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Adsorption method @33U%1 3.3 fimaswenpuasnw 1,500 ¥ uazKaway mapping F93UH 3.5 (B)
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wuhRuthaasgeduiinanszeveswineanlad Wsaduaauaziissuuanuaananaan losynng
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3.7 uanagen pH Baauzasdsazatslanzaan1Iaatunasn1BRaATnIwan
WafinwHayad pH vasmsazaslanzdanisgady f pH Gudurssmsazaeolanzgnuivls
1 " A d J=r o oo L
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@ . 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 &
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o o e L e ao & ° - X a
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1 pH TaImTeranuanIINIzINadanINEINInluNTIelavewinudt  Helluasanisr:
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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 & ,
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snnndt 1 gie leolunisenen ldvinnslfbuafuamnsilsunas 50 mL Ailancusnidun waasdioy
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3.10 nazasgomniizavd@rsazatgdanmsgaduuaailisauazinifia
'lumm@aaaﬁﬁnmnamaaqmﬂgﬁﬁﬁdaﬂ‘s:%*n"‘ﬁmw“l.umsﬁﬁﬂiam Wiasnnlwingoan

=

nszIunsgemAnTIsaindgmanis TorilummasesiiieinsAnmauemunialumside  co
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euuenanvainsiiividgramnurunsolumside cd leeflaawgd 30°C s e0°c @
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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

Twai
Cd Ni
A Adsorption Capacity Adsorption Capacity
{mg metal/g Silica + SD} (mg metal/g Silica + SD)
1 451+ 0.01 3.58 + 0.00
2 217 +0.01 0.83 + 0.03
3 0.44 + 0.05 047 +0.04

lun13 Regeneration wuiniiiefidudmsnzaanues Cd andheaduatlugn 1230 -
54.78 % maouﬂmﬁuuﬁgn{fﬂ'f sulumin Regeneration Lﬁaﬁ'nﬁaﬂ@%umlﬁ'ﬁﬁ@ Ni wuind
wafifusnisrzeanatiugag 6.42 - 44.18 % 184 Ni ﬁgn%’u‘lﬁ waziflavindunnlddnlusend 2 wudn
YszEnEmwn1ainda Cd uar Ni 1waa 2.17 uaz 0.83 mg/g Silica mud1ey drumstnsuanldlusoud
3 elvlseEnBnmsindandiasin uacluudssniivanisrzazay Cd uas Ni 9anan@aniaa
Lﬂﬁaum§naan‘l«nﬁﬁlﬂumsgm%’uiamuﬁa 'Lu'mnwumﬁnﬁﬂQmmnﬁuﬁwmﬁ’aqwﬁ'vﬁaﬁaglu
seeunudTutonn 0.18 mg/L Faiflu Limit of Detection TasmMIdATzHinandninaia FAAS

HaNTMARaILsE LS aYh Regeneration ﬁdgwﬁ'uﬁwnm HNO, 0.001 M dusinorlaned
aﬂ'l,ﬂLLfimadmwi'affuuazr;iaNaﬁ'\‘lﬁ’ﬂi:%w%mwmaaﬁdg}@f&'uﬁmnﬁuuﬁlﬂ%ﬂaﬂaa Fatus AT
Feimanzaunin HNO, 0.001 M wnlglunsrin Regeneration n‘%‘aﬁﬁ:}@ms&’unﬁu‘lﬂ‘liﬁ’udﬁmam

Ywillousgluszéuen (race level)
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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 #
amnil 25 °C Ltazﬁﬁa;&aﬁiﬁmﬂmsmmummé’uﬁ'uﬁaamunﬁa Langmuir Waz Freundlich
Isotherm lagwanianaaaduaaadagzy 3.13 AnuEWUSUUL Langmuir unsassuudgwineady
a & T o . X A da L | @ & X A A o
Wieduuuutwdes (Monolayer sorption) uuwui nilamsui@nnlauiuasaanauduaziidmu

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

A

1 i 1 1
=t = (3.1)
q q"i’ qu Ce
bl C, s anudiviuuasiiieszinauas (mg/l)
q A Usrininmwlunsaeduussdigadunanga

(Adsorption capacity at equilibrium, mg/g)
q, fAovszininiwlunsgadugiaauaddigadu (maximum adsorption capacity, mg/g)
b & Langmuir constant
Tapen g, usz b lwinsiifieanTosunanddan intercept waz Slope pasnsidUaTINI§INNS

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
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#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

wanmnasssusadliiduinsaadulancivhmsanyy - mansadulyldeawanudiuiues

& R . 2 ~ - . B ne &

14 Langmuir wag Freundlich Isotherm (R* > 0.95) famnanilulyledinsrsenudutiunlslunismaasii

pe ' @ v oA g [YN ar A . a

A 20 - 80 mg/L Wuswanuidniunduhlifemageduuin Monolayer Faflausiitnmsgadiuas
a a a . . 2 ' L% ' v o a & P

lanzuudngaduazmunsafiau Multiayer e waminenuidniuhigina mipedufideduaniu
. & . v oA & . ° ot & [ & a

WUL Monolayer fiauluuuusn mﬂ’nmnaJmu’uu‘ng{wm:mUm'lme?ﬂmNa‘lﬂmnmmwmsqmu

ygslancuudaneatinasualunansan lwmilluuuule edrelsfieny andrasfiveas Langmuir uas
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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.

nnuanTinasamudt dgadumansamialansldludn 62 - 89 % asnamiuFoan

ol JUAms wazwuinlszinimweainisgaduiiiuilu 4.41, 1,05, 2.98 uax 2.61 mg/g §1SY Pb,

o w A 4 = a a a a e a . ar B
CU, Cd uaz Ni snugeu ‘INLQJE]I.lﬁi]'ﬂI.YIEJ‘LIT\‘Uﬂ']!J‘S:a’mm"lw§\'lqaﬂﬂ’.@(ﬂ‘ﬁuﬁ"l&ﬂiﬂﬂ’ﬁ]ﬂIﬂ'ﬂ:G}Gﬂa’l’J

. « s a a a~ T o& P '
¢ (g, 9na1519 3.8) Wuhdnlszininmlumigaduaassun visienneniissananmsiileasusiu

. V v P & a4 o X a A & ar w
(%i)*Y Na* Elg'luu’uﬁf_l'ﬂﬁ T’Juﬂﬂ‘laaﬂuu’lﬂﬂqu'ﬂulumfa:ﬂ'\UﬂuLuﬂGN"l?'\ﬂ'ﬂu@]aun'ﬁﬂiﬂ pH @93uu

o v & a e W A ) & A % o ar :’ = - 3 =) L3 w B
Lwa'hmjs:a‘nﬁmw'lumimam'[ammnm’;gamnwlunmﬂ‘l-ﬁmummLamsa FuiludaaltuTanmen

a o & s oA o, | Y.
Qﬂ!ﬁuwmnmum'zmﬂn‘lﬂum‘mmamu%ma’lﬂmamu,



49

1NN 4

ﬂgﬂuanwinﬂaao

ynewidewed  swsnbhesafedananldieioudeedudmivianeminld  Tasms
a e X A o = '3 sl = o e ot . .
Wulpemsuifiveswuindanmanaanlad laviinseiuufudanldio Modified Adsorption Method
uaz Modified Precipitation Method wazld@nmwinnasfiminzanlunisiaiouengad leun amnnif
wuzaslumainiaee s dufawbhanly awnnireInaeday  uasAMududunasmanfimanzaniy

- o o A o et o, 8- a =

muafey sageduiieiunldlarumansalumahialossuvaslanzazia nawes waaifion ua
PO ' a s AN W A s A o as - @ 4 = aa o oo &
fimfia gandwenfedamalildiedeoy usswurhehiEmasfavllsturenfedimidaeiuan
. @ o ' = o L™ a a P - . o
dawas Jiamewuhmansawisudgadunfilsziminmlunsidalancfiguny

el - = 9 O ke LY 1 [T At o

Talmsfinsnazfiminzaulumshdalanewin ldun ssozomlunsdudmesdaaduua:
gssraplan:  pH voImIazmY wavaundedugiiaglumnsazaolan: uszemvasgomnil uazldn
mzfmanzaidnassslflunsinsmsidalanzasnmnminfeidnnianl fiding woddagady
fiatnyldfianumantnlunmsidalanzaananiudslusduiidwels Wssinsmiwlumsdnsa 62
— 89%)

panTianuienEedinumnsiasihinldlunmeisudeadudgmividalansiui

Tapawizagrstahlusssyménimstwias



50

LONATD1DY

Benjamin, M.M., Leckie, J.O., 1981, Multiple-site adsorption of Cd, Cu, Zn, and Pb on amorphous iron
oxyhydroxide. J. Colloid Interfac Sci. 79, 209-221.

Benjamin, M.M., Sletten, R.S., Bailey, R.P., Bennett, T., 1996. Sorption and filtration of metals using
iron-oxide-coated sand. Wat. Res. 30, 2609-2620.

Camel, V., 2003. Solid phase extraction of trace elements : review. Spectrochimica Acta Part B 58,
1177-1233.

Edward, M., Benjamin, MM., 1989. Adsorption filtration using coated sand : new appoarch for
treatment of metal-bearing waste. J Water Pollut. Controt Fed. 6d1, 1523-1533.

Eckenfelder, W.W., 1981. Application of adsocrption to wastewater treatment. Tenessee: Enviropress.

David, G.K., Marion, L.J., 1976. Cation Adsorption by Hydrous Metal Oxides and Clay. in Adsorption of
Inorganics at Solid-liquid Interface. Ann Arbor Science Publisher Inc.

Diamadopoulos, E., loannidis, S., Sakellaropoulos, G.P., 1993. As(V) Removal from aqueous solution
by fly ash. Wat. Res. 27, 1773-1777.

Katsoyiannis, |.A., Zouboulis, A.l., 2002. Remova! of arsenic from contaminated water sources by
sorption onto iron-oxide-coated polymeric materials. Wat. Res., 36, 5141-5155.

Lai, C.H., Chen, C.Y., 2001. Removal of metal ions and humic acid from water by iron-coated filter
media. Chemosphere 44, 1177-1184.

Lai, C.H., Chen, C.Y., Wei, B.L., Yeh, S.H., 2002. Cadmium adsorption on goethite-coated and in the
presence of humic acid. Wat. Res. 36, 4943-4950.

Lo, S.L, Jeng, H.T., Lai, C.H., 1997. Characieristics and adsorption properties of iron-coated sand.
Water Science and Technology 35, 63-70.

Meng, X., Letterman, R.D., 1993. Effect of compoment oxide interaction on the adsorption properties of
mixed oxides. Environ. Sci. Technol. 27, 970 — 975.

Sawyer, C.N., McCarty, P.L., Parkin, G.F., 1924. Chemistry for environmental engineering. 4ed,

McGraw — Hill, New York.



51

Scheidegger, A., Borkovec, M., Sticher, H., 1993. Coating of silica sand with goethite — preparation
and analytical identification. Geoderma 58, 43-65.

Schiuter, T., Berg, L., Dorger, M., Gercken, G., 1995. Effect of heavy metal ions on the release of
reactive oxygen intermetiates by bovine aiveolar macrophages. Toxicology 98, 47 — 55,

Schuth, F., Sing, K.S.W., Weitkamp, J., 2000. Handbook of porous solids. Vol. 3 and 5., Wiley-VCH.,
USA.

Schultz, M.F., Benjamin, M.M., Ferguson, J.F., 1987. Desorption of metals from ferrihydrite: Desorption
kinetics and properties of the regenerated solid. Environ. Sci. Technol. 21, 863-869.

Sen, T.K., Mahajan, S.P., Khitar, K.C., 2002. Adsorption of Cu2+ and Ni2+ on iron oxide and kaolin and
its importance on Ni* transport in porous media. Colloids and Surfaces A: Physicochem. Eng.
Aspects 211, 91-102.

Szecsody, J.E., Zachara, J.M., Bruckhart P.L., 1994, Adsorption — dissolution reactions affecting the
distribution and stability of Co|| EDTA in iron oxide — coated sand. Environ. Sci. Technol. 28, 1706
- 1716.

Vanloon, G.W., Duffy, S.J., 2000. Environmental chemistry. a globle perspective. Oxford University
Press, New York.

Wiright, D.A., Welbourn, P., 2002. Environmental toxicology. Camebridge University Press.

Xu, Y., Axe, L., 2005. Synthesis and characterization of iron oxide - coated silica and its effect on
metal adsorption. J. Colloid Interface Sci. 282, 11-19,

Zeng, L., 2003. A method for preparing silica-containing iron(!li) oxide adsorbent for arsenic removal.
Wat. Res., 37, 4351-4358.

lwaty prys, 2536, Wwraudouwauyaunaiion nasuad uasians® lusnmmssazany Wagadals
Wums (Moina macrocopa Straus). Antniiwufiliyuauvitinde sundsinomanfamaz
WINAY UMAAININGY TWIAINIOtNMINGIaD.

ARG BUATITTON 2547 m-sgnwif“uuﬂmﬁuuua:ﬁmﬁaiuﬁwﬁué‘amsw:ﬁé’aUﬁugn%'a. lassnmsmaGen

migswNalasudszrumIol Medrinseaeinaly ausinmanans gmmmrﬁum%mé’u.



52

Dozws vsdl, 2547, maaiguduiuaiudnnsaniafislasnisnseduaisedanalsd. Inonfinus
dyanuniadia mpizuaiimeiio dudieinudy Jrasnsaleningiae.

WUFU siumanaaal, 2538, gilaTansiquamib. TssRaiamaansaiuringay.



MAHWIN .

UndatavaIn1sliiawanain (Oral Presentation)
1w The 2005 International Chemical Congress of Pacific Basin Societies
(Pacifichem 2005)

o - o A T o
™ 1384 Honolulu Ussm@AaW3FaLaTn1 %A 156 5w D9 24 SUI1AN 2548



54

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.



