]a'ﬁzaanmmndﬁqnzﬁay; 10 1¥in

3 k2
M15191 3.2 Ysunalanenonaauazlanzszazarg Inaans

3am NDILAI danzd Tasidaa wntna
Taﬁz‘ﬁdﬂ&lﬂ 5,809+205 1,774 £ 14 2,476 + 68 324 + 25
@adniudailaniv)
Tanzzzazas
(FaanIudafng)
— MMMITEAIBNIATAWT | 26.9+0.60 | 10.040.01 | 0.1+0.01 | 3.5+ 0.01
n
~ 9INNIITLAIUNIA 4.9 +0.14 0.3 £ 0.01 0.07 =+ 0.01 0.2 £ 0.02
A TaN
2= q]’mﬂ’]i"}j:ﬁ’ml{’mgu 1.4 +0.05 0.3 +£0.00 0.08 + 0.01 0.3 +£0.07
— INNITLAIUNIATAND | 0.3+ 0.04 | 0.03 +0.00 . :
Infifier 6

a

AMNMTATIVNATIEAUS I I A UNI T TRZRURIATNUIN  RITRLAIRAAIN LY

q

a

udrgadulunfinmensblioadadun3dngsiiTia  (viable microorganisms) lasdl
a = Q': 7 ' a aa s
ﬂ’%mmqaumﬁmmwﬁa 2.8 X 10 CFU @a 1 NaRAAIIIENTALANLENAY INATIY
Aenzdriavesdunididudmdznavlumsazaosdad 5% wiv wuhluuaiity uss
& 4 o P A a A€ e o o a
7 WWuasadsznaunan (A1319N 3.3) fno'gaummv\mumnumw‘lumsmmmmzmnw
uaa le (Aksu et al., 1999; Aksu, 2005; Jainlong et al., 2000)

64419
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15791 3.3 ﬂ'%mmqﬁuﬂ%ﬂumsa:mﬂaf:{m‘

g1 Colony Forming Units (CFU/mI)
a a6 7
RurIdnanue 238 X 10
wuafne 10 X 10°
PN
o 3.3 X 10°
ekl Tawy

3.2 ﬂa%’aﬁﬁwadamsﬂ'lﬁ'mmiazmﬂﬁuaae’hﬂaﬁmﬁlquw
m‘sﬁnmﬂ%%’ﬂﬁﬁwa@iamsﬁflﬂ'ﬂmmzmUi’?&l‘uaaﬁ'sﬂaﬁ@aﬁqwﬁu irnnesavlasld
ad = 6 o Ao 2 W v o o
AFnseneuuuLLad (Batch) tRdsfrmsdnmidun sseznasuds anudisaulunis
SR @RLaTVEIRITRZANY AN NTWIaIRAAS AN NTwSNGnasaTazans Aues

LRENATEd laneTrazas Hspazidaaaida b

3.2.1 FLULIANANHE

Tumsenunifadpdng gilnadayszaninnlunnidessazanafusadinaand
Aldloﬂld A A d’n;v | A aa W‘i‘; t:? v =R %/ o
iy fadfiseanifetudanduliten o snnzeuga aaninludasdndsldvinnng
Anwnfirzoznafmanzsudenmafadfitonsninmsssaefineanuadad o auga
Tasdananududuaasineanvinnisdnen 3 @1bdun 50, 100, uay 125 ladniudafes
LazLUSAN T Us AN R TSR IR TR A B ANOALATATNaURAASAILA 1 Talue T4 48
F7lud wuzesmauRrdNada U RN lensinUeansazatsluaa G‘i’aLLam‘lugﬂﬁ
35

INNITANBINRVBITZ IR ARADAN UMD s Uaasaza oW nkas
dpsdad (A 3.5) wuhmenasn 2 Fluandudulyl Uszdninwlumstdeass

A A v a £ A A o o & < 8 o A
acansfneaduw liuiRadn WolRntesza SUARIINAIRIRNTENING 20 T2lud e
as as ‘;' A/ g: 1 0'4 = o/ o a =1 ~ Qv
Furliudusaud 20 F2luaduguld anusunmalumsidassszasNuaaivullsinag
filunn ganuduiuiiriimnesay vefionafunaifiasanlugie 12 Falusungdunid
fﬂ:ay}lwﬁawaanwsﬂ%’ué’ﬂﬁmﬁﬁ‘mzuulmi Mlrdseintanlunisthdaasazaralues
dondhenefl uazilanandiwly 4 alus UfiSenmsthdassazaisneaisaziuduatng

Faan  asaziiuldanifizensthdeesdufinldesnass dolutasiianumunm
lunisddassazarsfusagsfisdszarmfouas 60 navanuudjisens:
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18
16 -
14 -

q (mg/g)
o

o 4
4

O_M_J_QA\Iw1|v1|||||r|||||w|||||
I ] ] | T

0 10 20 30 40 50 60
JTHLLIRN (T2 189)

th

T T T T T T T T T T T T T T T T T T T
]

>4

>

>

>

D

311 3.5 NaUBITzEsIARNAFdadsERNTMwlumsth s sasarsAusanlanuidudn
d199N%; (a), 50 UadnTudafas, @), 100 UadnTudalas, () 125 Jadniuds
aa7 unuaMuAawana (error bar) kaasedsaunINaIIUTAIALRRY W LAl

Unngueasiddiiasan

dufinlydsdanntag awnsznad jitodrganinzaugad 20 Flus demielinile
Jmniadpfifnadedszininmnmidaiuealdgnnasey o snzauga lumsdnmn
asafdafenldiamauds 24 Falanlluszeznafltlunimasaviladudnagndnasa
UfATsmsithiiefueadissans
WoSpuifiuszoznamidhgannaugarasjissnstdefuesdiosdad
P & :lvu . aaa o w o [ e
gupuiiltlunmmanasassfinuszoznanfildlul fisonsinialueadissdadanlsinu
NaiHanIzA1Y (Aksu and Yemer, 1998) wuimsadzaruiilfluniinasasnsofliszes
nmL?T']ajauqamuﬂdwaa"@%’misamuwﬁmLﬁaﬂsmw lasdfAzanaitdassszaisdl
wonmssEannlsnurialonaslizozaidigaugaifios 4 9lug (Aksu and
P v o da & A i A o ¢ o edq v
Yerner, 1998) @sanuuand9fiialuonadsnnguinnundininueisdad laoadadnld
TumIneansszed Aksu and Yener (1998) tHugdasfiAusiLTINaNInNlTBKAALDE
d’ = vl ~ d’ o ¥ A =] o &~ L a g/
nszany SfimslsAueadussanibonszany MliaRunidlusdadienudweaniuin
wwondAveadudindszney  UfASemahdamazarsfinasdsdifudaldldland

gﬁm’%ﬂwﬁm dunTsUIwMsUTuaa i Auszuulng
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3.2.2 ﬂ?’]&ll%’l‘ia‘ﬂ

MIANEHATIANULTITaLRUARAaUs AN T lun Tt Ta s Tacan oA uaaaas

%] 6 Qv =4 L™ L™ ¢ 1 va 1 Qs (")
gaas lasUSuanusseuduiarasasasi R idiuandens 7 szauda 0, 100, 125,
150, 200, 250, {8z 300 JAUGADWIA WU aNUFToURUNaTNadaUT=ENnTA T wWlnnT

o @

thiiag1Iacas A nas @TﬂLLamlugﬂﬁ 3.6

20 -
O
T
15
S a i}
C3 s
E 10
T
5_
0O
0 IIIII]lIl{Il!llIIIIII
0 100 200 300 400

ANNLTITALRUAR (FaUABIN)

U 3.6 dszEniawlunividasisazarolueaiduds 100 Hafnfudafias
AanuiiiTeuds 9RBUedlaIads1 unuaNuRawana (error bar) uaasanides
WnNAIFIBTBIT LRy winlddnnguaasiiddniasunn

AMNMTANWINAVDIA NI ToLFUR Ao Sz RN T wlumsthdassazansluea
duadadnuTn wuiufeanuFsaududmAni ﬁﬂﬁmmmmm‘tumiﬁﬁ@ﬁ@hga%u
aé’mfﬁﬁmwmmmmlumiﬁﬁ@msa:mUWuaagaqﬂﬁmmﬁasauﬁuﬁa 125 saudawfl
lasganuaunsatunsidadisyinny 17.3 £ 0.41 Jadnsudansy wiafalusasas 95
(gﬂﬁ 3.6) mnaadunafissaniflasasnisiuniuiuin dlinasauesilumsedon
ﬁmaaagmaaé’wﬁgﬁu fanallamanisudsiusznieymazassdaduazluanavesd
woalundw LLa:LfiaLﬁwmmﬁasaulumiwﬂﬂlﬁ’g@ﬂd’l 125 saudew?l dszEnBnnlu
msthtandulienanss  ononadwnaiiosnnanuusmasmaasdanndinll  souald
atgmﬂmmaﬁﬂﬁmﬂwLaqa’uaﬁluaaﬁwé’amu’tumsmﬁauﬁmmﬁu‘lﬂ AUlaNMFFUNENY
3:1a1fwa1§mmﬁgmmﬁmmaq waNINAMIRNSATINITIUNIN madwa@ialﬁqmﬂgﬁ
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A nl J d 1 nl a
moluszuufidRuds TINaNTNAREI8Y Gulnaz et al. (2004) wulhmaingaumniives
J2UU RINALARAATAANUE IS UM TN TR uRARY

3.2.3 afitay

msﬁnmNa‘*uaaﬂ'ﬁﬁLa‘*ﬁeiaﬂs:’ﬁw’ﬁmwluﬂﬁﬂﬁﬁ'ﬂmsa:mﬂﬁluaaﬁqaaaﬁ”@ﬁ‘i’*’gum
daldmrazanurdasiduty 5 niudedas ssasaefueafianududn 100 Hadnsude
da3 lapdsudfasvasasazaoilu 2, 4, 6, 8, 10, Uaz 12 AILETRZAILNTATANIIN
wiassazanslofoylaasonlodidudu 1 luas wasvinnssdisanuiIsauRuAT 125
soudowd Wwam 24 alus wuhRlarvessssrasdnastisbsdolszansnwlunng

@

thijasnsszasfusasisadad (U7 3.7)

20 T
B = o
15 +
§ 10 5
2 JOFE 5
o 5 _E i
0 11 €] l? I } ! i 1 i 1 I ! %‘i |

pH

U 3.7 WawaddflaTdaanuRIdIn IR0 Tasa o NUOAMILFAAT LaUANNA
Wa@ (error bar) uaaseisaunanaTgIwIasaais winlilnnguaasinfidd
%aguIn

ﬁnﬂgﬂﬁ 3.7 WUNMMATYIRNTREA D AHADENITALAUARANNEN NI TOYBIRAAS L1
mythdessszaisfiues Uudninmuwlunsidamsazasfueaiisngega WaRorvas
saemofidnaglutnnwin 68 lasanumunsalumaihfagegadidnriny 17.3 +
0.17 faanudeniy Weldmazauadasidudy 5 niudadias wasainzaofnaafifiany
Wadu 100 fadnsudedat usieflarvessnsazainddntaondn 6 nie gandn 8 il
anumansnlunTTaiumtuanss  neinammasasiledsnsoclndidusiunans
Neaadwad  Jianlong et al. (2000) ﬁlﬂi’fﬁé‘m‘mm:uuﬂﬂﬁm{ﬁLﬁsl“gu'ﬁulunﬂsﬂﬁﬁﬂaﬁi
ATANULNUAZARD LTARBANU ﬂs:'&w%mwiumiﬁﬁ@gdq@ﬁﬁLa°1j 6 lasiioandnfias
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~ ) v a a o e =] AI J/
970 8 0n 6 YMwdseEnTanlumiidarsasanmnuazaaalsiuaaiiuiuan 2.01
1 3.04 FadnTudeadas

Al e/ o g

NavUadaIRleTdaaNRINTnlwm T TaR IRAN JAUDRAIURANDT  RINTTD

a ]

afnuldiflu 2 nydideiife Merlnademuaigidulavasfuniduazfinadeanuiitz

B

a

YDIRNATUALAUDR mzﬁmﬂﬂLa"ﬁfma@ianWiL%%tyLﬁuimmaaqﬁuw’%fﬁ LaNITIUINNENT
wamaqamwLnﬂa”auﬁmm:amiamimﬁmm:ﬁ%%@agmaagﬁuﬂ%ﬂuaﬁﬂﬁ WU
durdaunndiiaaglugfior 4.0-9.5 uazmaninaigdulalddluga et 6.5-7.5
(Metcalf and Eddy, 2003) @T’Jslm@;ﬁmﬁm’mLﬂummq‘ﬁﬁﬂﬁ'ﬂmummmmamé’mﬂumi
PTiagtazansNuaaiuuiliuaass WaRiasvasgnsazaruididinii 6 wazgend 8 Gl
LﬂuwaLﬁmmmnama:ﬁmmahimmzamianmﬁ]‘%rgL@ulmmmq?zuﬂ%ﬁ uazlunsdngas
mmﬁmﬁaammﬂijaqﬁLam@iammﬁﬂs:@*’uaaﬁamgnmaé’m‘uaﬂumqaﬂuaa AUAD
o fa v | A A A Vs
vesmAedianwI T LN A szaula Mierrasaazmplianindy 3 (Aksu and
Yerer, 1998; 2001) qaumiilassazmeddifilordinin 3 uSmRIninUeIgaadsLw)
Tududszquan usslidnwaanududszasubusulvg iafiezvasmazaoiing
\ o @ A A A = ' oAl A [
n 3 dwiuasazansWueaiigamnll 25 asruTales woihAnealidimauandives
ningeu (pKa) 9.82 nanfeiuaaszagluziiusaian  (CeHsCOQ) 1lamsazansiidn
Alawuinnin 9.82 LLa:ag}lugﬂ"l.&iﬁﬂszqﬁ?al,ﬂunma (CsHsCOOH) Llar1Iazanaiienitas
Qs 1 dld‘d r= :\I J [ o Qs
- ttasnin 9.82 lunsdiAfiaruasssazmadanAindnan 2 1w 8 anusiuisnlunisinta
a4 a & & A - , v A & . '
AN NAW unaLitasu1an o AaTlntid 2-8 ama:mﬂﬂszﬂammJWuamﬂumulmy
Anaadaiduluianafifiiaifiosananusinisnlunisgadianasauf liiviiues
ATuauazaauLazaandlanazaey  MldRARessuInUfiToaduRninvessaads
andulszgaudisusamiigniimalwily (Electrostatic attractions) wananiiilefias
A t:al J o~ Q D Al = tg}
PasrTacapdlaniudnan 2 1u 8 RedwrIAUesRaTNINDRINEITITANY LA
a1l §Aseduivesssas e asananluanzidiunsafiaziilalanfion
logan (H:0) lumsazmpandiduiudszaanvesiisdaddousanfionimaluih
(Electrostatic attractions) ¥hliuSiiiuirvaseymesdadnanaiiulszauan st
aaa Qs o/ hd x a a o w A L A AI J til =
UisennuAvaaaald douudszdninwlumathiefvesteliduindn laRiesvasms
=Bl AI J [ d; =Y 1
azaafaniniuan 2 1w 8 WeRansanlunsdlaniziug (Twfier 8-12) dszgauves
v & VY a A © oA & Aa & P =
aamﬂmaﬂﬂuﬂsxﬁ;awaaWuaaLam aanuaaLamﬂﬂmaqammuazuﬂi:q JWRINITD
szmutinled  Mldanusuisolunisitassasasluaassansaslanaass Llagns

Ao =1 :\I J |
AeA0UAINLDTLANDWIN 8 LT 12
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3.2.4 a1NNINTasEITazatadwoanazUSNIEN RS

mMIanIINaTaIANUITNTuY BRI TAza e AuaasdalseinTawlunstihtafues
grossas  lslagldudsianudutuvasfinaafildlunms  ussdmualddnnududsu
Paarsaslgiaan  lumanduiunsinmnavasSunmamIssmosdassolszansnm
Tumsthiiafues Mldlesldudsaanuduiurasmsazaosdasnldan 5 njudadas
aufls 10 nfudedas uaztmnaldanuduturasmsazaafuaadanadd nanmaaases
LLam'LugiJ“?i 3.8

120
100 00
| (o]
5 80 3
£ 60 a8,
o 40 4°F AAA &
20 /P a e
Oflﬁegllﬁigﬁllllqll]illllilali

0 100 200 300 400 500
AT UL BIFIRZAIBANES (mg/L)

gﬂﬁ 3.8 Wavavn NIt uTwasRIecaNuaasalssBnsnwlunstintadnaasioaaas
deldaandd3uimdneg (), 0.5 nSudedias; @) 1.0 nTudadas; (4), 2.5 nTuds

3a7; (X), 5.0 nJudadag; (0), 7.5 nTUsadas; (@), 10 NTNAARAT.

t-ﬂl i a A o Lo Qs L (J 1o L7 (%

nnglh 3.8 wm’1ﬂi:aﬂﬁmwlun’limuwluaammammuagﬂummmmu
PaIR1IRcAgABER  LANRTIANNIT T HYaIRITAZA8WLERAaANNRINNTD LN @

o A % d' ni (% = Qs = Qs (d' o

PIRAAT HUWI LN TR suulaenasnaadan lunﬂq SV URITRLRIURIATNNIAT
0'/ r=3 =3 o a ~ 9/ s 1 ca/ -:i ca' o/

NARDU uuﬁaﬂizaﬂﬁmwhmsmmm‘m:mUWuaa@asaaﬁﬁﬂﬁg@mu LatANA LY
L ~ /a A os 1A (3 a A s A v n' J
TUVIRITRZANAWIRIN 4 Nadnsudadanin 110 JadnTudadas lasuuwrldun AN
s laTalawmalfUSINmaaas 0.5-2.5 nIndadas vefenadunatiladniannms
= v a ° vt A & ' a
LANANNT NI WU aIN LR m“lm‘[:uLaqamaGWuaahﬁxuumﬂw fanaldlanaluniTiie
aaa ] =l o e A Aj o/ v <3 1 di
ﬂgﬂsms:mqﬂmaqavduaaﬂua@mﬂaamwmgwummvl,ﬂmﬂ a8 lsAaawLIile
mmLﬂTmeJam’liaza’m?\luaaﬁ@hg\md’] 110 fadnTudedas UszEnIawlunisinga
Auaasagdasnaudananas natanadunaiitasn1ananyaaITaradrsazansAuaaly
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nIfudimaaigidulavesniunid  uwidsfduinldusadldiiuiiaazasfinesd
sud@lumadudinseiyfulawszfiansiudaguesqdunidle (Fang and Chan, 1997;
Welp and Brimmer, 1999) Verschueren (1996) T189%31 sniazatsluaafianududs
64 Nadnsueedes swIngugimMasiydulevasuuaiiSouialdlelaiuszoziag
s s a 0'4

FUNELREY 16 Tl

alSaunasasanutuTuasNnaadalszEnFainnn i auaIgaas N Lea1n

@
a v A s

NWITBANUNRINUITL VDY Aksu and Akpinar (2000) Lazd1%I78 Aksu and Yerner (2001)
WUNTANNLANE1NY lasauissed Aksu and Akpinar (2000) WUazd1%I9Y Aksu and
Yemer (2001) linuszauanududuiiueadidusisdninmunisenassses oy
gaasimuTnindassazansiuaatudulegeta 500 adniudadios aNnuuAnaITiLia
%ué’uﬁwgmfhﬁmm@;mmﬂLmdaﬁmmamﬁ@ﬁf Tausdasfildluauidtuny Aksu uazanie
(Aksu and Akpinar, 2000; Aksu and Yerner, 2001) HussasAfiusunuananlsnusia
fanseanw Seiinsldfineadussnenifianssans Mladuridlurdadimaiuduas
mm@jmmlﬁuﬁfﬂL%Uﬁﬁﬂuamﬂudfmﬂizﬂau Unsenindesnsasaialuaadsdiiu
@ia"LﬂVLofTLLafl’d']mmLﬂTmeaemmzmﬂWuaa’Luﬁwzﬁmgﬂﬁa 500 Aadnsudafas

FafasannsvaslSunuasasdadszantawlunisthvasmszasdues (gﬂ"?'i
3.8) wuhenusansalumaidaiuasiidiaessain 94 Jaaniudanin u 5 Tadniu
dansu  WaRauSnmsssrmessasiuzuuan 05 niudedendu 10 niudedes

U

snwoiziguildasanulugng  anududuasineafivihimmasey  Usunmmsazany
o ¢d a X o v o 6l £ o & a v v o a a
gaaaniNudua v IR mmioasnunan . aswwlunmmnejudiasdasiidszGninw
o ar a & | AN o v o A [y \
lumahdesmsssmofuesgadn  udraildasdrunufionansatli  edrelsfianunanis
NARDIN WARANHULFDAARBINLIUITLVDY Brandt et al. (1997) LLaz Jianlong et al. (2000)
& g | A A a = A 2 o aaa v o LY (4
vsfanailunafifisaivlamanlaanazesiueaidriljitonduinihvesaas  uasna
Pa3dagnaza1snglumazaefisansoudunuiues  dnsudasuiivguusniieny

aan Qs

IamaﬁiilLaqmlaﬁluaaLﬁnﬁﬁﬂgﬂsmﬂuﬁwﬁwammﬁ \flasnmsfindurastSanm
JNAT ziawmUﬁaﬂmwmLm',m"'iLﬁ'u%mmmas?ﬁ;ﬁm‘%ﬁﬁﬁlm:uu ganalilaadagBanu
1n surililemadluanaesiiuaaidyny fidsivfmihvessasanas Fofufugiud
gadlAnfiestum RS mmsazansssas it sonaldfivsunmlanemingsazaslu
vy uaurTnmedasiintn  Aliluszouilansfswsadiudedusmiuga

mamé’m‘imﬂmaqaﬂuaa ganalranusunnlunsintaluasldanas
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3.2.5 wazadlanzuinaalsz@nsanlnnisintag1sazarsfinaa

ns@nwnaTadlansnindalsz@aninwlunisthdesiTazanslnaasruaaas
(organic-metal ion mixtures) ¥ ldlasldadasiSuim 5 niudedasiunisthiasiTazans
= £ g a a s 1 a d‘ =1 o
Auasidudu 100 Fadnsvdedas ddluasazasinassznaussazansnaialuszey
ANt gANaNAe 0, 0.5, 1.0, 3.0, 5.0, 10.0, uaz 15 Nadnsudedas Usuafias
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Abstract

The aim of this work was to determine the potential application of dried sewage sludge as a biosorbent for removing phenol from
aqueous solution. Results showed that biosorption capacity was strongly influenced by the pH of the‘aqueous solution with an observed
maximum phenol removal at pH around 6-8. Biosorption capacity increased when initial Phenof concentration was increased to 110 mg/
L but beyond this concentration, biosorption capacity decreased suggesting an mhlbx&ry eﬂ"ee{,%pf phenol on biomass activity. Biosorp-
tion capacity decreased from 94 to 5 mg/g when biosorbent concentration was mcreaséd fmm 0.5 to 10 g/L suggesting a possible competi-
tive effect of leachable heavy metals from the sludge. The effect of Cu** on bxosorpuen capacity was also observed and the results
confirmed that the phenol biosorption capacity decreased when concentration of "C?* in the sorption medium was increased up to 15 mg/

L. Desorption of phenol using distilled deionized water was less than 2% suggestmg a strong biosorption by the biomass.

© 2005 Published by Elsevier Ltd.

Keywords: Biosolids; Metals; Sorption; Dried sewage sludge

1. Introduction

Sewage sludge is a biomass waste generated fromwthe
regular biological activities of municipal wastewatex treat-
ment plants. The volume being produced i likely increased
with increasing municipal wastewater to be f’re:ated Rather
than simply disposing of the sludge, considered use of this
waste material seems to be a promising way of turning it
into a resource. One application that has received increas-
ing attention is the utilization of sewage sludge as a low-
cost alternative adsorbent for the removal of pollutants
from wastewater. While the mechanism involves a phase
transfer of chemicals from the aqueous to the solid phase
like an adsorption process, the term “biosorption” is used
instead to indicate the processes involving the uptake and
accumulation of chemicals from aqueous solution to micro-
bial cell walls (Aksu, 2005).

Biomass from wastewater treatment plant could be used
as a biosorbent since it mainly consists of bacteria with cell

* Corresponding author. Tel.: +66 02 326 4411x6249; fax: +66 02 326
4415.
E-mail address: kpusarat@kmitlac.th (U. Thawornchaisit).

0960-8524/$ - see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.biortech.2005.11.004

walls that essentially contain various organic compounds
such as acidic polysaccharides, lipids, amino acids, chitins,
and other cellular components. These materials interact
with chemicals resulting in a passive uptake of chemicals
from wastewater to the microbial cell. The main biosorp-
tion mechanisms appear to be extracellular interactions,
complexation and subsequent accumulation, passive sorp-
tion at binding sites on the envelopes of cells, and intracel-
lular accumulation (Lister and Line, 2001).

Phenol is harmful to organisms and brings about signifi-
cant taste and odor problem in drinking water even at such
low concentrations as 1pg/L (Rao and Viraraghavan,
2002). Therefore, there have been numerous studies which
focused on the use of biomass as a biosorbent for phenol
(Aksu and Yerner, 1998; Aksu and Akpinar, 2000, 2001;
Calace et al., 2002). However, biomass used in the previous
studies were mainly from industrial wastewater treatment
plants such as pulp and paper industry where phenol is
commonly used in the manufacturing process and already
present in the wastewater stream (Aksu and Yerner, 1998;
Aksu and Akpinar, 2000, 2001; Calace et al.,, 2002). Con-
versely, there is very limited information on the potential
use of municipal sewage sludge as biosorbents for phenolic
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ympounds. Because phenol is less likely to be present in
unicipal wastewater, this could then yield a difference in
e biomass community as well as in the biosorption capac-
v between sewage sludge and biomass obtained from the
\lp and paper industry. In addition, earlier studies have
jown that various origins of biomass such as aerobic ver-
s anaerobic processes yield different biosorption capacity
Cennedy et al, 1992; Aksu, 2005). Therefore, this study
as conducted to investigate the potential utilization of
wage sludge as a biosorbent for phenol. The influence of
yrious factors such as initial pH, initial pollutant concen-
ation, biosorbent concentration, and presence of metal
n on the biosorption capacity.was also investigated.

. Methods
1. Preparation of the biosorbent

The sewage sludge used in this study came from a local
wage sludge collection system (Bangkok, Thailand)
here approximately 500 m? of sludge is treated on a daily
asis. The sludge was collected from the belt-press stage
inal sludge treatment process prior to sludge disposal).
he sludge was washed thoroughly two times using distilled
ater to remove any coarse impurities, centrifuged at
800 rpm for 5min, dried at 60 °C for 24 h, and then ground
> less than 0.1 mm particle size. _

For all biosorption studies, a stock solution of dried
ludge solution used as the biosorbent was prepared agifol-
OWS! ground studge was suspended with dlStllled water

nitial phenol concentratron in the slurry was ‘@
“in t esludge before
' .was found that

2. Characterization of séwage:shidge

Semi-quantitati ay~fluorescence analyses (model
RS 3400, Bruke ,G Co., Ltd.) were performed on the
Iried sewage sludge samples to determine its inorganic con-
ent. The cation exchange capacity (CEC) of the sludge was
letermined by ‘thig"ammonium saturation method (Hender-
hot et al., 1993). The surface area of the sewage sludge was
jetermined by the methylene blue adsorption method mod-
fied from Smith and Coackley (1983) in which equal vol-
imes of 100mL of methylene blue solutions at various
.oncentrations were added to 0.1g of sorbents. The bottles
vere agitated for 1h and let stand for 24h. The concentra-
ion of the solution after this time interval was determined
using an UV-visible light spectrophotometer, reading at
660 nm. The adsorption data corresponds with the Lang-
muir model of monolayer adsorption. The surface area of
the sample was then calculated from saturation adsorption

q (mg/g)

0 10 20 30 40 S0 60
Time (hours)

Fig. 1. Time course for biosorption of phenol at various concentrations on
dried sewage sludge: (A) 50 ppm; () 100 ppm; () 125 ppm. Error bars
are standard deviation of triplicate, where not shown, the deviations were .
smaller than the size of the symbols.

by assuming a cross sectlonal" )
molecule to be 108 AZ a7

2.3. Batch biosorpti

L~

In all batch- periments except where the effect of bio-
sorbentdosage was studied, 10mL of a 5% (w/v) stock
sludg solutlon was added to 90mL of the phenol solution
contammg 4 known concentration of phenol in 125mL
X glass media bottles with stoppers. The pH of the
solutron was not adjusted and its value was between 6 and
7. When the effect of pH solution was studied, the pH of the

“Solution being tested was adjusted using 1 M H,SO, or 1M

NaOH. The bottles were placed on a rotary shaker (model
SGM-300, Gallenkamp) set at 125rpm constant shaking
rate for 24h. This shaking time is long enough to achieve
sorption equilibrium in the entire system since the results
from preliminary studies showed that sorption equilibrium
was reached within 20h under experimental conditions
(Fig. 1). After equilibrium, the samples were centrifuged at
3800g for 3 min. The supernatant was then analyzed spec-
trophotometrically for the remaining phenol using a direct
photometric method (Method 5530) as per the Standard
Methods (APHA, 1995). Controls without the studge solu-
tion were simultaneously included to ensure that loss
occurred by sorption to the sewage sludge and not sorption
to the wall of the container or by volatilization. All experi-
ments were performed at 3242 °C and conducted in tripli-
cate.

2.4. Desorption study

The desorption studies were conducted by adding 50 mL
of distilled deionized water to 125mL Pyrex glass media
bottles containing phenol-sorbed sludge samples that were
collected from biosorption studies at various contact times.
The bottles were agitated for 24h at 125rpm on a rotary
shaker. Samples were centrifuged at 3800rpm for 3 min.
The supernatant was then analyzed for the desorbed phenol
concentration in the bulk solution.
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Fig. 2. Micromorphological characteristic of dried sewage sludge magnify-
ing at 1500x.

3. Results and discussion
3.1. Characterization of the prepared biosorbents

Electron scanning microscopy (1450VP, Leo Co., Ltd.)
showed that the sewage sludge possessed a very rough sur-
face that could provide a very large chemical binding area
(Fig. 2). X-ray fluorescence analysis of the dried sludge
indicated that oxides of Si, Al, and Fe with a combined
total of 62% were the three major inorganic constituents in
this sludge. The sludge had a surface area of 44.52m%g,

which was in the range normally reported in activated
sludge (Smith and Coackley, 1983). The data also showed

that the sewage sludge used in this work contained a much
higher cation exchange capacity (38.2+0.5 méq/lOQg) than
what was measured in the sludge obtained from a wastewa-
ter treatment plant from the paper mill industry (Calace
et al, 2002). In addition, microbiological examination of
the sludge solution showed the presence of viable microor-
ganisms with a total population of 2.8 x 10’CFU/mL in
which bacteria and fungi were the two major components.

3.2. Effect of pH on phenol biosorption

Fig. 3 clearly shows that the pH of the sorption medium
showed an obvious effect on biosorption capacity of the
dried sewage sludge. Maximum biosorption capacity was
observed at a pH of 6 and 8 with an average equilibrium
sorption capacity of 17.3+0.17mg/g when 5 g/L of sludge
and 100mg/L of phenol were tested. Fig.3 showed that
there was an observed reduction in phenol biosorption
capacity when the pH was decreased or increased from the
pH of 6 and 8. This was due to the effect of pH on both the
surface charge of the sludge and the ionization of phenol.
The isoelectric point of activated sludge was usually
between pH 1 and 3 (Aksu and Yerner, 1998, 2001) which
meant that the overall surface charge on the sludge was pre-
dominantly positive at a pH less than 3, and became nega-

207
r o .
15 4
3
E 10 g
&
51 ;]
0+—=¢ t t t t {
0 2 4 6 8 10 12 14

pH

Fig. 3. The effect of pH on equilibrium sorption capacities of phenol on
sewage sludge. Tested conditions; 100 mg/L initial phenol concentration,
and 5 g/L biomass concentration. Error bars are standard deviation of
triplicate; where not shown, the deviations were smaller than the size of
the symbols.

tively charged when_the pH was higher than 3. Because
phenol was a weak acid with"a pK, of 9.99 at 25°C, it ion-
ized in the solution and became a predominantly negatively
charged phenolate ion when pH of the solution was above
10. At a pH range of 3-6, the neutral form of phenol was
attracted to the negatively charged sites on the sewage
sludge due to the nature of phenol as a polar compound. In
acidic range, H;O" was attracted to the negatively charged

sites on the dried sludge generating positively charged sites

on its, surface. Subsequently, the surface of sludge inter-

- acted with the phenolate ions, which increased in concen-

tration when pH was increased. This explained why there
was an increase in sorption capacity from pH 2 to 6. At pH
above 10, the solution contained predominantly phenolate
ions while the surface of sludge was also negatively
charged. This caused repulsion between the negatively
charged phenolate ions and the negative surface of the
sludge. This explained why there was a decrease in biosorp-
tion capacity when the initial pH was at the basic range,
especially when the pH was higher than 10.

3.3. Effect of initial phenol concentration
and biosorbent concentration

Results indicated that the equilibrium sorption capacity
of the sewage sludge for phenol varied depending on the
initial phenol concentration (Fig. 4). Moreover, the amount
of biosorbent in the aqueous solution affected sorption
capacity of sewage sludge. Fig. 4 showed that regardless of
the sludge concentration used as biosorbent, biosorption
capacity increased when phenol concentration was
increased from 4 to 110mg/L. This was due to an increase
in phenol molecules, which subsequently increased the
probability of collisions between phenol molecules and bio-
sorbents that in turn enhanced the sorption process.

However, phenol concentration above 110 mg/L resulted
in a reduction of biosorption capacity. The decrease in
sorption capacity at phenol concentration higher than
110mg/L suggested a possible inhibitory effect of phenol to
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1e biomass whose cell walls and/or other cellular compo-
ents were used as chemical binding sites. This could be a
lausible reason since the inhibitory effect of phenol on
1icrobial activity has been reported (Fang and Chan, 1997;
Velp and Briimmer, 1999). Previous studies by Aksu and
erner (2001) as well as Aksu and Akpinar (2000) did not
bserve the inhibitory effect of phenol to sorption capacity,
1stead they found that a saturation of cell-binding sites
ccurred when phenol concentration was greater than
00mg/L. The difference was attributed to the origin of
udge. While the sludge used in the current study was
btained from a municipal wastewater system, the sludge in
1e previous studies was collected from a wastewater sys-
>m of pulp and paper industry. The paper industry is an
1dustrial operation where phenolic compounds are com-
yonly used in the manufacturing process (Rao and Virar-
ghavan, 2002). Therefore, the sludge from the paper
1dustry could contain microbial community that is accli-
jated to phenol resulting in higher sorption capacity for
his chemical.

Fig. 4 also showed that the equilibrium sorption capac-
y for phenol was.influenced by the sludge concentrations.
ontrary to what was expected, the biosorption capacity of
henol on dried sewage sludge decreased as biosorbent
oncentration was increased. The sorption capacity
ropped from 94 to 5mg/g when sludge solution was

16 - 3
_ o
*12 1 ®
g Iy
— a - =1
s I 2
) 1 o
&4 . 1 &
o " oo,

b e el

0 5 10 15
Cu?* concentration (mg/L)

Fig. 5. Influence of Cu?* concentrations on biosorption capacity for phe-
nol (@) and Cu?* (CJ) on the dried sewage sludge. Error bars are standard

deviation of triplicate; where not shown, the deviations were smaller than -

the size of the symbols.
l?‘i\ ;ﬁ

Leaching Procedure (T CLP) testmg,flt was found that some
heavy metals such as copper, zmc and nickel were leached
from the sludge and” thelr concentratlons increased as the
amounts of sludge solut1011 were increased. The leachable
heavy metals then\competed with phenol for similar bind-
ing 51tes on the/surface of cells resultmg in a decrease in

als such as N12+ and Cr® was previously reported by Aksu
A d Akpmar (2000, 2001). An experiment with Cu?* in this

icreased from 0.5 to 10g/L. The decrease in blosorptlon //’ study showed a similar result.

apacity with an increase in biomass concentration was \\ "
5
5‘)4 Eﬂect of Ci’* on biosorption capacity

lso observed by Brandt etal. (1997) and Jianlong, etal.
2000). Two possible scenarios—the access to chemlcal\,
inding sites and the competition between sorbatcs—mlght’ i
xplain the decrease in sorption capacity whc"”thefsludge
oncentration was increased. The first sceniz i0 elates to
he opportunity of the phenol molecule<to/m eract with
hemical binding sites on biomass. ,Smce \gm increase in
//

ludge concentration generally yields: a/hlgher ‘biomass den-
ity, this causes the microbial. cells\\to be closer to each
ther. Consequently, the acces51b1l1ty “of phenol to the
ctive surface area on the sor bents décreases

Secondly, the dried sludgezc sists of leachable heavy
1etals. Based on results fromf the Toxicity Characteristic

120
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o ©
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2049, ﬁ
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‘ig. 4. The effect of initial phenol concentration on equilibrium biosorp-
jon capacities at various concentrations of the dried sludge: (¢) 0.5; (O0)
0; (A) 2.5; (x) 5.0; (O) 7.5; (@) 10 g/L.

The influence of Cu?* on the biosorption capacity of
phenol was studied by varying the metal concentration in
the sorption medium. Based on results from the TCLP test-
ing, copper(Il) ion was selected because it was leached at

‘higher concentrations than the other metals measured for

this sludge. As shown in Fig, 5, the presence of Cu?" in the
sorption medium affected the biosorption capacity of phe-
nol on the dried sewage sludge. The equilibrium sorption
capacity of phenol decreased from 14 to 0.3 mg/g when the
concentration of Cu?* in the sorption medium was
increased up to 15mg/L. The results suggested that Cu?*
had a higher affinity for binding sites on the surface of
sludge compared to the phenol molecule. The higher affin-
ity of Cu?" was due to its smaller size resulting in greater
Brownian movement that enhanced the collision frequency
between the copper(Il) ions and the binding sites on the
surface of the sludge.

3.5. Desorption of phenol from the sludge

Release of phenol sorbed on the surface of sludge was
also investigated to determine whether the biosorption pro-
cess was reversible. It was found that the amount of phenol
desorbed from the sludge varied depending on the biosorp-
tion time. The shorter the biosorption time, the higher the
percentage of desorption. Once biosorption equilibrium
was reached, desorption of phenol from the sludge was less
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Fig. 6. Desorption of phenol from the sludge that had previously been
contacted with phenol for various biosorption time. Error bars are stan-
dard deviation of triplicate; where not shown, the deviations were smaller
than the size of the symbols.

than 2% suggesting a strong biosorption of phenol by the
dried sludge (Fig. 6). Similar results were observed when a
pretreated Aspergillus niger biomass was used as biosorbent
for phenol (Rao and Viraraghavan, 2002).

4. Conclusions

Dried sewage sludge demonstrated its ability for use as a
low-cost biosorbent for phenol from wastewater. The equi-
librium sorption capacity varied depending on pH, initial
phenol concentration, amounts of biosorbent, and presence
of other metal ions. Maximum sorption capacity occurred .
at pH around 6-8. Sorption capacity increased when mmal
phenol concentration was increased up to 110 mg/L. It was =
also noted that the ability of biomass to bi
appeared to be dependent on the accllmatlzaé,\én of Bio~
mass to this compound as seen from lower s tion capac-
ity in sewage sludge compared to the sludgeagmp the pulp
and paper industry. When the phen conoentratlon was
higher than 110 mg/L, sorption capacity d%creased In addi-
tion, the inverse relationship between“iorptlon capacity and
amounts of biosorbent was observeds, The presence of
heavy metals such as Cu®** also decreased biosorption of
phenol on sewage sludge.
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