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Abstract

Silica gel is widely used in research laboratories, especially for the purification of organic
compounds. Consequently, waste silica gel is generated in increasing amounts. In this work, waste
silica was modified by coating its surface with iron oxide aiming to obtain an effective adsorhent for
metal removal from wastewater. In the preparation of the adsorbent, the optimum pretreatment
temperature, coating temperature and iron concentration were investigated. The coated waste silica

| was characterized for BET surface area, pore size, specific pore volume and iron content. Iron oxide
coated waste silica was tested for the adsorption of Pb(ll), Cu{ll}, Cd{ll} and Ni(ll} from solutions in a
batch system. The effect of contact time, pH and sali concentration on metal adsorption was
investigated. It was found that the adsorption of metals occurred rapidly and reached equilibrium within
30 min. The pH range suitable for metal adsorption was between 4 and 7 and leaching of iron from the
coating was observed only at pH 3 or lower. The presence of salt in water reduced the adsorption
efficiency of the adsorbent. The adsorption behavior followed both Langmuir and Freundlich isotherms
(25°C). Finally, the efficacy of the adsorbents was investigated using the aqueous lab waste where
removal efficiencies ranging from 62 to 89% were achieved when the initial metal concentrations
ranged from 13 - 42 mg L. The adsorbent recycie was also investigated. This work shows a potential
to use modified waste silica gel for metal removal from water, especially water with low salt content

such as natural water.
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P
Wik
' . . = kA a ar o
(3) mwummu‘lumg‘,mﬂ (intraparticle transport) Lﬂumumauﬂmaqamaamgna:mma
Tda a o Q Ve & . L o . . o v oa o X
aﬁmum‘uaamgﬂmuLtwsmumﬁwanwﬁagwgwmmgmu {pore diffusion) m‘lmn@mi@@mumu

r-] ] i . . N = - o '] G Qe a9 [ ar
mulu wiaFendt msuwsnmelu (intemal diffusion) waziflurusaundneaaanmigaaud s Tuny

Bulk Solution Boundary Layer Adsorbent Particle

Solution State Adsorbed State

Bulk Transport Fiim Transport

O- .

Intraparticle Transport

- ;- ~@
/
,

7T 1.1 Fusaumsgedufidasigaduiidigngu (Eckenfelder, 1981)

1.5.2 ANARVBINIAATU

Tunszurumsaadi é’agna:a’mﬁgngwﬁuﬁLLMN&J%:%QWaanmgjawa:a1u§na§aﬁamlzguln
a Y . A w 9 ar ' @ = P =Y A

gaduidi/lng awdadannisgedunasdannstanlesmndignirast  Fuduwmazitifims
wWasnuwdsinududuwsesdgnazaouuinuesdigasuin (Send  sugareINIgadu (Adsorption
equilibium) Wia3unauqanigaduigunpiivatssuuasni lalameayvesnisaady (Adsorption
e [ o - & = 4 o [P 4
isotherm) lagldiinmsaisuuudiaamwadie manituidalfaiusenuduiuszainseadun

a X o oo W v .
Nadu Luudeasinenld lawn
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Qe < N N
lalmmaumsqaguiuuuasiiiad (Langmuir Adsorption Isotherm)
B S 'S a g a A a . R
HLULIRTREIN WA THAATFADBILRILALT A3FUN1TN (1.1)  158N71 Ideal Localized Monolayer
Mode! lFafunanieaduifiaunfigin aak
= a o s A A Ao w a a
(1 Tmaqamaqmsﬂgngﬂmm:gng}@m TR T AR TS IRERLTOL T
@) vdnaifansgaduaziialdifesmudes (monolayer)
& dd o A, s o A o ar & a &
(3) Wuhoneeduiiuwiniing FanrualesanuuzuasNuluu Y

(4) wé’amu‘lumsgﬂﬂﬁ’uLwiazu%nmﬁdmmﬁ'u

_ (9,5C,)
(1+5C,)

(1.1)
las  g= xmfolfumuasdgnazasfignaedy (x) demishwinas
dgadu (m) Swibhnduiiadniudaniunialuadaniy
g, = Uinumasdgnazashignaaduianniigadamiaiiminuss

ﬁqgwﬁuﬁmmsmﬁﬂmsg@%’u‘lﬁﬁﬂa%’mﬁm Dwibhaduiiadnsy

dansy nialuadaniy

C, = anududurasdignazmuinvraugafifunidenglumazane
fnhmiuisdniudaiasviialuanafag
b = Langmuir constant

INFUMTA (1.1) W ¢ 1INe g, usz C, g 2 (infinity) susadlisuaunsina tadu
= +| =< (1.2)

1 | I
= | — | — (1.3)

1
q qm b([ i) CE

wszfiadounsmszwiv 1/g fu 1/C, aldaumaiuesififinnsdu 1/bg, uazgaaawny y iy 1/,
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Talsinaanisaatunuun iuads { Freundlich Adsorption isotherm)

LUUFIRINIIA AT and aa'ﬂ‘guﬁ%ﬁ 'L'Ea‘ﬁmum'mé'uﬁ'uﬁmaamigm'ﬁ'u lui:UU‘Jj aNMaIMN

foyldiuasunians endwlleusunmn (1.4)
1/
g =KC, "
(1.4)
lay  g= xm dnffinawesdgnazasiigngedu (x) sanoiminyns

faady (m) fmizeilu mg/g wia molig

- ¥

¢, = anududuvasdrgnazansfiinnzangandaunioaglumsazans
fimdaedlu mg/l w3o molL
K = dnashidunuiiuanumansolunsgadu

1/n = feanFMUETLN I UIBINMTRATY
3 P ar . ol 5 -
U (1.4) sadluwladdunuuianluiuuwoa (exponential) aunsovdoulwilwaunisgs

@ i Il 1 . . [ J
Lﬁuﬁaglugﬂmm logarithmic ‘taaait

togg =log K, +[1]logCe (1.5)
n

dadiaunswzwing log ¢ AU log €, szldaumaduasanlanutu 1/n oz 06AWNU y AL log K

1.5.3 ldvfidnadansigatu

& da o ar . L.
(1) TWAUTAUAAIIIMQATU (size and surface area) ANuFTINTIlUNIgATUYAITION
o a we w & QDo . o " - Py A a -
Fuiianufuiuslasasaiuiuifsdnmzuszdannigady dasnndjismaduindfouwdasly
J cllﬁ el o ) ar ‘ G O hod Ll el ‘ﬁ'
UTWINIINUNRD darmisgatuasiludandunnduiuiuduaudnatsisgeduilsmsae
w v o a a o o o d 4 A de
duuwlifizniu Smivesgaduadzniudannuesounudhgaundaneluswsugnaruaulagaas
FunumuuanFendy MIwETWASY (film transport) asuudamsgedussiiludandulavasaiy

Limhuﬂuﬁnma‘u GRL R L] Tunmanaunudinisiaiauinn zﬁ.uagmmﬂuﬁ’amuquﬂ“’mwnw@ﬂﬁu

migwﬁ’ua:L‘ﬂué'@l71émnnﬁuﬁuLﬁumuguﬁnmwaams%\m%‘u (Diamadopoulos et al., 1992)
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(2) AN¥IEVITTNANGAFY (nature of adsorbate) MIgaduasLialddlijanumanInluns
szapiiaIRINaraifiNANag Wasndlafiamsgadusiuvesluianarasdignazaiuazgnuen
aanmﬂmﬂ%ﬁ'zﬁ’ia:mmm:mw:ﬁmuuﬁwaaé’%ga%’u aavuaTnacauinnIsuenanulosauled

- - - [y o - v & v o [ ¥
a:mmrmmumﬂumgomlﬂnwgwnmn@‘lﬁ*lm Fslapm lludranusvrsalunmsazaioiives
a - 6 - (3 & i 3 & @ . 1 L =
grIUsenaviunidazanas anuramislalaseriuanwsiau agrelsnenanmeitraduly i duaSs

X X a p v vl v a a a a »1., W Aa ' . o«
wualmiiwnziafiazaisi ldisonangrliainzdaiiasgeduldun domeliislisnananle
'hflﬂ'nué’uﬁuﬁa:mLLﬁuauluL%nEmms:m'nmmmmmlumsg}ﬂSﬁ"uua:mmmmmiunﬁaza'nu
> & oo a & [ a a o oo @
W (udu dumaneed, 2538) uanmnwmmlmaqamaamgna:mnmuﬂmnwunnam’lmi@@eﬁu

é O dl H = o d’ L ¥ e . Qr
WasmndanmuaiauimolulwsadudanfaugunalnmIaadudoguiu

(3) pH pasE IAzans 61 pH (ulsdunanfiddglumathwuesnaususarasnsaady
- - Ha A 1 . O 7 1
a3 n pH  wialelesiaulasauiidniwsatinsuindanisuandiuasnsacassnvaslasaudne g

ooy . . - A ow e

Usznaunud Zero point of charge (zpc), Point of zero charge (pzc) w38 pH zero (pHy) Taiiludvile
J = b o i - 1 ar ol z - L
useIHETINYaNtITIveeNIRITgAd e pH BasmIsazmBliagInt pH, vasRigady Aulasda
eadufiaznaoiiutszauanniu uazwummaamgwmzmmm@mum:gmn'l@ Tunanduiusan
R ‘ qu o P S - o = ) &
pH wBassazapiiandnit pH, 10deadL Wufrvasigaduissnaodulsauinunniuue:
mmanmsﬁ”uﬁ'uﬂt:qau‘lﬁmuﬁ'u (Vantoon W&z Duffy, 2000) uamnnﬁﬁw%‘umsgwﬁ'vmaa‘laaauvu
X A . & | o o % .
Wufl2w84 Hydrous metal oxides uananazauag iy pH ud Uszyvaslessuuinilinadin (David uas
_ o X
Marion, 1976) @9
= R P o A a o g G <
laaautszauinuits (Monovalent cations) ivwisuwasduldlianudanvat pH watiawiiu
Tivnuguanuansnvansgadylassutinuu Hydrous metal oxides #rulngiudanisgaduas
= y ' @ & & o - e ol 2 e o
'laaauﬂs:gu‘mwmamwnu lasauvaslanzdae lan %:‘vunuﬁi:qnmwmaan'l.*mmﬂumg]wnu
a T war a a a . o e
lopass lasazafunasuglaai m‘:@ﬂmwaﬂaaaumn%nnmuaumnﬂ pH iy zpe wdth pH
o & ar o 0 a & ad a a
annind zpe auly lassunizgnaasululSnadvintulssgaunmuafinuis migaduuansn
& v o L o W g P a4 . , a P
PUND pH uF53BuAUNalnwsImMsaadudi u@l‘lunsmnmsg]mﬂuLmzanwzﬂamﬂu‘laaauﬂ‘szg
' o 4 e oo X N . ar = '
wmvinle msg}ﬂfumaa'Laaauﬂmgmmmanmmmu‘lummmnu'lunsmmaa'l,aaauﬂszquvnmnmw

A .
Wi (multivalent cations)
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(2) SnBUzUBITSANAATU (nature of adsorbate) nisgeduUIzifialdailaanumutsnlunts
szanuhraIdInnazatpiinanng Lﬁaammﬁal,ﬁﬂm'sgm-fuz%'mmaaT&JLaQa’uaaﬁ’agnazmngmmn
aanmnﬁm’%aﬁ"aﬁ’m:mULLa:Ln’nzaﬂuuﬁwmﬁ?@Jﬂ!ﬁ'v gatuashazaotinwsawananulossulds

= & - [V ° w [P, v oA i @ v
:man@xmumnumgaﬂﬂwmsqwmnﬂiﬁlm Falauv ldudrnnusursolunisszanodivag
o o & a & g ' e & % Mo = P
aidsznatiunidacaaay tlanwiasnlalasaisuanendu adrslsneunasitnaeulaldiiuage

& A’ a - :’ ("L a A A - g Qs A’d ‘. ) .
wuelnsiwszdnsfiazamehidlosvapriianzdadmsaaduldon fMumgiiialisnandld
ilanaseinsatrauiuanludnfinasswiveanusainsolunmsgeduuazanemunsalumsazang
v i - a g a a e s ar
W (i dumaiaail, 2538) uanmnumm@‘[maqamaamgna:mﬂmLqunuunuamwmsg@sﬁu
lﬁaaa’mé'ﬂﬂn'mﬂﬁauﬁmm‘lu‘[wsuﬂué’mﬁﬁmuguna‘lnmsg@ﬁfﬂé”aUL’ﬁuﬁ'u

a S

(3) pH BBYETALAIY @1 pH tﬁuﬁﬁwﬁnﬁmmg‘Lumsr‘imu@mmmmmmaamsgwﬁu
iaaan pH  vwielalesiaulesauiidniwaadrsundamsandiuaznisazaroinvaslasaudna g
a . . o A o L
Usznavnusn Zero point of charge (zpc), Point of zero charge (pzc) w3a pH zero (pH,) Fa vl
J - G Gr i = [] S A J - L
LFRIHATINYBIUTITVIWIAIAIGAEY Lila pH BaIETazauleganin pH, 18999050 Aufivaien
aagufIznaoulszgauniu LLazwummmmgmm:mmm@@mﬂi:gmn‘l@ Tumanaudumin
o4 . ' a a A A -~ a £ &
pH 2aamIazauiifindindn pHy savdgady Audaasdgaduiaznaoiluwlizauinuiniiuuas
mmsngai’uﬁ’uﬂszgau‘lﬁtﬁuﬁu (Vanloon tlaz Duffy, 2000) uanmnﬁﬁw%’umiﬂﬂifumaﬂaaau,'uu
N \ & | o o = & .
WUHITEY Hydrous metal oxides wanITNazyuagny pH ual ﬂizgmaﬂaaauwmﬁ&maﬂ’m {David unz
) o
Marion, 1976) @94
=] . = = a iy [ o =
laganilszauanuits (Monovalent cations) fiyuidanatsiuldldanuiagvas pH aliauiy
thigauquanumansnueInIgadulaasuuanuu Hydrous metal oxides f&'m'lmqjl,i.a"'m'ﬁgﬂsﬁ’umaa

a

o4 . ' a I & ow P & a o
lassurszauinnisenugu lesauveslanzdamiad wiudvzyifiavaseanladiiiudgady
=y Il.: B O A’ O = @ G’I 1 A . e
laoass lavazaBunnaugldaii msgeduveslessutinanfiavanannit pH i zpe uddh pH
s & a a . w < Ad o a
annnrire zpe Iulil lesanuinazgngadululBnmiriinlszgauamuainuia mseadunanain
X e - [ R A a . . W =
astiuriy pH uddsiuiunalnussnngadudin udlunsdimsaedulbinzarinsdoninlasaulsy

. o 4 g oo X ' . e = :
uanwiila mig@mumaﬂaaauﬂixﬁgmnv\mnmmmu‘iummmnu‘lummmaoiaaauﬂs:qmnmnmw

o
¥ (multivalent cations)
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laaauiszquingas (Divalent cations) Srulwynisaaduvaslasanilszauansasuuivauds
#flu Hydrous metal oxides Wanwsn saliviuwaziImila dszdninwmisddaleaauainmsazas
. , o a . X a - a - a & . ™
aliuaneainannin udziinertiu pH milauiu nsgadavalassulanzaniuiuatnimada w
a R =] o a & A o o~ I3 a = a
axialugas pH  fwaugiany uazavasifiatuiiaivlaaauuaniignlalasled migadedadan
a P = i 2+ w = a io o ar
deliiseuanufouswin M fuluseaudilédinain OH-group AfeIgady
1aaauﬂizgmnmmta:ﬂszgmnﬁ (Tri and Quardrivalent cations) Un@uaan13dnmalSunm

migeduvadlasauianiy Hydrous metal oxides InazTtianigadunalessutlszy +1, +2, +3 uax

] a 4 & . a o [ -] :
+4 ‘ﬁﬂﬂ:gﬂ@;}@‘ﬁuvlﬂLﬁﬂUﬂJ“uﬂ uaﬂﬂ'\ﬂ'ﬂ:ﬂa'nﬁ\‘lﬂT:U"Iuﬂ’ﬁi\ﬂﬂ@]N')uﬁr)ﬂd&]ﬂ?ﬁu’)un’]‘iuﬂﬂtﬂsﬂﬂ

lasawaifiniasdan lavasiuiy pH \Dusmlng

(1) annndl ludmzesgampiiziinadesaniisslianumniniumgady nafe
5@15’1L§1Lﬁuﬁumunmﬁumaqqmﬁqﬁuazaﬂmmumiammqmﬂgﬁ Lwiﬁﬂmwmmm‘lunﬁgﬂsﬁ'm:
ﬁdwaﬂaqﬁqmﬂgﬁga tm:m:ﬁdmﬁuﬁuﬁqmﬂnﬁﬁw

(2) aruialumsien (mixing speed) tﬁaamnETﬂ‘s'lL%'ﬂunwgﬂ%'u%uagﬁunﬁimuz&aTuLar}a
YaasrUY éaLﬁafrﬂ’aaﬁ'mms'nwuanﬁ?amsuws'mwfw?\l5:1uazmmwénm‘luﬁ“’sammwél,'f.f’ugﬂwn Y
ssuiwpasnar (1Bu W) waslFanudrluntsivdnd 171§umaoﬂ:’]ﬁé’amauﬁ’zqwﬁmzﬁmwﬂm
un ua:tﬂuqﬂaﬁﬂ@ianm,ﬂ‘éauﬁmaﬂmaqmﬁﬂﬂmﬁagwﬁu nydifimsunsiusuR§us o
frimuadaiiinesmsaady 'lumamaﬁ'uﬁmﬁ'mﬁmsj'xﬁﬂ’rmﬁ'aggaﬁu ARV BITUT ST

saasuasvildluanandaudmdrgadulags @Toﬁ'umnmimﬁgﬂmﬁmﬂuﬁaﬁmu@5@15’11.%1‘113\1

MIAATUUNUIITUATHIUWTUR au

1.6 9IwIvsfitNeIv0
nysnwmsiaiuEsiwdisusalanemindnangdemsdiet  Wu  3Emseneznaw
ol A o = [ - e o ™ ar o
Fmawanwasulaaau warnszvaumspedy Wudu 'LummaUuaulam‘lmns:mumsg}wu‘[amwun
o ar ™ Y a a a [ 4 aa 9 o e . -
snlglunsindalavieniinaananiigy I@nwmmm@ﬂfﬁwummnmamwaﬁlma'z grumIAaaL
a = '3 A = &l e P ad da & o s 9w
dumaneanled  dissninanaanladlammnifiesia TiunuasUszquuiuiaunn Ml
@ e ™ ERa Gl o w ¥ a4 A a 4 [ a
aansnsunvlanzuazasdunidanglaa laslunszurwmstntaingoAvmteudralansntin finns

tansdsznavmanaanlsd (Hydrous ferric (hydroxide) 1B lunssUIUnTs Coagulation atisunTwaty
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e ot B 1 ﬂl L3 J 1
Tﬂumﬁﬂmsgmm“[ammaamiﬂs:nauaan‘lmﬁmaamﬁn UNAIDHWNINUAANIINE UL 178 9 TUDD9
Benjamin Wz Leckie (1981) N@nw M Ivuvadlan: Cd, Cu, Pb, Zn deinanaanlsd uas Schultz uas
ame (1987) léunubisnazas pH lun1siu (sorption) uazwae (desorption) a3 Cullt), Pb(ll), Ni(l),

P = a = cd -
Zn(ly uaz Cr(lly yuasUsznausenlaavaunin laslansazgnivuwnanaanlosien pH 9 wazizu
a a o A i a - = 0 o ¥
vaaInmeadufl pH 4.5 Falgwiifiannninihminaanlod lWldlunszuaumstnded  @s
& Y - o ¢ o oo = o = L) -
sslsznavvaaninuenasnamitlésin  sunandnaanloaduzalihnulaein 39l8mevaun
Fwmanaanlodiafavunitainaszaadaiaanumanzaulunmsltnu Taslinsadauasuniin
enaemilupssudandasdadfizen 1w nae, potymer, diatomite (Hludu
o = ° e o o omy a - Y = & A a  ar
fnsanwdwwnniginaminenlfdudinaaefovdnmanaan ladiNaldlunssuny
¢ oA @« = € - = ad da o4 & c.
Tame Tmuwmﬁmnmmmaaumnmanaan‘lﬂma:umﬂmﬂugwwua:uwummg\mu {Scheidegger
Las AME, 1993) waziRuauaEINsolumsIunulan: alatnagu Cd, Ni, Cu, Pb uaz Zn (Edward
ez Benjamin, 1989; Benjamin waraiz, 1996; Lo uar Atk 1997) PNMIANEVRY Lai WAzhmS (Lai
L&z Chen, 2001; Lai uazhdee, 2002) wui'mﬁuﬁLﬂﬁauﬁ'wmﬁnaan'lmfﬁ‘aﬁqmauﬁlumsg]wﬁ'unm
a a A & a a i - o % < o [ v @
Faiin nduasdurishnumurrumnauacdimasogaduazng nasues unadioy ldwiauruneld

= | A gt a O - . B
AT wenanilddimavannsiEanaalssimaweuin 1w Katsoyiannis WAz
Zouboulis (2002) léUszundldlndiwaiszumindaletu uax polyRIPE wniludanansluninaion
gramanaaniae  wazwuaansmitiglunisddeetidia  asnmiild waswudidinaefidu
polyHIPE l¥dszanimwlumsiuensdiafidninlnialaTn

. a aa a e & Py ' 1 | [ oy

swmmbhedimeanltlumsivlanswinus switslassulnganiumidautlasds
mL%ﬂlﬁ”ﬁﬂgﬂaﬁ%’umaLﬂﬁﬁLamzLﬁ]’l:ﬁmﬁ'ﬂammm:ﬁﬁﬂ ﬂ‘%aﬁgﬂaﬁfuﬁmmm%’uﬁﬂam‘lﬁumu
riansaunuldaseiilssintaiw 1w dithizone, Eriochrome black-T wIaa3UsznauwIn Macrocyclic
P . A o . Vo [ o g 4 o VY - i
dhudu  Felimeh lldmulngdudeedudmiumahnsaiasowasads  (solid  phase
extraction) aiRuATIITNTYM (preconcentration) wadlanshatlagluszaudnlusmatolufadon

i L7 b Lg L3 L Qe 1 *r J Ju =] 2 A

walvaaniniaeruduturaslanzwinldagwgndasniu (Camel, 2003) usnanitdaflnuiiy
mamuﬁﬁnmaﬁmﬁ'ué’agmtﬁ'ufamﬁ'lﬁmnmsmié'dmﬂ:vﬁﬂumsﬂ‘s:nawmmﬁnaan'lmfﬁ'u%‘ﬁm

& i ar s a o . . aao = &
AU 15U Zeng (2003) ldduaTzigeduilssiam binary oxide mas@@nmuasindnaanlosiuanlay
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Funszuaums solgel WaihlulglumsmdaaniBiasenanin usswuhdgeduiimuinidaent
- e ot A e o . a . [V, - as - w
Fhaled solunszuumsilisdosiunsnansilaidldldsamuniuizgBudu
& . . a va Y e v ow - a o 4
PInnsansDassuwuIgshigmhEaineanteaivdudinadlunsiedaudmmin
sanlgaifanmidalon: lunuidpilesuladszundldgimueanlduduniudiuiadenisnioy
o = « - 2o PP Y & = & ™ a
damanaanlae wRalvenurmtolumsivavlavelduniu  lavasdnwdonnznisadousias
U
' a o P a a o o & - o H
4y UsrEmBnwvaimsdudvlavevilnvasdigatuieiosiu uaznizfiminzaniumsivlansfie

el lElsm i ged R lanswindwitlan
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nIINasad

21 gsAdinaziasiadda

Fnueaiildudrfivinanltlunmmesasntoil flwimaunia 0.063 - 0.2 mm Lngﬂuéﬁ@wﬁ'uﬁ
udr9rnvieaufiians organic synthesis Taufidanmuaadanany azgnitaliluussimerigunpiivas
Larniammazanenandtimarsassmele ﬁauﬁazgmﬁue‘hamuﬁamm‘ﬁ‘ﬂmﬁ's@@iwia'lﬂ
asadifildlumaeinudready ldur Ferric nitrate nonahydrate (Carlo ERBA) uazinfavaslaneildlu
m‘mmaamwgm%’ﬂa%ﬂﬁuﬁ Nickel (1) nitrate hexahydrate (Merck), Copper () nitrate trihydrate
(Merck), Cadmium nitrate (Carlo ERBA) Uaz Lead nitrate (M&B) lagansazmuanasguvaslansiildlu
myeTedbinn wdsuldnnmsdeviesazauunasgiuues Nickel nitrate, Cadmium nitrate
(Fisher), Iron nitrate {(Merck), Lead nitrate (BDH) uax Copper nitrate (BDH) Ldudiu 1000 mg/L laalu
msUs) pH vavmsacanslildamusfidasnslals Nitric Acid 65%  (Merck).Hydrochloric acid 37%
(Merck) LRz Sodium hydroxide (Merck) saiaiinamuanltlunmmasasiiiuaaafidmiunsiiaset
(Analytical Reagent Grade) uaziianidla u“iﬂﬁﬁnwﬁﬂﬁu‘%zgﬂéﬁnﬂ%a sInzaunriaeiouuania
esinirumIindalaseuud ('ﬁw DI %38 De-ionized water)

ms"‘:mﬁ:ﬁqmé'nummmé”n@wﬁ‘uﬁﬁnﬂﬁ wlelan Saseimiuiiindnwie  (specific
surface area) I@\Ul‘ﬁlﬂ‘%ad surface area analyzer (Thermo Finnigan, Sorptomatic 1990} Uazn1Ig
5nvm:ﬁuﬁwaoﬁagﬂ%’uﬁﬂvl@"{@ﬂmﬂf Scanning Electron Microscope (SEM) (Jeol : JSM 6400)
uanmnﬁmsﬁgaﬁhﬁmﬁnuuﬁuﬁw asdaadurnldlagly X-ray fluorescence spectrometer (Philips,
PW 2400) uanfmnﬁﬁ’qmmmmaﬁmmménluﬁa@@fﬁ'ﬂ@um‘sﬂaﬂéhgm‘i?uﬁ'zLmsﬂ Hydrofluoric uaz
FaTeuSunumana s Flame Atomic Absorption Spectrometer (FAAS) -(Perkin Elmer : AAnalyst 100)
Tatvimisdas laoindan 0.04 g ldlunse HCL 1utu 10 mL feufiszidunsa HF Wadu 10 mL v
wasnauiilelianuiouawds antdin HF ANUATEUIULAY  LAHLAUNTONANIININ HCI WAz
HNO, (§@71871 6:1 v/v) EUTURY Lﬁﬂiﬁ%ﬁmgnﬂamwu@Lm:a:mwaauiam@ﬂﬂﬂ‘l’ﬁnm HCI (6M)

5 mbL warUTulSunesiu 50 mL sau% DI mia:muﬁ'lﬁgnﬂw"l,ﬂ?m‘mﬁﬁ’m FAAS NaNuENIRaN

2483 nm [WaR LN IMBAN
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a -3 I3
22 n'\‘ilﬂ%ﬁ&l%ﬂﬂ'\ 47] 58”6’] HAWaNa Elfﬂ'ﬁﬂ
= P - P a = & = e -
AIFNRIANIIEN L“;J’l:ﬂlllun']'ﬂ@ﬁﬂ daanitatnfaultianaa nl‘ﬁ(ﬂ Q:ﬁﬂtﬂT@ Ul‘ﬂ’lﬁﬂ'\‘ilﬂ Zha)3)

d ﬂu =l T d' aach A ;
2 kY saditusanlumsiesuuuasiadoiltinen aafl

nIAaauuuL Modified Adsorption Method

Emaadouitldeaulasunanisiauslay Edwards uas Benjamin (1989) uaz Szecsody uaz
A st , £ = [ e o ar 3
Az (1994) laumaedavuvuiidumsefovindnaanioduudanuas  leomwvintdmsazatomin
a ' ° & aa v a - N A o -
anaznaufl pH g9 rewhlndauundinuea laslfgompilumaeieud  milvussulunisiafau
daunuddlugin 2.1
Fanueafilduda 5g ArnumIsuhguniifianzay
+
fsazaiiadinluasa [Fe(NO,),. 9H,0] 10 mL
150 pH Wi 12.0 + 0.5 usdnoasazans NaOH 3 M

|

|

aufigaunnil 105 °C 1fluien 20 7.

sathawindelauas pH A

|

amiaﬁqnmqﬁmmn'mﬂﬁauﬁmm:auua:tﬁu‘ltim@wmaﬁn

Daehaiiniavi lBlunmesaimsgadu

5UN 2.4 unwlitusaunisesoudiniaanfauiinaanloduuy Modified Adsorption Method
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AIAR UL Modified Precipitation Method
SEnseReuilldauatnaniiiiaualos Meng uaz Letterman (1993) uas Schiuter WAZATA (1995)
Iﬂﬂ"’:‘ﬁ'msfﬁﬂumﬁmﬁaumﬁnaan'lsﬁﬁuw‘iﬁmwaT@umiﬁﬂﬁmiazmUmﬁn@mm:nau‘lﬂw%auFJ ny
o a . a . - = 4 alb - a o
waavaguuivasdiniaati pH 1unans Failwusaulumaaiou e 2.2
sraraewasinluiase [Fe(NO,),. 9H,0] 25 mL
+
Fanuaadltus 59 "r’imumiauﬁqmﬁgﬁﬁmm:an
l W@uaTazany NaOH 0.1, 1 M
UiulWii pH 7.0+ 05
a1 B

!

v ¥ Y ol
aqaujquujﬂq'ﬂlﬁuﬂ: pH an
a'U@iﬂ'ﬁqmﬂqﬁ'ﬂﬂ-an'lil.ﬂaB']JﬁL“N']:ﬁuua:LﬁUim’JﬂwE‘nﬂaﬂ

Tarhainwointlldlunmsmassanisgadu

o o & o o A o
31 2.2 urndiuaaumuaisudanaamiauininaanlee

WUy Modified Precipitation Method
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g a PN & o . . o “ o A el e o
UBNANU ANITWFIUAN BT {Characterization) mgwummuui@wnﬂ:maanum laums
A Hda ) ot - am LYY
WINUNNIIWIE ‘WI‘LEIHWI‘SEW?LL {pore volume) YUIKVBITWIU (pore size) WRsuRsunuganldus

Alaldenurmsindan

2.3 mmasasmigagulans
mmeasaimyaadulanzilesds Batch lawldmaadu 0.25 g lunsgadulans cuql), cd(n
waz Ni(h lussazain 25 mL wazlunsdivas Pb() a:lﬁ'ﬁa@ﬂfﬁ'u 0.10 g lapanmdutwTuduvas
- = o - = [s) L - |=: L3
Tanzfia 50 mg/L wazlunmsénunlalmnanuaimigady figawndl 25 °C arwdnduGuduvaslans
L ° - & f a .
agfl 20 - 80 mg/L lumsnasasvhmsgadunvam lifimsliy lonic strength vasansazanulan: voa
. ™ o | a o o P L4
nausrnihamsasmslanzuacdmaaduazgnivguiuam 30 wifl finnuiisey 160 saundt anuw
= a @ A A A e -
wpNaILTIanINIITART Y wazTarmnuduturalavsiumtalumsazanedaueias FAAS lapas
YMTIATEY Cd, Cu, Pb uaz Ni finnue1ndu 228.2, 324.8, 283.3 kar 232.0 nm au&@U é1 pH
Gudwrasmsazanolanzaragiugas 55 - 5.7 snciuluminanasnavas pH Guduveslons uasdr pH
L= e L L A o It . A [l o 1] ]
yasmsazangwdsrndudaiudmgaduazeglugie 6.0 — 7.0 Falugre pH asndazlifins
aneznoulaasen lwauatlanzfivhmsdny miraasimsaedulanznamuadumsig 3 ase
Tumsmnmensgadufininzay  ld@nsdudslunsgaduldun R LR, ERERTT
e e 0 ﬂ. L 1 J‘I
dURURITRERIaKE 61 pH BuduvadsTazanlane naradlasautinluaitazans uanandiddnm
| = o om A - o o o d [y ° [
HaYBd pH damIzznaevadwineanlaaniudiaday wazdgaduiiedsyldgninlldmeseaums

o A :’ =) : E=3 J =3 -« o G
ﬂ']'i](ﬂtﬂ'ﬂ:ﬁ]’]ﬂu’! Lﬁ{lﬁLﬂ@?]%ﬁ]ix’f’i]'lﬂﬂaﬂﬂgll@m'ﬁ
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HANITNAADINAZIITHR

TudrunamimeasaduasIansoing Wuwnmmhewananiimaaasluainessmsdnsntei

=1 @ A = = d o 4 = a L =l -y
minzaslunsieduumgadunnuandedanies sldud  aumpluaziarlummiheranfedio
dawianlieToudigadl (Waste pretreatment) wavasgmwmniivasniniaday (Coating temperature)

&5 a e A = aa = ar , — o
LasnaTaslSunanndnsudunlslumsiedavuding leoSounounassiainlsens qlumsmswmg}@
T ei":ummﬁuuLﬁﬂuﬂ‘s:%ﬂ%mw‘lun’ﬁgm'ﬁ'u Cu(ll) 'uaqﬁqgmsﬁ‘uﬁm‘%u‘lﬁﬁma:@hoq Waldnen
a a o A a4 a a 8 o a o«
manzadlunmaiougedundy  Danwazimnzafiashdgedulflunseadulan:  dun
L ﬂ‘ a . P ‘:u
TEHZIRMNTANEE pH (Fudutadasazae Havadnaewas co-ons AwLlumsazane uansniids

= L7} -~ (7] Qe - G Or :’ = = d‘ r-3 J L5 S bam

fnw Isotherm YaINTIQATY Laazqﬂmnmgmugnmhﬂ-ﬁnummuasamnmu‘luwaoﬂgmmi Ha

= - o o e &
MINaaaILazNITINITNHAlasasiBaaRaaNRTade Wanil

3.1 uaﬂmqmﬁgﬁua:naﬂunﬁﬂ'lﬁ'ﬁ%ﬁmﬁ‘lii’ua”';ﬁauﬁ'lmmﬁau

vy o= -l a o a

lunsmasasntsil Thihdanfilsusauninga (pretreatment) ﬁqmwgﬁeiwa giiueai Naunni
100 °C 1fwaan 24 31lws wia 7 500 °C il 3 $alus Aaufasihwedsudsmineanled lag
1$35n131naeUuUL Adsorption Waz Frecipitation method T,cﬂﬂﬁﬁg&@%ﬁﬁm’%‘ﬂﬂﬁﬁmazmas] Yoot
ihumaiafauuas lildiadaumdnaanlad  gnilwsdninmlunseedulav: Cu uazwanmis
maamf{mé’agﬂﬁ 3.1

mngﬂ‘ﬁ' 31 wWuh FamfdunsweiaudisninaanlodeeiusininwlunTiu

lavenasuaaldunainganmnlaldedor  wazllaRasanuat 899T4NY) gnlalunmstvegsntlFud

wuindaliinmaefeudromansanled nmaudaniludaf 100 °C uaz 500 °C s lvdanasd
a a s v a X & A o @ aa woow AN M g A =
dUszEniamwtunmsduny cu TaiRvtwdEndandaivuiudimltudn s wnisey  uasiiaiings
A o = & . A A o % aa @ oW a = P o ° "
ROV ILIMANa DN A WL maumm’mmsﬁam'LmLafmau.mmmaauf@ﬂmsaunaﬁmmnﬁugﬁ vinlw
a a v o e & e o o] v, & aoa a P X
Uszimimwaasmigaduitlagelu wanilaldgunndinldthiaget UssAnEmwpassigaduisrgeiu

[y ] ' =W e = a & =, = a A a o ar s o
a7 ﬁﬂwuj1ﬂaﬂ‘l@ﬁ]1ﬂjﬁn’17LﬂﬂEI'UYNﬂadtLUULﬂuhﬂun'Nl@ﬁ'lnu Huana ﬂi:ﬂﬂﬁﬂqwma\‘]ﬂ']ﬂ@]‘ﬁu‘n
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inRausiowmanean ledmesouamaanitinten 500 °C asiidszAnEwlumsiu Cu léand A 100

2¢ wariiildtiunstinya

4.5
O no pretreatment

100 C (24 h) pretreated
35 | @500 C (3 h) pretreated

2.5

1.5

.5 f §-
0 L. S

uncoated waste adsorption method precipitation method

Cu adsorbed (mg g™)

31Jﬁ 3.1 Naﬂnaaqm‘mqﬁuazsxU:L‘:m'lumsﬂwﬁ@%am'l,ﬁ’ué’a

]
= a

Namsw@aaauaﬂa’lﬁtﬁu'jwnwﬂﬂﬂ'ﬂ%ﬁmwaﬁwnwaunqmw{}uga 213 RaRN oUW

e oA e . A A an A v w4 e a &X da A - &
izmu‘lmwzmmnmaaguuwummawamn‘lmm FudumaiuiNwihir lumsedsuwanasn e fINa
° a a a W @ 3 A o . o A A
mlﬂﬂs:ammwmaam@@fﬁugwuﬁau Tumimeaasnssdald F9ldTan st wnTTef  500°¢

s 3 Talue sndwizasudulumaedavminsanled

3.2 Naﬂadqmﬁgﬁﬂaanﬁitﬂ apu (Coating temperature)
= & - & el L e B X i . X | e o dn
wmanaanladmananifia|dlunaiufiuandaiu (5w goethite, hematite) Juagivamwyinls
Tunmaiaioy  lumsmaaasadtilddnwnavesgmmpinlilunmaedauifidevs=aninmlunmsivlane
sasnaaduiiedonld lesgunpdlumsafaunldfio 105 °C (uan 24 Talus wis 550 °C (iw

VIR 6 TALUY HANTINARBIN L6 LEAIAI6NTIIN 3.1
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17197 3.1 YszdnEniwlumsdu Cu 'uaa@i":@l@ﬁuﬁm’%’uuﬁqmﬁgﬁmaamimaaumdﬁu

Cu adsorbed (mg/g) *
Coating temperature i S
Adsorption method Precipitation method
105 °C 3.83+£0.92 229+ 030
550°C 0.70 £ 0.17 2.38+0.37

Fe concentration : 0.35% (w/v) Fe for adsorption method, 0.14 % (w/v) Fe for precipitation method
The initial concentration of Cu was 40 mg L™, pH of metal solutions was 3.5 -6.0.

* Mean value £ confidence interval at 95% , n=3

WaldiEnmndauuuy Precipitation methed msiApugmmniinisiafeuan 105°C 1l
550°C LivhbiuszsimBnnlunisgedy cu wiswlledniivééy luunefidawiaudimdaeds
Adsorption method WuilzEnEmwlumsgady Cu veswngadufitnumuadeuf 550 °C tuaaaq

. A a  a [V It P o @ o & \lv - = & A & da
athannilafipuiudigadufilndaufl 105 °C  @gedunmualaomildiwmeiiRannuian
FUWIZURTTUIAINTH HANITVIADILTAITINNTIA 3.2

fT9h 3.2 ua'uaaqmm;\ﬁmaamsm‘e’zamiaqmauﬂﬁmmé’ﬂgwﬁ'uﬁm?nﬂﬁ

Coating Specific Pare specific .
Median pore
Wastes temperature surface arca volume
) s width (A)

(°C) (m g")" (em” g7)
Uncoated waste - 353.54 0.56 36-48
Coated waste using 105 188.77 0.56 104
modified adsorption
method

550 182.65 0.53 108
Coated waste using 105 322.11 0.54 57
modified precipitation
method

550 286.45 0.50 59

Fe concentration : 0.35% (w/v) Fe for adsorption method, 0.14 % (w/v) Fe for precipitation
method

* measured by multipoint BET
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HamImeasanEasliiAui WanSeufisuguaniGuesdinfedsuuas i ldiefaudmmin
i o & = 2 v! pi'n o au L%
pan larawLrin mieseudandsmansanladribinuilsduwzuasrunavesgwiuzaiiendy
i P M oe o a ' ar . & da an
wWasnly luwoest Pore specific volume liildildswldainatanu leswuiniNufdidinizaswesda
o . = 'y P Aaa LY P e [ &
miwdaudismansanlodatasnidinnhildwioy lwsmehuseinsamwlunsdiulans cu Uugd
' A a [ a4 a & & 4 A a = a s o =i e
i dszansnlunmissulanciiiyiunudainFuiiiasnnnnsimanaan lanvuiiwes  Wlale
e - a . a o [P ) - v ad e = X ada
gunnillumaadaumiensiu dgadunldnnaesoudgiinrasimauifousrmesiuifn
TzuarrIaNTWREILEMTDY Lﬁalﬁqmﬂqﬁiumsm'ﬁauga (550°C) WU TWIAVBITHIUVAI
a a s X & . vd amem o o
CRUELHTEER TGN DT LRZEINA I RUARI I LWz aaaa L
e v 4 a a o o L ~ . .
uanmnumgﬂmuﬁm‘mu'l,@gnmvl,ﬂaLﬂﬂ:ﬁmnmﬂuﬂ X-ray diffraction spectrometry (XRD)
NEMINARBINLTI ATITWULA broad peak 184 silica i 20-30° 26 wazliwuiavasndnaanlad 34
' I - oA ma I A e o & & o
lignsnwryvefuneuninsonladiindaudanmld wadlumawmuigainaiueanin
£ e = L G [ = [ @ ~ ar  ar = i o ] 1
sonleduudin Isldtinmesasdnamzimineanladdwitnmadenuiumuaisudigady wel
Anndudaniasly antudsimansanloanesonla Wimmsienonaiin XRD Hanimassswun
a4, a A - -
Warhwinean ledfiaSoaduiigamniimaaion 105 °C WaATzd 2saT7aWy FeO(OH) phase Tu
o . o ed e X o
XRD pattern #1 21.2°, 33.2°, 34.6°, 36.6° uaz 41.2° 26 uazwuinnefupaaraneanlsdnasautun
guennd 550 °C 3zl Hematite (Fe,0,) WasniNALRaIN 24.1°, 33.1°, 35.6°, 40.8°, 49.4° uaz
540° 20  wanumnidanuinsantmassniululwmadoriwdel s s nnelsumansanloemanuy
a E g v P A Aea o a
Precipitation Waz Adsorption method mumﬂu‘lﬂ'lm*amsmmmaogw;uua:wuﬂmmmw:maam@l@
@ A A [ 'Y P - . w & o - 'S = cd a X
Fuiiesoyldifleldanmpiivasmanedavdeiuun  asnannisileumaaninaanlodfifie i
@9
Qmauﬂ’aﬁﬁmnﬂ‘éﬂmmaaLﬁmLﬁnﬁaumaaﬁvq@%’uﬁm‘%uﬂmﬁ% Precipitation method #
GRS R aa@mﬁaaﬁuﬂsx%w'ﬁmwm‘s@ﬂfﬁ'uﬁ'l,ajl,mn@mﬁumaaﬁa@a%’uﬁ;@‘%ﬁﬂﬁmnmq:
aanadn lusoefidssininmmnisgedufaasinasdigaduiieionlddiniT Adsorption method il
- - ' @ o 2 da 4 ' iy
gunniilumaefeusnain  evasdisanannueinuifinzsess  Selunmaasasdainite
Laan‘lﬁqmﬂﬁimaan’mﬂgauﬁ 105 °C & %3y Adsorption method ez 550 °C &W%IU Precipitation

method
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@ W = a
3.3 WRYDIAMNLTNTUUDIMANLBIATNITNAY
P =t v v o e = = - PR
lunineaasid sl puanutudwsudnsaandn lueami lrlun e e udan s Tay
= - & ar

FITHSRNBLRANITLATLNYRIN 0.1, 0.25, 0.5, 1.0 uds 2.0 NIU1D3 Fe(NO,)3'9 H,O (1um‘sa:mr_| 10
mL #%3U adsorption method wasluasazany 25 mL & w3U precipitation method) lesasazans
o . . = a ar oo @ 4 a & w w oa e = ,
@wnam:gnmhﬂﬂum‘ammum@mumnfﬁanﬂmm 6 g AIUUANNINTUSUAUTEY Fe I9by
Tug20 0.14 — 277 % (wiv) naz 0.06 — 1.11 % (wiv) §I%30 adsorption sz precipitation methods
audiey lapsanfedimazgniiged 500 °C nauwnaskunlslumsieSoudigesy LasFIgaTLT

Lm'%wvl,ﬁgnﬁﬂﬂﬁnmﬂ‘ssﬁﬂ“ﬁmwiumsﬁﬁ@ Cu MNETRALTUTH 40 Mg/l WRNIINERBILFEAIA

U 32

120 — - =— —

100 { ¢

80

eo?%{ {

40 |e

Cu removal (%)

20

0 0.5 1 15 2 2.5 3

Fe concentration (% wiv)

U7 3.2 navasanududuiuduas Fe foUs=AnEmwYaIntIaelaws Cu vasagaTUiaTonled

o L] B & i

Rpyanwitle fa mgmumm‘%nﬂ[m Precipitation method uazdganwolle de @T’;g@ﬁuﬁm’%nﬁ‘[ﬂu

Adsorption method: ANITTWNARYAS Cu fia 40 mg/L (pH 5.5) unz pH gavhaillu 5.5 - 6.4

HANTINARAINUTY tlatRNaTuTwINGuTal Fe AlSlut1a 0.06 - 0.28 % (wiv) &y
precipitation method Uazlug19 0.14 — 0.69 % (wiv) §1%WTU adsorption method ¥ l¥aua ROl
Y o e e d oa X wed X o a . o i . o
msfnielanzyesmgaduaioninldinugedu uazdsinimwlunsidelanzasasifianudutu

a " a . A o oA - » - =
meugam‘vmdmnm’l uanmnumwm'\maajmﬂ"ﬁmmmmmmmm}aa Fe 1iu 1.39 waz 2.77 %
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TwiEnsieiounuy Adsorption method wui ipidgaduiieiunld lUdudaiuamsasanlan: o
= & A ' A A & . R LY

pH wasansasaplane Cu LWuTULazdsaNnNi pH 6 Sefien pH & Cu lutweanudutudildaurse

anaznaulaasenlodld anulsinBnmlumimidalon: Cu aannnassznplavdigaduimedoy
. & = & - = i a a
Talugaail azdunsvsasnianaznanlaasanladuasnisgady Cu fiszavagiudigady

& w v o o o aa Ve . ° -

uenanit  daldhdrgeadufieionldlaus Precipitation method luvmamBanoundn

aan ladaasinaiia X-ray fluorescence spectroscopy (XRF) HENYINARBILEN IAIFIIN 3.3

@307 3.3 HAMIIATIZR % Fe, O, FINTDI X — Ray Fluorescence Spectrometer (XRF) 189  $a1

< = s i s - [ a  w . o
WanAsuanaanleduuy Precipitation Method LilalfUFuinm Fe Gududranu

anaduduaanan % Fe,0, (Wiw)
(%ewiv) \nRauATIf 1 \RaUATIR 2

0 0.03 0.03
0.06 0.68 0.58
0.14 1.48 1.26
0.28 203 2.02
0.55 2.15 2.02
1.1 2.02 248

B a a P § = A

nHamMIMaagIwuil i Fe,0, vudmadiaziinduain 063 du 202 %wiw) s

Wuaaiutuas Fe Gudufildieiuudigaduan 006 Thilu 028 % v uaslinuiniinas

o o a . 0 a4 a LK W a  w & L&

waswalaninm Fe,0, vuargaduaiwtaawiisimaldnnudures Fe Sudugsdiu Mllanaa:

A X aa L . = - 9 =3 . s P .~ A

Wasinnniuinresdinmuudite  Jsnmansngnindeudismanaen @ lafssdwaunilariniiu - &

waRansandszintawlunsinda cu maaﬁa@msﬁ’uﬁl,@?uulﬁ fiwudy dszEninmaasdgeduiam

anudituras Fe gaquguiu asulaaninmlunyida cu vasdrgadunuiiaraduiusiy
ﬂ“ﬁmmmaomﬁnaan‘lmﬁﬁaguuﬁagﬂﬁuﬁmm

5 “ v oA 1 e - P -
lummesasnseit anududuiSuduzss Fe Atanlfiunsadavdaniaada 069 % uas
e a A ) .. ) o G 4 A =
0.28 % (wiv) BMMIUNILARAVLUY Adsorption ia: Precipitation method enudiay TadlalSounay

[ P - aa = £ e omae oa . I
ALWBEY Xu WAz Axe (2005) fildAnwinimedaumanaanladuudiniasuignd wnituainsiile

wuamazansdiniuresdnfivaunzana 3 % (wiv) miumaesaudiniiduweama 0.2 mm A
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d‘ ﬁ" 9 s ‘2‘ 9 &)
pH 7.5 luaneilunmsmeassit anuduswsudueay Fe amansnaaastuiilu 0.69 % uaz 0.28 % (wiv)

FMTUNTIAAaULLY Adsorption Was Precipitation f3dnery

3.4 m‘sﬁgaﬁqmé‘nﬂmwmé":gﬁif'uﬁm?ﬂumn%ﬁm‘lﬁué"a
aan N L Xy an o ex A ' o, =
Famualdusrfiangnsluatsiududinmusfiiiuinaumeastond 0.063 — 0.2 fafiuns
asfsznapnanda S0, lapdamuaslfusifmiudnsndudimuanisuaznduresmsdatu wadla
- = o fe] = v A ao & - - o
uwiﬂaqumﬂgu 500°C 1iluen 3 TuLEY FresdanesznTuRRznaRTIr Y wazdiavnly
y & A a = 3 ) an @ - & A o o
Hiwiugaumnafaudmnminaon loswuihfssdinmeandsnefsveznaodufunsdy 1@
= a X o L s - < £l e 5 &=
ﬁ'an’ﬁﬂn‘manﬂmzwumuazc}mauumawammamaaumanaan‘l*nw”l,@mnmslmﬁmmtﬂassn'lu
2 . .. . d = & a
1wI9n 05 g Tunmsefaunauuy Adsorption WazuLL Precipitation method friiludSunounaniimanzas
= Q- Lo g =l
lumanalsudmeaduriasis
o [y an - A [y = = e, g X da o e
mﬂmﬂ:ﬁmqmauumawammamﬂaaumumanaan'bnﬁumeaa‘lﬂu AURRIFUET TUae
. = I ﬂn = @ an 'Lw v A o G o a o
awiu Uinasgngu wasfnouvan lasuSoufisuiudanusalfufimunminfefiawngd 500°C

Wuea 3 1. uaztolieRay wammeasnaadluensf 3.4

P & Aa o o IR -
ATTIN 3.4 WUNKHT ﬂu’\@‘lg'ﬂ?u ﬁ“"lﬂ?zW?u wastFumvan ?Jﬂd‘ﬁﬁﬂ'ltﬂaﬂ\i&l‘lﬂlﬂaaULla:ﬂLﬂaaU

drumanaantoa
Py ¥ A- "
ﬂﬁhﬂ'ﬂ‘ﬂﬂﬁ'ﬁﬁﬂ"\ [T WUNHT 'ﬂu']ﬂEWEH ‘]_E&J'TWTEW'E‘% lﬁl]'lml“ﬂﬂ
2 3
(m'/g) (°A) (cm /g) (mg Felg)”
Fanueafiiumseu 353.54 36 — 48 0.56 0.20
wa laleiaiay
FAnLrandsuiwanaan e 112.88 146 — 192 0.47 16.50
WuU Adsorption method
Fanmaaeaauiranaanlase 272.20 36 — 48 0.50 14.17

WU Precipitation method

" Sasevlanldinaiia XRF
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a . i 74 o G AN e
pwiagwiulumainiauuiy Adsorption filnaiiufia 146 - 192 °A msfimwiagwiuBasiIgaduflaan
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MIARBLULL Precipitation uunatdnninuuy Adsorption muaﬁﬂﬁwuﬁmLnaztﬁmmgw;wmmg}@
@ | e a ey a . & a4, G
FULUL Precipitation §4NIFIAATUNHIUNIIAMABLLUL Adsorption uanNiBMIAINTRTIAI U
P | a & & '3 o - X o oo P
Weananduunlumsnaduiuninaanloduasdnsaclunmafovuuiuiiszesdinuesiinne
panenany  wmemalumsdasifisnny  lesdimiealwafeunuy  Adsorption  1ihwnasvinid
= - 4 S = A o Q ' a . '
msazaminanaznaufl pH &4 fa 12.0 + 0.3 uaﬂ’nqmmqu'lumnaaaumn 105°C (gaennldnin
) @ o v a Saa
150 °C) Fsazgnmibiendneanladlupsenneding (FeooH) lwpnifainmasniauuuy
Precipitation 1Jwnisvnldmsazanawsnanaznaun pH Wunans fa 7.0 + 0.5 LLa:'l’Eqmﬁgmums
\wiaus fofl 550°C (puwpiigendt 300°C)  ardmhldiAswinaaniodlugiuesfining (Fe,0,)
e o Qe ' r o s
(Lo uazAmiz, 1997; Schuth UszAme, 2000) MnamENTANIMNAGINATITIIMILTINBUREnfinuluEd
- = L3 . . N = ' [ - ] . [
miaswwasuwinaan loauuy Adsorption a1y Precipitation IR mdnanu Jadwalwe s
1umsﬁﬁﬂ‘[am°uaaﬁag@ﬁ'uﬁmumnﬂﬁauﬁaaaauuuvfmﬁu
A @ o oar o Aan
WaFouRouiuediopes Xu Waz Axe (2005) @ lddnsmisefaudfnieasiaman

aanlse 1ud) 2004 leHadsanTefi 3.5 uas 3.6
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P « X Ao aa ' o A & i
TN 3.5 LﬁiﬂNL“ﬂnlLﬂ:W“ﬂN?ﬂa-ﬂ‘]ﬁﬂn"\lﬂﬂﬂﬂuua:ﬂaﬁlﬂaaUlViﬂﬂaﬂﬂi‘ﬂﬁLLUU Adsorption

AURULR il NUTTLVDI Xu WAz Axe
FANLAN Fnuaaiiliuda Fanaalng Fanwaalviinday
#lduda \WRBLWMANBaN loe wanaanlae
USanounan 0.20 16.50 0.31 17 .64
(mg Felg)
HAnufin 353.54 112,88 0.0757 1.2092
(m’lg)

o & da aa ' a & o
M 3.6 Bunouranussiuhfmadanaanewuaznadaiauiwanasn lo@uuy Precipitation

AMUFULA P NUITHTBS Xu Uaz Axe
Faniaa Fmusfildud Fanaalnd Famealniwniay
fldudn iwRavinanaanlod wanaan e
S man 0.20 14.17 0.31 3.43
(mg Felg)
Wufiin 353.54 272.20 0.0757 0.5021
(m'1g)

Tnauddopas xu uaz Axe 1ull 2005 TH8Amsndvwelduriugudnanslamais 900 pm
A o - i aw Ad LY o . .
Falimnalwg niddinesnldlunwiseiffivuaduduaudnaaylu 919 0.063 - 0.2 mm K
X da O a oo A ' a -
wwhfasdgedulunuidsiiinnnhlunuidoras Xu uar Axe  lasnnnsuRaudioumBum
& da o o N = & el ar a M wm
WEnUAsAUARIAINTIA 3.5 waz 3.6 WulimMsiaday MIRavItued Xu ust Axe  dgaguiiladl
= A da da a X = Py oY) o A & a X ad da o
USanmnanuas Auniaiimuig Twnsfinwideidgaduidinaminfviuadiiuiinlaa
A aa o o Qe e L e da A . -~ o e e .
dWasnndanmeaibanlilvwefiinunnagudussiituniongann naefaudmninasnlodiali
1 o L o o A P J L3 & A U & ey oo e
iasvhligeduiuifufingedu  laomdnsanladdioadiliusnuiolagnauesdinuaani
' \ o ar w ad da de [% A = P - l
af  dwaldmgeduliwufithndasasld  wania®enanFoudsurfinaminlunseisuuuy
A a e . as AV et & A W = o - a4
ANATNBUIMIFBINWAEWLTY dagaduflaliSinaunaniilndifoaiu Az 16.50 mgFelg dwiulu
- G ; a Br = A A r_ A . Jd
NIl uaz 17.64 mg Felg @MILNWITUIEI Xu Was Axe  FanmindouluuLugaduaideiid

& A 4 ‘ - = & A o
USanounannwude 14.17 mgFefg  Soannnnluauddsmss Xu uaz Axe NRUSINMMANAWLLN DS

3.43 mgFe/g
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h a & a P 2 = w o
uonnileanwanwueraIRuaITaIGRMsaRRowmanaanlon  datedas  Scanning
Electron Microscope (SEM) uazaszviasdilsznavussmaiiidamnaiin  SEMEDX  (Scanning
Electron Microscope / Energy Dispersive X — ray Spectrometer) Wisun13vin mapping Lﬁa%\nﬁnizmﬁ

dvouninfiafsuaguuinuasiin g Wsunudanusaneuniseuud wldinfoy dsuraInalusUR
L1}

33-386

a g a Ao a = e o 2 s
Eﬂ'ﬂ 34 WHN’J‘U@GGHQnﬂL%aLﬂaaULﬁaﬂaaﬂlsﬂﬁuUU Precipitation (Naseyna 12,000 LY}
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(B)

(€)

= . a & X A S P Mo
3UN 35 WR8s mapping wEAININIzNLdeaninaan loauuNuitrsd i naan lildieday (A)

wasfilndaudrowvanasn losuuy Adsorption (B) WAZWUL Precipitation (C) Aifnaauony 1,000x
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Enargy (keV)

RUIESIN .

(B) Energy (kev)

= A A P
77 36 wauss SEMEDX LLa@\aaaﬁﬂs:nawaam@‘}uuwummaamammamﬁau
WAENaen kIeLUL Adsorption (A) WazlLUU Precipitation (B)
TINATWEBRILLATDI SEM ﬂ‘s:nauﬁ’umﬁmﬁ:ﬁaaﬁﬂs:naumaam@ﬁuUmﬂﬁﬂ SEM/EDX
w L4 o . - a o X 4 aa [ —
wiaumnan1avh mapping agn1INTz W@ manwanaanladUMAURYEIEEN 1ea dusadlugUfi 3.3

(=1 LK) A’ -9 - d' L L= = r=l =)
f3 3.6 mminwgﬁ]‘iﬂmwwummaasnamLaaﬂlmLLa’Jumanaan'l‘ﬁ@TLﬂaEmaga‘n Tanmyasaulwwu
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Adsorption method @33U%1 3.3 fimaswenpuasnw 1,500 ¥ uazKaway mapping F93UH 3.5 (B)
) A’ =1 o Qe - = ' ; -1 [
wuhRuthaasgeduiinanszeveswineanlad Wsaduaauaziissuuanuaananaan losynng
.o ) A A e o w o= & = & 1 T o
atl dissnnlutuaeumanaisuidasilimdnanaznawiwnan  laasanlodegneuudanawiily
@ @ o aa “ = a & s = = Fan wed . de & = &
FudRNUTANIR  danuansmemTedaunazmafadwninaanloanledslivts lamwinaanled
@ e ' = aa . - L. . ar a A o
wTwiagidundu g Uuiesanias swmnedoulunuy Precipitation  Gygufl 3.4 dold
M8MENDTBINTNA 12,000 13 o lWanansauaaiuane My a NS Ravua s anaan e e
' o & . [ P . a Lo o
pdTALIN TINNINATES mapping 433171 3.5 (C) me‘lvlmu‘nwumwaamgmuuminizmummaa
a ¥ = . o a & =a ‘ ' o .
wansanlodnsinme  lapdanwaclunmsianzfdawiuninnswdsuluuuy Adsorption method
WAIRIN b UAUABUNSLETEY mﬁna:%’uﬁuﬁwaﬁammadau'l@'fa:j'mﬁ";ﬁamﬂ:mﬁnﬁaagh‘gﬂmae

34+ . a P = a o & a4 o &
gisazane (Fe ) naufiszanaznaunaziiaduninaanlodlunmends saundnean ledfiiadudfl

NTINTE A INFUNANAUAINGT?

Taglumsanwsaliashdinuaseiasuminssnlasnaioy ldnansimnsaulums
WaauuLY  Precipitation  anfAnwiduwan  dasnanumanzenlumsieduuiiasinititadinansit
s Swldundanueanlduds  S938mTeSou Adsomption method umshldmsasaminan
aneznawi pH §9 rawbanaudaiudanuaseasinavhlddiniesazmeld (Xu usz Axe, 2005)
svadarnnaeiasuiUrimimwlumsidalanemindldes Wwingy  dszneurunms@inad
Scheidegger uazame luil 1993 13170 Lo wazamz Tuil 1997 wuindnasfidlunmodawmiay
famsnaanladd pH 12 saudimaedavludnsas@saiumsiadaunny Adsorption method lu
nwideil aziﬁﬁugmﬁuﬁﬂmwummmlumiﬁ‘mmumm'lﬁﬁaUmn Faldimanzlunai i gminee

o Y a S = a . = a o et -
Tavewrinludnds wananiinisAns1ves Zeng tull 2003 Fanuihmuaisusheedulasiinsiadeu
. af e a “a ' o] = § = & a
luuyy Adsorption method #ilfgaumnillumaiaiauganit 250°C  wanaanladazifiansameniy
X a o o v o ' . o “ A a & o P - o
wum’uaamg}@ﬁu'l@aumunﬁm'l (adsorbent strength) ﬂ')(ﬂﬂ‘lfuml@iﬂ&mui@ﬂi’ﬁqm“ﬁﬂiuﬂ’]ilﬂaau‘n

fnd1 250°C  danuandayaninuasinan s I ldidanld@dnamadaumnanasanlsdain

WU Precipitation anldlumsanuluaausa g luvienus
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o o 1 I oA L= u- =i e -3 5
3.5 mawaaduddnnaeiainuanididuwainaafasualrsmansanlod

A & | o & o o ~l a o as - 90 =

walllunmasouiniimsgedumbianemunsahlslumaaiouwandodindugld 3
a & A . aa LYY ' @ taa = a a oo Y
Idnaaaafudainwdinuaafildudrandwien jidmanldlumseioudieedy  laodimldud
uudsafivuaaunineglugae 0.083 - 0.2 mm uaranthied 500°C Wuaan 3 Talusriaushunldlu
maedey IEnaedeufiifanldfe Precipitation method wazldanudutusudusas Fe 1ilu 0.28 9%

S ,:,tL a2 en® a W e blu B‘Lﬂ j_,““na rL q,I -
(wiv) wazldamnpllumnaiay 550°C dgedumeionld gmiluwidssinnamw wnsgadulsns

Cu (1), Cd(Il), Nil) uaz Pb(ll) HaMTNARBILFRIAILA 3.7

Pb
= ) = 140 ——— ——
o o i
u 12.0 | &

£ i 2 m =
> I 100 F
g § 8.0
S 3 60
s S 40
Q a
§ § 20 |- ﬁ
2 2 o0 Wi

1 2 3 4 5 6 1 2 3 4 5 6

no. of silica waste no. of silica waste
Ni Cd

=X 4 = e —— F= 4.0
33.5;_ - 235 B M M & = =
E ; T ﬂ E - £ 20
s ] ]
& 25 & 25 |
(] (1]
g 2 g 20
= 1§ g 18|
£ 1 £ 10
S 05 5 05 |
2] . %]
2 0 [ 2 00 Jg O

1 2 3 4 5 6 1 2 3 4 5 6

no., of silica w aste no. of silica w aste

A 3.7 ﬂs:f‘aw%mw'[unﬁﬁﬁm’[ammaaé’a@@fﬁuﬁm'%mmwnmaag%m%ﬁmmaeﬁmwéa

urivdrfe Fanwaailalldinfau uasin fs FanueReudiowninaanlod
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> o= 1 =1 - Ao R B ﬂdd‘ = J

NANTYNAREIUAAI LA AU I NRARaudanltuddimmanaanlod mwisiaualunuwitone:

° @ a A o w o [P & = & - & a oo
m'luﬂ'a'zaﬂﬁmwmaqmg]munvl,@'ﬂumiwnu‘[amm 4 riagitn lanmsiAntuelssinsamann
I & & ' \ el - e o ' S e e
wisdasuuariuagivundsiunuasaafodanuasoiovadlan:  laswuinlssdninmlumsinda
lanzwpsdigaduiiaionannadidadinan 6 wndsdwiumseadu Cufll), Pb), Cd(ll) uaz Ni(l)
a%ﬂuﬁ"sq 237 — 354, 857 — 12.24, 345 — 3.73 uas 3.01 — 3.39 mg/g AWEIAY IINHANITNAREY
WUIUaRFEFENLaINURaIa 1 glenusmwnalumsidusisassudniumanaanlod WWNanay

m‘%nué’ugmﬁuﬁ'\ﬂ%’uﬁﬁdamaanmm‘h Imm‘?aLLiJsﬁw%'un'ﬁgWEuIam@Tana’na:ﬁmsﬁnmda"l.ﬂ

3.6 mavsIszuzAANATIwMIaaTulans

mwmaaamig@eﬁnlﬁmaaaﬁfuﬁizn:msé’uﬂ’maaﬁ’a@w&’uﬁw 9k ®ud 5 9 60 WFl 1Ra
ms:umm"?imm:au'[umsﬁwnﬁgwﬁ'ﬂam Namsmaamamﬁqgﬂﬁ 38  PINWAMINANBINLT
nwgm%maﬂm&uﬁm%uashosfmﬁ‘m ﬂsz%ﬂ“ﬁmwlums@wﬁ’u Pb(lf) \RuAuBEIT qularRuaFulE
Ui 30 wif uazesRfasusa vl 1erm:ﬁﬂs:%n%mwmmnwgwﬁ‘u Cu(ll), Cd(ll) uaz Nl
aefiaaaaszuzIan 15 — 60 wfl ﬁqfuﬁw%’umsmaaami@m%’uiw:mmﬁ FTHEIE 30 wifiazgnly

wszsznafidngaugaussmIgas (Equilibrium time)

2 .
z 8 Pb
> 8 e
8 | . m Cu
®
g ° 4 Cd
o v
5 o Ni
2 4 4 & A
B ' " 8 an L [ =
w2
o |
<

0 co T N e e

time (min)

3‘1}1‘71 3.8 ija\mu:nmé’wr?a@iaﬂ'i:%w%mwn'ﬁ@@bfulam



39

1 - 1 ar [
3.7 uanagen pH Baauzasdsazatslanzaan1Iaatunasn1BRaATnIwan
WafinwHayad pH vasmsazaslanzdanisgady f pH Gudurssmsazaeolanzgnuivls
1 " A d J=r o oo L
atlutne 1 - 7 uazHan MaRBINEaIRIUN 3.9 uananidsldnnsdnsinrrznaaseswinainds

wiay lasnsenaiawnSnounaniionuzvaeasgasazaislanzit pH é199 watnfidluvins

ﬂﬂﬂaéﬂﬁiﬂ@ﬁUIRﬂ:LLﬁi

12
T .
o 10 . +Pb
‘g’ 8 * ICU
2
'g aCd
% 6 o Ni
Q
S 4
£ ¢ 2 00
§ 2 A .
< S

0 a a u

0 1 2 3 4 5 6 7 8
pH

717 3.9 wawas pH Guduvassazanslansdadsrininwnsgadulan:

MnRamINaaaIwil i pH Adlunseang da pH 1-2 azldaTawunmsaadu Po(ll), Cug,
) o o d4d4 A & « - o
cd(ll) uaz Ni(l) vasdagadu lusseilany pH 3ulihiu 3 uss 4 UszRnBnwlunisgadulan:
@ . a & . , a a w . L4 .
FINETURVIUBIVITIATT URENUTIN pH 4-7 zBnBnwnisgadiy Cu(ll), Cdal) uaz Nigll) Auazlaid
- o ar a & A f o ' a . P §
nmaldouudas  luunsfimseadu  Po(r) Raiudnadwdnglutag pH @inann  nsiRndwues
A e w A A a A& & a - X A a
Uszininwnmagaduidaimadiviuuas pH sy dWasnanmaisuudasastsrauukuivad
o el ar o 4 a X & X . 0 &
gaguiiminzsuiunsiviulan idnnddu venanildsiuegiuminuuasaiunadlasauvaslan:
o o e L e ao & ° - X a
Aonlalasladadioituiu (Sen uasaniz, 2002) MIvkuduwas pH vesm Az i lfUszquuRuin
= p & ] woet X o W s o o k1
fiaaiudizyavinniiuiazisealasauuinaslans 1ddsu Mldlsarninwluneadugein
1 pH TaImTeranuanIINIzINadanINEINInluNTIelavewinudt  Helluasanisr:
a:mumaamﬁnaanhﬁﬁmﬁauaguuﬁwaa?ﬁaml,aaﬁnﬁw wud luaTazannlanedl pH 3 1WaNNH

- ‘ P P o ar [V %
LﬂaauaguuwummaasnamLaaazgnﬁ:aanm'lumia:mﬂ laggunsnasiaiannudutusaawanlu
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gvazany Pb ANy 0.20 mgil wasluasazans Cu eavawuluwlBunafiveunin 0.18 mg/l wanny
nassudulllumadoiwlavinmsiemeiasazais Cd waz Ni 9 pH 1-8 lauwumsseasaawag
WEnf pH dndn 3 hun U pH 2 Suwunsznaavasndnlaowumandutu 12.29 mgiL T

- P = o X i p
FuFaTIsd Ni wae 11.79 mg/l lwliReduemzd Cd wazlinsrzazawasnunfiadwda pH (funse

& ' ol ' 1 . oA e P o a & ,
nPw  EmEIReaof pH gand 3 'luwm'mm§nag'lumsazmuTw:nmumsmmmaﬁagﬂ,u

a G i a 1 A o " - . =) L =Y
srauaNuITuntasnI 0.18 mg/l  wailu Limit of Detection wadInITIATIERMANGILNATIA
FAAS

= € A A w . a4 2 o 4 .
mMITEazaILIBIMaAnsen lednnuddmegedy  Sidmalilingadulavewinluszdudag

¥ A X A e g o oo
anesfi pH 1 war 2 ussuananif pH Mdunsaung Auiieaninsan leduszimareazan
Protonated {pHpyc Silica = 2.85, Xu Uaz Axe, 2005) ¥ivlosauvaslavzlismunsafasdia Interaction
v X a = ' [YEEVER - o o o ] =
AuRUAIUNsIRsgasznialzald doiute pH imnzaudmiunsqedulansidineda pH 4-

7

3.8, navasaaadwsasndadanisaadulans
- . de v a LY ") . ' A o & . o =] )
maaa:gnwu‘lmm"l,ﬂ‘l.um'[ﬂzm::uﬂmmwwuag'l.wmmﬂﬂo Tuagiuundsiusenhwuua:
ammwraanhengn:  msfifindawie  co-ons a;lilum‘sa:mUmmmﬂa:ﬁananszwn@iamsgﬂsﬁu
X o da [ tL A J‘vL-,d o -
loaswsaslancuuhuiiafiitsyld UMINeaaIn IR ldAan v HaTaInNTuTuLasniada
UszEmBnwmagady Teodanlfinia NaCl wazidundassnaasblluesazanslavstuanudutuy

0.01, 0.05 laz 0.10 M Naﬂ’]‘iﬂ@ﬂe‘NLLﬁ(ﬁNﬁJEﬂ 3.10
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—+—Pb

Adsorption capacity (mg g™")

0.04 0.06 0.08 0.1

NaCl concentration (M)

0 0.02

s 3.10 Na'uaam’mLﬂmj"umaaLn§a@iaﬂizaﬁmwlun’rs@wﬁ'ﬂamﬁam“n'éﬂ’tl,ﬂ%aumﬁnaan'tfﬂ@f
LT}

HANSNARBINIIIA NI NTwands  NaCl  fduasluesdinarnlv@anmasafauinin

aanlodausanniealansnunieaeadagiiun  winssnsianudutuuas NaCl 001 M uas
a a @ - - a @ X & & -
ﬂs:aﬂﬁmwmigmﬂama:aﬂam‘auqLuamsa:mwm’mwmumaa NaCl g4%% Nlanuiiaannan
A oa oA e A = [ & a a

Tosauwanveaniafitdnaslues lwisduivleseuvinvaslanzlunmfansgeduuwiuiiusidiga
a o ] wu w = .dn!’.ai.d'clyuvvt I V’qu L S ng
fu vildgaduidunimiaiuiineldiuiulessuvaslancldisoss  uananiliwdneanlad
Lilstiaruinrwslunsidendunulane  aomluansazanslanvsffiinga Nacl aranuatlufanuann
= o e o o a [ @ ar
mmhﬁmg@mummmaunuhmﬁun‘l@uaUaa

HANTTNAAIIGINAIIRAGAADINLNIUIILTEY Lo Wasame (ull 1997  AlTnsEAaaLIwEan

o av 4 y a . a a a & el o =

panlaslumaidalanswinaanaimin@s  uazwuimseedulanswinasifeiulddiflalumsazand
ionic strength huszausn lagannisnasaddy NaNO, Arzeuanaududu  0.01 M LATWUIN@IQATL
anInhialaneldmanimerudituuns NaNO, iy 0.10 M 3 nuamIneaashi i dudatsai

ar “ oS o & aa @ + & 3 = o Y da oA .
@I’JQ@I‘HU‘&‘TL@SU&M%@"IWH&H’]LQRaU(ﬂ’JULViaﬂaaﬂvL‘Ii@L‘iﬁaﬂ:‘m]:uﬂﬂl‘ﬂuﬂ’l‘mﬂaﬂtaﬂﬂuuﬁﬂ&lmaE]E]U
]

Tuszaudn u vhluwwa ninsssusa
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= © O LY o o ) A ~ o & s &

39  nsdnsmgdnssnmsmdalansuinlasdimmanitualafauaimmanaanlydainin
o & e - =
@adsaTsunalansninvalusie

a o S a o o aa I3

msinNaYslaverinuasrieftlwings  Waswnanmuihdimzawisuwansenled

o as & o o Y = a s < da - o a = -

llFirdalanzuudssdilsfianiznaninduaimiey aslaplulwinFosssoneesiilavetzuar

J

snnndt 1 gie leolunisenen ldvinnslfbuafuamnsilsunas 50 mL Ailancusnidun waasdioy

Fxny Nadied uasfinifaltytuat e 50 mgil uaﬂ-ﬁﬁ'zg}mﬁu 050 g IMNMINABHNNUIBTRINULS

wRaunanaanlasawnsoiulanes 4 wield leswuidss&vsmwnmsidenaadion finfie ez

wazvasuaau 0.005, 0.007, 0.018, 0.043 mmolfg sitica AUAIGL ﬁsuamlugﬂﬁ 8.14

PINNMITNaaadnLIlod larenina e wwaowie lui &y dssBnEawnistindalaneas
o a- [ - ar ¥ o & = o e A o o - e e
wendansldusussisuaslansninluingy FalunsneasIngainieaf lfuanfaudauinan

aanladautsaniidanauad lduinnitasi Anfis wazuaasuatuiaL

0.08 —

0.05

——

0.04

mmol metal/g Silica
a
(]
(¥}

0.02 T
L
0.01 r
0 |
Ni cd Pb Cu

39 311 Wisumeuanuautsolumsidelansluinfesaarevnilanznaulas

Famuanlduaefavdsomanaan boes
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3.10 nazasgomniizavd@rsazatgdanmsgaduuaailisauazinifia
'lumm@aaaﬁﬁnmnamaaqmﬂgﬁﬁﬁdaﬂ‘s:%*n"‘ﬁmw“l.umsﬁﬁﬂiam Wiasnnlwingoan

=

nszIunsgemAnTIsaindgmanis TorilummasesiiieinsAnmauemunialumside  co
waz Ni ﬁqmﬂgﬁ 30, 40, 50 WAz 60 °C HANINEABILAAIGITL 3.12 ﬂdﬁawudmﬁaa‘mﬂgmﬁu%ﬂﬁwu
euuenanvainsiiividgramnurunsolumside cd leeflaawgd 30°C s e0°c @
m’mmmm‘l,um'sﬁﬁmmmﬁuuagjlu'ﬁaa 3.96 - 4.07 mg/g Silica @3wn13a9 Ni Lﬁathgﬁtﬁuﬁu
luz2s 30°C 9 40°C arwmansalumsinia Ni anfisdiuannain 3.44 mglg Sitica 1u 3.72 mgig

- ' 2 - A s = o o ) A a
Silica WRXITIVWUVUDENITN G 'i]uLQJaE}‘m%{INLY]’WﬂU 60°C wAAMUFINTIOMAA Ni &!Wﬂﬂﬁ;@ﬂa 4.00

mg/g Silica

4.00 - 2 -
2
T 3.00
% —e—Cd
o g | —a—Ni
5 g 200!
g |
Q
B 1.00
2 .

|
000 —— s S—

30 40 50 60

Temperature (°C)

JUA 3.12 ﬂ’nmmm‘mlumiﬁﬁ@meﬁﬂmazﬁmﬁaﬁQmﬁgﬁdwaﬂ

ﬁaﬁumsﬁﬁammamﬁaum5naan'l'uﬁiﬂﬁﬁ@iam%ﬁnluﬁ’lL%ﬂﬁﬁamwﬂﬁga ARIN e

3

o o

UszEnsmwmsringalaveyin AldazlisaaslinibwinFeniaswaiung
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o Ao = L 5 3 & o [
311 mamTindaniasisussmanaanlsdnauanidina
. a ar [ o ' ° . o o
lunsmasesdnsinistuendrgadunduanldlmg lauvints Regeneration dagadudionsa
HNO, 0.001 M pH iy 3.02 wartlansfignasduaansinddnuaa udnhdgadunstanldida

Tanelng laglariinimaaasiulave Cd uas Ni nammesasdiuaasluesd 3.7

@R 37 enuawsniwnIiawsadsutarinfadlaidinaandaumdnasnlodnauun
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3.12 Adsorption isotherm
mim:mUé‘fwm'l,aaaumaanw:szw':mmsa:mr_uua:ﬁagwﬁuﬁmq:amgammmﬁamaﬂﬂ@'{
@28 Adsorption Isotherm Mmm@maaiﬁﬁﬁ'\msmaaqms@ﬂfﬁwaﬂam Cu, Pb, Cd uaz Ni #
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Wieduuuutwdes (Monolayer sorption) uuwui nilamsui@nnlauiuasaanauduaziidmu

active site a’m%’umiﬂﬂﬁu‘luﬁ'\muﬁﬁﬁﬂ lapaunsounaa laasaumIaa 1

A

1 i 1 1
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(Adsorption capacity at equilibrium, mg/g)
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b & Langmuir constant
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WiaaIzrIN 1/g uaz 1/C, @W&aU f1niNway Langmuir uaeslinsany 3.8

Freundlich isotherm (JunafuiuiLaaItmMInaFuULIUWAILTY (Multitayer sorption) waz

- e o 5ar . 5

e nuduRusearumsaa Ll
1
1

logg =log K, +[ ]log C, (3.2)

lag nuaz K, Aa ea9us9 Freundlich (Freundlich constants) Uazdn 1/n waz K, (G991579 3.8) w1

@ nnsduamen Slope uaz Intercept TaINTINIEUATINNTAG TR log g Uaz log C, AWE1eL



t/g (g mg™)

06

0.5

0.4

0.3

0.2

0.1

log g

ry
Q
o ¢ Pb
o = Cu
a4 Cd
o] .
o Ni
0 0.02 0.04 0.06 0.08 0.1 0.12
1/C, (L mg")
(a)
1 —
0.8
0.6
-
0.4
0.2
0 e
05 1 15 2
log C,

(b)

Eﬂ‘ﬁ 3.13 Langmuir (a) ez Freundlich {b) adsorption isotherms ﬁﬁ%%ﬁﬂﬂi@@ﬁuia%: (25 c’C)

46



47

#7319 3.8 @nIfivad Langmuir Was Freundlich ﬁ'lﬁumigmiu‘[amﬁqmau'ﬁu%ﬁmmﬁaumﬁn

sanlsd 7 25 °C

Metal Langmuir constants Freundlich constants
g.{mgle) b (Umg) R’ K, N R’
Pb 8.18 133 0.9929 712 30.95 0.9682
Cu 3.39 0.37 0.9670 2.01 7.94 0.9564
Cd 423 0.05 0.9851 0.62 2.43 0.8980
Ni 4.25 0.08 0.9557 0.84 2.75 0.9936
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Metat Initial concentration Final concentration % Removal
(mg/L) (mgiL.)
Pb 227 24 89.4
Cu 13.1 2.2 83.2
Cd 3582 55 84.4
Ni 425 16.3 61.6

Conditions: adsorbent dose 0.25 g for Cu(ll}, Cd(l1}, Ni(l!) removal and 0.10 g for Pb(ll} removal

(25 mL of solution), contact time 30 min. at room temperature.
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Abstract @%3U Pacifichem 2005

Preparation and use of waste silica gel modified with iron oxide for heavy metal

removal

Silica gel is widely used in laboratories, especially for purifying the mixtures. Consequently,
waste silica gel is produced in an increasing amount. In this work, the waste was modified by coating
its surface with iron oxide. The obtain products were used as adsorbent for heavy metals removal. Two
methods of preparation are proposed: modified adsorption method and modified precipitation method.
Three coating parameters were investigated: pH of ferric solution, Fe concentration and the coating
temperature. Waste treatment at 500 C is required before coating. The adsorption experiments using
batch method were carried out to investigate the metal adsorption capacity of the obtained adsorbent
and to compare the effect of each coating parameter on metal adsorption. The coated wastes were
characterized for BET surface area and iron content. The results show that the iron oxide coated waste
silica gel has higher capacity for heavy metal adsorption than the uncoated waste.

The removal of Cufll), Pb(il}, Ni(ll) and Cd(l!) by the iron oxide coated waste silica get was
investigated using batch experiments. The metals could be effectively adsorbed on the adsorbent. The
conditions in metal removal: pH of solution, contact time and the presence of salt were studied. The
adsorbents prepared from waste silica gel! from different laboratories can remove heavy metals within
the range of 8.6 — 12.2 mg/g silica for Pb(ll) , 2.4 — 3.5 mg/g silica for Cu(l}), 3.1 — 3.3 mg/ g silica for
Ni(ll) and 3.8 — 4.1 mg/g silica for Cd{l1) at pH 5-6. The presence of NaCi in solution in the level of
0.01 M or higher can reduce the adsorption capacity for heavy metals. The adsorbent was also used to
remove the metals from real wastewater. The results show a potential of using the coated waste silica

gel for wastewater treatment and water purification.
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Abstract

Silica gel is widely used in research laboratories, especially for the purification of
organic compounds. Consequently, waste silica gel is generated in increasing amounts. In this
work, waste silica was modified by coating its surface with iron oxide aiming to obtain an
effective adsorbent for metal removal from wastewater. In the preparation of the adsorbent,
the optimum pretreatment temperature and iron concentration were investigated. The coated
waste silica was characterized for BET surface area, pore size, specific pore volume and iron
content. Iron oxide coated waste silica was tested for the adsorption of Pb(1l), Cu(il), Cd(II)
and Ni(Il) from solutions in a batch system. The effect of contact time, pH and salt
concentration on metal adsorption was investigated. It was found that the adsorption of metals
occurred rapidly and reached equilibrium within 30 min. The pH range suitable for metal
adsorption was between 4 and 7 and leaching of iron from the coating was observed only at
pH 3 or lower. The presence of salt in water reduced the adsorption efficiency of the
adsorbent. The adsorption behavior followed both Langmuir and Freundlich isotherms (25
°C). Finally, the efficacy of the adsorbents was investigated using the aqueous lab waste
where removal efficiencies ranging from 62 to 89% were achieved when the initial metal

concentrations ranged from 13 —42 mg L™

Keywords: waste silica gel, iron oxide, metals. adsorption

1. Introduction

Following the growing activities of research and education, the amount of waste
generated from laboratories has been increasing, especially chemical wastes e.g. organic
solvents, toxic metal waste and solid waste. These waste products are often hazardous and
need to be treated before disposal. To reduce waste treatment expenses, certain waste products

can be recycled or reused. In this study, waste silica gel from chemical laboratories was



reused to produce a low-cost adsorbent for metal adsorption. In general, many adsorbents can
be used for metal removal from water. In particular, low-cost adsorbents have drawn much
attention and a significant amount of research has been carried out using such materials [1]. In
this study, we are interested in modifying waste silica gel with iron oxide for use in metal
adsorption.

Iron oxide precipitates have relatively high surface area and surface charge. They have
been used in water treatment as flocculants for organic compounds and in metal removal,
often in the form of hydroxide compounds [2]. The use of iron oxide powder for metal
removal has also been investigated [3-5]. However, the use of iron oxide powder is limited by
difficulties in solid/liquid separation. The oxides alone are not suitable for use as a filter
medium due to their low hydraulic conductivity. To overcome these problems, different
media have been used as supports for iron oxide coating such as sand [6-12], polymeric
materials [13) and cement [14]. These research investigations demonstrated that iron oxide
coated media were able to remove metals from water. Recently, high surface area materials
(e.g. clay, zeolites and activated carbon) were also used for iron oxide coating [15-17].

Silica gel is an adsorbent widely used in the purification and separation of organic
mixtures due to its adsorption properties, high surface area and porosity. Relatively little
research has been carried out using silica gel as a support for iron-oxide. Recently, Zeng [18]
proposed a method for preparing a silica-containing iron(Ill) oxide adsorbent. Their synthesis
was based on the in situ generation of a hydrous ferric oxide sol and silica sol, and the
resulting adsorbent was used to remove arsenic from water. Xu and Axe [19] have also
studied conditions for preparing iron oxide coated silica. In this case, the silica supported
adsorbent showed a greater affinity for Ni(ll) compared to uncoated silica. To our knowledge,
waste silica gel has never been used as a support for iron oxide for metal removal from

wastewater.



In this work, waste silica coated with iron oxide was prepared and characterized. The
prepared adsorbents were tested in adsorption studies of Cu(Il), Pb(Il), Cd(II) and Ni(Il). The
effect of contact time, initial pH and the presence of salt on metal adsorption were
investigated. Finally, the adsorbents were studied for their ability to remove metals from

aqueous lab waste.

2. Materials and methods

Waste silica gel (0.063 — 0.2 mm in diameter) was collected from synthetic organic
laboratories. The waste was dried at room temperature to remove residual organic solvents
before sampling. Fe(NO;);-9H,O was purchased from Carlo Erba Reagenti (Rodano).
Cu(NO3)2, Pb(NO3)2, 3CdSO4-8H,0 and Ni(NO3)6H,O were obtained from Merck
(Germany). The metal solutions used for adsorption experiments were prepared by dissolving
the appropriate metal salt in de-ionized water without adjusting pH. The analytical standard
solutions for metal determination by atomic absorption spectrometry were prepared by
stepwise dilution of 1000 mg L' stock standard solutions from BDH Laboratory Supplies
(England). The pH of the solutions was adjusted to the desired value using either NaOH or
HCI solutions. All reagents were analytical grade and used without further purification. The
iron oxide coated silica was characterized for specific surface area by using a surface area
analyzer (Thermo Finnigan, Sorptomatic 1990). An X-ray fluorescence spectrometer (Philips,
PW 2400) was used to demonstrate the presence of iron on the surface of the silica. The iron
content on adsorbent was also determined by acid digestion foliowed by determination the
concentration of iron by flame atomic absorption spectrometer (FAAS) (Perkin Elmer,
Analyst 100). Silica (.04 g) was added to 10 mL concentrated HCI before adding 10 mL
concentrated HF. The mixture was heated to dryness. Then, HF was added to ensure a
complete dissolution of silica and the mixture was heated to dryness. Ten milliliters of

solution HCI and HNOs (6:1 v/v) were added to the residue and the mixture was heated to



dryness. Finally, the residue was dissolved in 5 mL HCI (6 M) and the volume was adjusted
to 50 mL with de-ionized water. The final solution was analyzed by FAAS at analytical

wavelength of 248.3 nm.

2.1. Preparation of iron oxide-coated waste silica

The adsorbent preparation method used 1n this study was based on the coating method
proposed by Meng and Letterman [20]. Waste silica was collected from synthetic organic
laboratories and treated at the specified pretreatment temperature before coating. The coating
was performed by adding 5 g of waste silica to 25 mL of solution containing 0.5 g
Fe(NO3);9H,0 (0.28 % w/v Fe). The pH of the mixture was increased to 7.0 + 0.5 with
NaQOH. The mixture was stirred for | h and the solid was separated and washed with de-
ionized water until the pH of the runoff was constant. The resulting solid was dried at 80 °C
for 10 h prior to treatment at a coating temperature of 550 °C for 6 h. The solid was finally

stored in a closed plastic bottle for further use.

2.3. Adsorption experiments

The adsorption experiments were carried out using a batch method. 0.25 g of coated
silica gel was added to 25 mL of solution containing metal ions (Cu(II), Cd(1l), Ni(II}). In the
case of Pb(II) adsorption, an adsorbent dose of (.10 g was used. The initial concentration of
metal was 50 mg L. In the adsorption isotherm study, a concentration range of 20 — 80
mg L™ and temperature of 25°C were used. [onic strength was not adjusted in all experiments.
The mixtures were shaken at 160 rpm for 30 min at room temperature and the solid was then
separated by centrifugation. The solutions were analyzed using a flame atomic absorption
spectrometer (FAAS) (Perkin Elmer, Analyst 100) to determine the residual metal
concentration. The analytical wavelengths of Cd, Cu, Pb and Ni were 228.8, 324.8, 283.3 and

232.0 nm, respectively. The pH of the solutions was monitored before and after adsorption.



The initial pH of the metal solutions ranged from 5.5 to 5.7, except for the study of the effect
of pH. It was observed that the pH of the solutions after addition of the adsorbent was
between 6.0 and 7.0. In this pH range, precipitation of metal hydroxides is unlikely.
Detachment of the iron oxide coating was not observed during adsorption experiments. All

adsorption experiments were carried out in triplicate.

3. Results and discussion
3.1. Preparation of iron oxide coated waste silica

In the preparation of adsorbents, the effect of waste pretreatment and initial iron
concentration was investigated. Waste silica from a synthetic organic laboratory was
pretreated in an oven under different conditions: 100 °C for 24 h or 500 °C for 3 h.
Furthermore, different initial concentrations of Fe were used in the coating process. The
initial concentration was varied within the range of 0.06 — 1.11 % (w/v). The effect of coating
parameters was evaluated by comparing adsorption capacities for Cu(ll) solution and the
results are shown in Table 1.

It was found that the iron oxide-coated waste silica can adsorb Cu(ll) to a larger extent
than the uncoated silica. Regarding the pretreatment, a slight increase in metal adsorption of
the uncoated waste was observed in the silica pretreated at both 100 °C and 500 °C compared
to silica without high temperature pretreatment. Moreover, when the waste silica was coated
with iron oxide, its adsorption efficiency for Cu(Il} increased significantly with increasing
treatment temperature. The adsorbent obtained from coating the waste silica pretreated at 500
°C had higher adsorption efficiency than the waste silica pretreated at 100 °C and untreated
waste silica. It is believed that the thermal pretreatment removes volatile substances on the
waste silica gel thus increasing the availabie active sites for coating. To obtain higher
adsorption efficiencies, the thermal pretreatment of waste silica was desirable and

pretreatment at 500 °C tor 3 h was chosen for the remaining studies.



An increasing concentration of Fe within the range of 0.06 to 0.28 % (w/v) leads to an
increase in adsorption efficiency and the efficiency remains constant at higher initial Fe
concentrations. The adsorbents prepared by using different concentrations of ferric nitrate
were analyzed by X-ray fluorescence spectroscopy (XRF) for iron oxide content. It was found
that the % Fe,0; on the adsorbent increased from 0.63 to 2.02 % (w/w) with increasing Fe
concentrations from 0.06 to 0.28 % (w/v) and no significant change in % Fe>O3 was observed
at higher Fe concentrations. The adsorption capacity 1s also relatively constant when these
concentrations of ferric nitrate were used. Therefore, it was concluded that the adsorption

efficiency of Cu is likely related to the iron oxide content on the adsorbents.

3.2. Properties of iron oxide coated waste silica

The chosen conditions for the coating were 0.28 % (w/v) Fe (pH 7.0 + 0.5) and the
waste silica was pretreated at 500 °C before use. The properties of the resulting coated silica
are summarized in Table 2.

The properties of the coated waste silica are clearly different from the uncoated waste
silica. The coating leads to a change in specific surface area and pore size while no significant
difference in pore specific volume was observed. The coated silica had an average pore size
larger than that of the uncoated silica and thus, its specific surface area was smaller. The
waste silica used in this study had a high specific surface area due to its small particle and
pore size. When the silica was coated with iron oxide, the specific surface area of the obtained
product was reduced. A pore size change was probably associated with the coating process.
On the other hand, Xu and Axe [19] reported that the coating of iron oxide on the surface of
pure silica gel of larger particle size (0.9 mm) leading to an increase in specific surface area.
The change in surface area as a result of the coating is likely related to the initial particle size

of the silica. Moreover, it was found that the adsorption efficiency of the coated waste silica



for metals was higher than that of the uncoated waste silica. The increase in adsorption

efficiency is believed to be due to the presence of iron oxide on the adsorbent surface.

3.3. Coating of waste silica gel from different sources

In order to investigate the consistency of the coating method, waste silica from
different organic chemistry laboratories was collected and used to prepare adsorbents. The
particle size of the silica gel was in the range of 0.063 — 0.2 mm in diameter. The metal
adsorption capacity of coated waste silica from different sources is presented in Fig 1.

The results show that the coating helps increase the adsorption efficiency of silica gel.
Moreover, the degree of increasing capacity scems to be dependent on the source of waste
silica and type of metal ion. The coated waste silica from six sources had adsorption
capacities for Cu(II), Pb(Il), Cd(II) and Ni(Il) in the range of 2.37 — 3.54. 8.57 — 12.24, 3.45 —
373 and 3.01 — 3.39 mg g, respectively. The results suggest that waste silica can
potentially be used in metal removal from water. The parameters of metal adsorption were

investigated further and described below.

3.4. Effect of contact time on metal adsorption

The adsorption experiments were carried out using contact times ranging from 5 to 60
min. and the results are shown in Fig 2. It was observed that metal adsorption occurred
rapidly. The adsorption efficiency of Pb(II) increased gradually with increasing contact time
up to 30 min and reached a plateau afterwards. On the other hand, there was no change in
adsorption efficiency for Cu(ll), Cd(Il} and Ni(Il) between 15 and 60 min of contact time.
Thus, for the adsorption study of these metal ions, a contact time of 30 min was used as the

equilibrium time.



3.5. Effect of initial pH on metal adsorption and iron leaching

To study the effect of initial pH on metal adsorption, the pH of metal solutions was
varied from 1 to 7 and the results are shown in Fig 3. The leaching of iron from the coating
into the solution was also investigated by measuring dissolved iron concentration in the metal
solution after contact with the adsorbent.

The adsorption of Pb(II), Cu(ll), Cd(II) and Ni(II) was not observed at very low pH
(1 —2). On the other hand, the adsorption efficiency increased rapidly upon increasing the pH
from 3 to 4. There was no difference in adsorption capacity when the pH was in the range of
4 — 7 for Cu(1I), Cd(II) and Ni(1l} while the adsorption capacity for Pb(Ii) increased gradually
in this pH range. An increase in adsorption efficiency observed as the pH increases can be
attributed to the favorable change in surface charge and to the extent of hydrolysis of metal
ions [5]. Upon increasing the pH of the solution, the surface charge becomes more negative
and attracts metal cations for adsorption resulting in higher adsorption efficiencies.

The leaching of Fe from the coating was observed at pH 3 and lower. An Fe
concentration of 0.20 mg L™ was observed in Cu(ll) and Pb(II) solution at pH 3. When the
initial pH of the metal solution was 2 and 1, the concentration of Fe found in solution was 12
and 24 mg L. respectively. A major leaching of Fe at pH 1 and 2 explains the low adsorption
of metal ions at these pH values. Moreover, at these pH values, the surface of the iron oxide
and silica gel would probably be protonated (pHpzc silica = 2.85, [19]). Therefore, metal ions
are less likely to interact with the surface via electrostatic interactions. Thus, the working pH

range suitable for metal adsorption was between 4 and 7.

3.6. Effect of salt concentration on adsorption capacity
In water. salt is present in a wide range of concentrations depending on the source and
the quality of the water. The presence of salt or co-ions in solution can affect the adsorption of

metal ions onto a charged surface. In this study, the effect of salt concentration on adsorption
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capacity was also investigated. NaCl was chosen and added to the metal solutions at
concentrations of 0.01, 0.05 and 0.10 M. The results are shown in Fig 4.

Metal adsorption capacity decreased markedly in the presence of 0.01 M NaCl. The
higher the salt concentration, the greater the decrease in adsorption capacity of the adsorbent.
Na' ions present at a high concentration compared to metal ions probably compete with metal
cations for adsorption sites on the surface. This results in a decrease in metal removal from
solution. The results reveal that this adsorbent is suitable for metal removal from water

containing low salt concentrations such as those found in natural water.

3.7. Adsorption isotherms

The distribution of metal ions between the liquid and solid phase at equilibrium can be
expressed by adsorption isotherms. In this study, Langmuir and Freundlich isotherms were
implemented. The Langmuir and Freundlich plots are displayed in Fig 5. The Langmuir
relation assumes monolayer sorption onto the homogeneous surface with a specific number of

equivalent sites and can be expressed as:

1 1 1 1
=y — = 1
9 dm +[me][Ce] M

where C, is the solute concentration at equilibrium (mg L), ¢ is the adsorption capacity at
equilibrium (mg g"), g is the maximum adsorption capacity (mg g’') and b is the Langmuir
constant related to binding energy of the sorption system. The values of g, and b can be
calculated from the intercept and the slope of the linear plot of 1/¢ versus 1/C,, respectively.
The Langmuir constants are presented in Table 3.

The Freundlich isotherm represents multilayer sorption and can be expressed as:

logg =log K , +(1JlogCe (2)

n
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where n and K; are Freundlich constants. The values of 1/r and K (Table 3) were obtained
from the slope and the intercept of the linear plot of log ¢ versus log C,, respectively.

The results show that the adsorption of metals can be described by both Langmuir and
Freundlich isotherms (R > 0.95). It is possible that the concentration range used in this study
(20 -80 mg L is in the monolayer regime. A higher concentration range could be used to
differentiate both adsorption models. However, both Langmuir and Freundlich constants
indicate that the adsorption of Pb(II) onto the adsorbent is more favorable than Cu(Il), Ni(Il)

and Cd(Il).

3.8. Application to water treatment

The prepared adsorbents were tested for the treatment of aqueous waste containing
each metal ion from a laboratory. The pH of the aqueous waste was between 2.2 and 2.5 and
was raised to approximately 5.5 — 7 prior to the adsorption experiments. The initial metal
concentrations and the residual metal concentrations were determined by using FAAS. The
percent metal removal is summarized in Table 4.

The results show that 62 — 89% of metals were removed from the aqueous lab waste.
The adsorption capacity was found to be 4.41, 1.05, 2.98 and 2.61 mg g for Pb(Il), Cu(ID),
Cd(II) and Ni(II}, respectively. These are significantly lower than the values g, found in
Table 3. This is probably because of the presence of co-ions (e.g. Na™) which are present in
the wastewater and from the pH adjustment step. To obtain better removal efficiencies, higher

adsorbent doses are recommended.

4, Conclusion
This research demonstrates a preparation method for coating waste silica gel with iron
oxide for use in metal removal. The preparation parameters studied included the silica waste

pretreatment temperature and the initial concentration of Fe. The results show that the coated
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waste silica had higher adsorption efficiencies for metals (Pb(II), Cu(ll), Cd(Il) and Ni(II}))
than the uncoated waste silica. Moreover, the parameters of metal adsorption were
investigated. It was found that the pH suitable for metal removal is in the range of 4 to 7 and
the presence of salt decreases the removal efficiency. The adsorption isotherm study indicates
that the adsorption of metals follows both Langmuir and Freundlich isotherms. Preliminary
tests of the adsorbent towards real wastewater treatment were carried out. This work shows a
potential to use modified waste silica gel for metal removal from water, especially water with
low salt content such as natural water. We are currently optimizing adsorption conditions for
further improvement and investigating the morphology of the coated silica to gain better

insight on the mechanism of metal adsorption.
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Fig 1. Adsorption capacity of uncoated (white bar) and coated (grey bar) silica waste

from different laboratories.
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Tables

Table 1 Effect of silica waste pretreatment and initial concentration of Fe on adsorption

capacity for Cu(Il)
Parameters Adsorption capacity for Cu(Il) (mg g') ©
Uncoated waste silica Coated waste silica
(a) Waste pretreatment
No pretreatment 0.36£0.10 0.89+0.10
Pretreatment at 100 °C (24 h) 0.42 £0.08 1.11 £0.06
Pretreatment at 500 °C (3 h) 0.51 £0.06 227+0.21
(b) Initial Fe concentration (Yow/v)"
0.00 0.84 £0.20
0.06 1.62+£0.03
0.i4 236+ 0.15
0.28 238+0.32
0.55 273+£025
1.11 250+£0.29

20.28 % (w/v) Fe was used in the coating.

® waste silica was pretreated at 500 °C for 3 h before coating.

“mean+S.D.(n=3)



Table 2 Properties of uncoated and coated waste silica

Uncoated waste silica

Coated waste silica

Fe (mgFeg™)
Specific surface area (m” g')
Pore specific volume (cm’ g)

Pore range (A)

0.2°

353

0.56
48

8.91°
236

0.62
86

* measured by X-ray fluorescence spectroscopy (XRF)

b obtained by acid digestion followed by determination the concentration of Fe by FAAS

° measured by multipoint BET

Table 3 Langmuir and Freundlich constants for adsorption of metals by iron oxide coated

waste silica (25 °C)

Metal Langmuir constants Freundiich constants
guimgg') b(Lmg') R K; N R?
Pb 8.18 1.33 0.9929 7.12 30.95 0.9682
Cu 3.39 0.37 0.9670 2.01 7.94 0.9564
Cd 423 0.05 0.9851 0.62 2.43 0.9980
Ni 4.25 0.08 0.9557 0.84 2.75 0.9936
Table 4 Removal of metal ions from water
Metal Initial concentration Final concentration % Removal
(mg L") (mg L")

Pb 22.7 24 89.4

Cu 13.1 22 83.2

Cd 35.2 5.5 84.4

Ni 42.5 16.3 61.6

Conditions: adsorbent dose 0.25 g for Cu(ll), Cd(I1), Ni(lI) removal and 0.10 g for Pb(Il) removal

(25 mL of solution), contact time 30 min. at room temperature.
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