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Abstract

Project Code : MRG5080177

Project Title : Effects of surface functional groups of mesoporous silicates and
superparamagnetic nanoparticle on haloacetic acids removal

Investigator : Patiparn Punyapalakul, Ph.D.
Department of Environmental Engineering, Faculty of Engineering,
Chulalongkorn University.

E-Mail Address : patiparn.p@eng.chula.ac.th and p_patiparn@yahoo.com

Project Period : 2 years
Abstract :

In this study, adsorption efficiencies of haloacetic acids (HAA,), disinfection by
products (DBPs), by using synthesized hexagonal mesoporous silicates (HMSs) and
silica coated superparamagnetic nano-particle (SCP) were investigated. Absorbents
were synthesized and modified by surface organic functional groups grafting, including
titanium substitution in crystalline structure. Kinetics and adsorption isotherm of 5 types
of HAA, at low concentration (0 - 400 ug/l) were investigated including the effects of pH
and HAA; molecular structures on adsorption mechanism. The results showed that 3-
mercaptopropyltrimethoxysilane grafted surfaces had high adsorption capacities
caused by specific surface area. However, 3-aminotriethoxysilane grafted HMS had
highest adsorption capacities per square meter, due to the positive surface charge. This
study found that the adsorption capacities of chlorine group were higher than bromine
group. HAA, adsorption capacities of PAC in single-solute were higher than synthesized
adsorbents. Furthermore, pH can affect to HAA, adsorption capacities due to
electrostatic interaction and hydrogen bonding. The selectivity of HAA, adsorption
depended on type and number of halogen atom in HAA, molecular structure. Adsorption
efficiencies of mixed HAA, on PAC were lower than synthesized HMSs and SCPs,
caused by competitive surface accessibility of PAC. Moreover, co-existing electrolytes

in tap water can affect to mixed HAA, adsorption capacities of PAC significantly.

Keywords : Haloacetic acid; Mesoporous Silicates; Superparamagnetic particle;

Adsorption
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Silicate, HMS) (Punyapalakul P. and Takizawa S., 2004)

4111 m'iﬁ”qLﬂiﬂzﬁmnsﬁ:n@uaaﬁmea%’ﬂ%ﬁmmﬁug\u
nsdupTzfiangrnaveailanesadannandanusy lalngian
1 = a a = o‘d‘ F Y~ :j/ v v 1 a =
sundnansediulgugiuazansetiuvzean iduanssesuliun Tawdanin  uaz mnszie
a aa o o ¥ o © 1 [ = o 1 dgj

NEARRFIETANAAINANAL Inelfenanuealusaniazane s azidansama il
(Tanev LazAnde, 1995)

1) HANTALATATNUAIUIY 0.27 THA 1BF1UAANUIN 9.09 Tua
WAZHNANU 29.6 Tua TaennstTunaulunan 10 wii

2) WANBRATZLEND AR IETANARIWIN 1 Na  tTTunousiawly
Al 1 F9lug e FlmAnUgReen luanazussanisidung 18 4alus

3) nsadudana g lruialunan 24 dalug

4) WNAgUNNR 650 avAmaliaa unad 4 49Tue 1ianan

o ot od
GREGINIELEIY
4.1.1.1 mslSulyanuimlasmsunuiidagInnudies(Ti-HMS)
= @ an n:lld o d” a dIQJ

wnazneueailmneiagamnm nin1sUiudganuiatasnisununsae
Tanglmnudlen (Ti-HMS) Fupssildduiasaiunisdannzfiangsnaueaillane 54
FaNm (HMS) warinisiinanssznaynndlausniugansfun iagan 419ein lbae
wrselalalnsianasiamniuwnludnsdqu 1 6a 100 URUARIZIENIARDTIETALNM A0

Fuindounantiuldnaniulae@andu Uiuaziansiuea
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4.1.1.2 nmsdsuilgenuialnanissafnuyendudunse

wyHeriduaunaeanl41iun  3-aminopropyltriethoxysilane ey 3-

. . aaal o o o 1 ;lj
mercaptopropyltrimethoxysilane IneRtn1sdunszilsasialli

1) HANIALATANHUANUIY 0.25 THA 1BAIUBARIUIL
10.25 Tua uaziingu9u 50 s nentstunasudluea 10 wd

2) FuAnsziaviaeeslatanaenon 1 Wa tunou
peiwnan 30 WM wdalAN  3-aminopropyltriethoxysilane  Wav/ise  3-
mercaptopropyltrimethoxysilane Fasmardaulunnaed 4.1

3) ﬂummﬁ@iﬁﬁmﬂﬁﬁ“&mtﬂumm 20 T
AN 4.1 @j"mmmumﬂ\mgﬁqﬁﬁuﬁuﬁﬁmﬂumiz?fqLﬁmzﬁﬁhwﬁ@%mmﬁﬂ’fuﬂgq

i} a A 1 g A a o
WuN’JIﬁﬁlﬂ’]?ﬁlﬂﬁlﬁﬁﬂuﬁ\iﬂﬂ]uﬂu%?ﬂ

&15LAN (Molar ratio) A-HMS | A7M3 A5M5 A3M7 | M-HMS
3-aminopropyltriethoxysilane 0.25 0.175 0.125 0.075 -
3-mercaptopropyltrimethoxysilane - 0.075 0.125 0.175 0.25

412  msduasziaynAniAnaNtRgilasnswanuEn

4121 NSLASEN Superparamagnetic nanoparticles
WWi3EINANYAT co-precipitation  Llun1sanmznausensaNynl Fe

uay Fe’" dauriu nalsaninziidusng azyliifadu Fe,0, Inandpauiduduaasanss

'
o o = 1

sutluiladedndny aelddnandoulua Fe™: Fe™ windu 1 : 2 wazfesdinsacunnliieg

4 a

]
= o

dldml dl a c dy = 1 = .
Z\iﬂ’]"lZﬁ'VIlIﬂWGHVLHIE]?LQHLW@ﬂ@Qﬂq?ﬂﬂﬂsﬁ1ﬂeﬂ TINUUADUNITATUNRLNAZLIALA (KIm WAy
ALY, 2006; Liu, Ma warAtuy, 2004; Liu, Xing barAtly, 2004; Ma, Guan Wag Liu, 2006)

SRS TUNINT 4.1

srwauativauysel asjniw fyawana MRG 5080177 11



449 FeCl,.4H,0 wtin 0.86 N§H uax FeCl,.6H,0 niin 2.36 N3

azaneluiin deionized tnepaunliagan1azniing lulnsaw

I

|EiNFEIANNNIEY 250 $aLRWNT NgnuunW 85 °c

A4

a

WnuanTusanlansanlas 5 Naaans

v a

A17azaNazll At udANN AR NI UR AU

A\ 4

N Fe,0, ANMzNaUAE permanent

magnet LAZINAIUNAREELIUAIIT

1 v
11 Fe,0, N1Ana19608111 deionized 2

AT WATA19ARE 0.02 M NaCl 1 A3q

\4

Superparamagnetic nanoparticles (Fe,0,) 1szand 1 N3

MW 4.1 TUReUNNIWIEN Superparamagnetic nanoparticles 73 magnetite (Fe,0,)

Adl dl a ¥ as] ¥ v a o
tAYRN Fe,O, ‘V]L[F]?Ellli@@']ﬂ’)ﬁﬂ%?“ﬂ'mmuﬂzmﬁﬂ’]ﬁ‘ﬁ")llﬁl’)

(aggregation) fuassasinnAnnsaluiy (oleic acid) Wan1 1 magnetite Linn1snszane

RPN

MR THTURAYN AYLAAS NN 4.1

119 magnetite MmranliLLLdwannile lalauaanuwse 3,500 1nng

Annsalaiadn aslinazven Ngoumni 60 aamLTalTea

a

ALAUNT magnetite azliAnAzNaL

NN 4.2 Fan19ilasiunngsansia (aggregation) 184814N1A magnetite (Fe,0,)

07 td a
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4122 NISLASEN Superparamagnetic silica-coated particles (SCP)

d . v ana a
N17LAARLAUNIA magnetite (Fe,0,) AIETANT (VHTA11UDA) 1ngl
v 1

Fdumeau (Liu, Ma kazmniy, 2004; Liu, Xing WaTALY, 2004) FauanaliniIng 4.3

11 Fe,0, a1u7u 30 Haaniu ldasludninad

'

WHANTAZANE 2- INFNIUREA UTNIRT 80

NARAMNT kAU DI 1301519 6 HaRAnT

[eingaapaulata 1aan 10 wih

l NIUALELATEINILILNA 150 rpm

&

WWngnsazasnaniutanlansanlas 7 Jaaans

LA LARTZLENTADATIGTANG 1 HARART

. 4 . 3
l NIUAELATAINAIULLINA 6 F2THg

% 1 (3 = dl Y
ugnaudwanaasiilalalen uazan

A8 DI 6 A (ATIAY 50 HARAMT)

azlg Superparamagnetic Silica particles ﬁ

[ %

Fanwouy sananslunIng 4.4

AN 4.3 TURBUNTLATEI Superparamagnetic Silica particles (SCP)

MNA 4.4 v AariFuLBNUEae981NA Superparamagnetic silica-coated particles (SCP)

(MyjTa1ULA)

srwauativauysel asjniw fyawana MRG 5080177 13



4.1.2.3 nspafnuyNeanTudUNIIUWNURIRIIBISUperparamagnetic
Silica-coated particles (A-SCP, M-SCP waz AM-SCP)

o

naiNANNaINIT luNNgaTuressianaNgedy  Inanissienn

' v
o 1 A o

1 dla % 1 a 1 o dl = =
'MHW\‘] UNKHI ﬂQﬂMH‘ﬂ:ﬁNIMLLNSMN’JLN@?LLV’TLII[F] (LL‘].I‘].IL@EI'JLL@XLL‘LI‘LI@) IINUVUADUNTIATEN

o

(Liu, Ma ilazandy, 2004) ANl

1
o

1. &1 SCP Mssenlld 41uau 2 N3 i 25 HadAnT

2. AN 10 Tadamsree 3-Aminopropyltriethoxysilane 38 3-
Mercaptopropyltrimethoxysilane  (dnaau 5 sin 5 Tunstingderidunuug) luumiuea
250 HARAAT

. NaNsuAaulEia 30 W

A~ W

LA glycerol 150 Haaam3

ldansuanaslu three-necked flask A11A 500 HARAAT LAINIL

@)

Y = o
AeLATRINIU LA

6. ArLANgUUNYN Wt lutay 85-00 asAmaldas weiiflunan 3

SN

v
o

. 81907851 DI 3 ATY LAZANTATANELNNIUDA 2 AT

~

- i liuisngungivesnialfaninzgoyoynie

[e¢]

C.H,0

~6=8i—O0H C,Hs0— si—~—"NH,
CH

MW 4.5 wdilarifununuiauesaynia Superparamagnetic Silica-coated particles

(njazilu) (A-SCP)

] ¥
NINN 4.6 m;jﬁmmuuuﬁummmwmﬂ Superparamagnetic Silica particles

(majiuaiuaLlln) (M-SCP)

07 td a
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CaHO
C,H,0— Si———~—"3H

2''5

C,Hs

cszo\
C,H,0— Si———~—NH,

C,H;

NN 4.7 nyfAariFuuunuEnee991N1A Superparamagnetic Silica particles

(nyjardlunazugmasialin) (AM-SCP)
4.2  NMSANEANTANINNLNNLALIANTBIAINANARTL
421  MSIATIZNLATIASIIHNAN

Apnzilpseaienanuesionagedundsnmsild  Taaldieses
wndissTannlunsadis (XRD) Diffractometer; Bruker AXS Model D8 # scanning rate 1,000

deg min” luta4 0.35° - 6.0° (20)

oL

422  MSAATIBUNUNRIANNIE UTNIATINTY UATAUIATRITWTU

a c d” dla o ¥
TATTIMINUNERR N TTNRsgngu  wazauintesgngulne 1
Tolamesuaeanisgadululnsan  Tnawses Surface Area and  Porosity Analyzer

Micromeritic Model : ASAP 2020 version 1.04H

423 MSAATIEANYNINTULUNURY

mﬁLﬂiﬁ:ﬁugﬁqﬁﬁuuuﬁuﬁﬂmﬂLﬂ?ﬁlm Fourier  Transform
Infrared (FT-IR) Spectroscopy Nicolet Impact 410 Tae’ld KBr lunnsimrensiaagng Ingas
ivhethdldenfiguund 110 esmgadaaileasuansznuainnissunauiiiaan
et Bursnsaainlnsaladas lddasailnas 400 - 4000 cm” %mg’ﬁﬁ”mﬁmﬁwu

N9 AT TR I NS AT AN ALAAIAIAITINT 4.2

srwauativauysel asjniw fyawana MRG 5080177 15



A15197 4.2 uanagiaridunnulullawe Sagamns

nyWandu " SpeCtri CRNGN
¥ bands (cm)

0-Si-O 470 Roy wazmiue, 1996; Carrado LAY
ALY, 2000; Wang tazmtue, 1999

Si-O 1100 Roy acande, 1996; Carrado LAY
ALY, 2000; Wang tazmtue, 1999

Ring structure of SiO, 800 Roy Lazmiue, 1996; Carrado Ly
ALY, 2000; Wang Lazande, 1999

Si-OH 973 Roy lLazAtue, 1996

H-O-H 3457 Roy wazAnde, 1996; Decottignies
LaZATUE, 1978

Deformation mode of H,O 1650-1600 Roy armuy, 1996; Decottignies
LaZATUE, 1978

O-H 3750 Parfitt LLlazATUE, 1985

CH, of ethoxy group 2970 Brunel wazAnde, 1995

-CH,- stretching vibration 2940 Brunel ilazAtue, 1995

Si-O-Ti 960 Ahn LlazAtE, 1999; Blasco Hay
ATLE, 1995

C-H of alkyl and phenyl 1500-1300 Wang hazanle, 1999

groups

424 nisaasizidsanadlulasiau

Fnnslulngiau aunIndmai ldlnamatianisgadu
dansnlalalam  (UV Adsorption Technique)  Fanawgaduazgneaalngldinunaiies
wafiawe (K,8,0,) luaneiuwa Tnaddgnisnmisnssialilil

1) winlwuwnadaunlasiamea (K,5,0,) <1u 3 niu aglu

Ao o - o o o aa X = )
ansazanendlnmanlansanlas 4 nfu Audu 100 Hadans ansazanaiiasswisenluin

AT

07 td a
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2) mmmwmmgmvﬁwﬁu 0.1 Raaninlulpsaw/nadans
dl bV~ =l a dl £ v o o b
Wieldillunsnninsgiu wisanlng Wy KNO, NeUUiUAIRUIN 0.722 NN azanesae

tp laaalud w5 Fuimnnd 100 Aadans

3) ansazanensalalansaaasn  (1+500)  wisedlneNaNnsn
lalasaaesniduduaiuau 1 Naaans a9l leesludaiuau 500 AaaanT Lasa17azans
nanlalnspaasn (1+16) wisanlnsuannsalalnspaasniduduanuiy 1 Aaaans a4luing

laaaludaiuin 16 Jaaang

4) Ansziilpetiisanagaduatuan 50 Haanid ldluwan

uAn LAY Unslaaaludanuau 50 Jadang ANA1TazaNanluda 1 auu 10 Rafang

1
¥ =

siag TufauNaUnnR 120 asAmatded 1unan 30 Wi

a q a

]
=

5) andutfaeselilnies Budounnsagldanuau 25
188aR7 waANaNTazanenInlalnIAaesn (1+16) a1uw 5 Naaans wWalsunes il

130l 2-3 wantnAqat 9 ldaa luann colorimetric UU1A 50 NHAAANT

6) \Ana19FasnN9Aaen A laas ludaulsFuinswindu 50
a aa v o %3 v dl dl dl 1 o
Nanans wannllinsaeeses UV Spectrophotometer NANENIARUNINL 220 w1y

LNRAT

7) NLUAIAIRERNa19az AN lalasAaesn (1+500)
AU 5 NaRanT ad g laaalud waqlfnFuims iy 50 Saaans anntiuagtnlldn

AaelATed UV Spectrophotometer uLAgafi

8) mm%’wmw\lmmgmmmim‘iﬂﬁ Taslda17azans luda

a b

2 AU 10 Radam? wadlaeans 10 A% IeeldiEumswindu100 Aaaams annsuld

=

asazane 1-15 Aadans Nwdesgdadndu 0.01 Sadniululnsawiadsns mldasly

“aAA colorimetric  WAATUARA WAANANATAzAeNIAlalnsAaE3N (1+500) [UAU 5

Haaans awnuasn UuiBunas i 50 Hadanssoaing leaslud aintiuasiihldnsos

\A789 UV Spectrophotometer iMANeNaARuyinaL 220 wluiuns

srwauativauysel asjniw fyawana MRG 5080177 17



doyanlsazgniawiilunsszudwAiniBunnaesiulnsauianue

o

AUA1 UV-adsorbance 1BFunadlulnsiauianualuninafaaniu/niy anunsamuandlena

ANNIT

ﬂ?mmiuimmuﬁwm = [(a x (60/25)]/ b)

1
a

e a Ae Wunaluinsauismenduldainnanuinsgiu uas b

A o 1
A UFN108981962 2219
425 nsaAsizlsunudaiias

Bunnaestamasimasiinepsas Inductive Coupled Plasma

Atomic Emission Spectroscopy (ICP-AES) Imsinanssianatsgadislileiasluglulasiam

a Y Y

Tneldansazarananlussnidndu 65% w7 Hadans uar arsazanansalalnangassn

v
a o

\indin 40% Auau 2 HaAanT FAIRNgUNRWINL 240 asAadad Wunan 10 Wil uay

a

> o o A o Y X ey o P
mm@ﬂm"ﬂ% 20 U AN UU ‘VNGL‘VILﬂu@uﬂ?:ﬁm\?@qﬁ\ﬂgﬂqﬁﬂﬂqmuﬂmL

a

.
5
-}
=
-
2
e
)
°)
e
)
Lo

nanlalnsngeasnazgnindnlaemnnsauesnidudu 5% & 10 Nadamsneutinly

ALAINLFFNLILATAY ICP-AES

a &' a
426 NTIATIZIMNLSEUUNURY

o

Annzilpanislninsensa-iwa tneldansnanaesassonategady
dindiu 2 n¥w/ans Auau 20 Jadans ulasAnBunuansazanansa lalnsnassnidudu
0.01 Tuanf vide ansazanslnifeslansenlafidudu 0.01 Tuaf fasiduadliluusazans
naNvRsasFanagaduiendaAferidieiy el 1 fetheiliinisfunsaite
waadll wazsretazgnizeansdaatinglese lud i Bunsgavnawiniu 25 fadans
anALlFAn lonic Strength fraansazanglmnenaaelssdude 0.01 Twanf waqrin
ﬁq@ﬂwiﬂmmﬁgmmﬁ 25 sernaidea waa 12 dalug mﬂizquuﬁuﬁqmmm
runnildannitieTuesiednaiidalfudeanidnganiozanna

wdnnsaeansinlidunatandlnin azgedldmannqaynandi s
annamaasnsimssn  Inanasanaeslsyqaumiiiunasanaesilsyquan  (Schultheness

Az Spark, 1986) ANZANNNT
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N@?QN%@\‘]‘]J?Z?‘TLIQT] = N@?'JN%I@\T]J?ZQ@'LI

ﬂﬂﬁ‘1V]LV]ﬁ‘[§]@$ﬂQU@N1ﬁﬁ']ﬁ%’]§JLLN‘?J@QTJT::@; (lonic Strength) Wiy

0.01 Wwanf lneldarsazaralanennaalss (NaCl) nasanndnganinzanna aznin1sdindi
= = 1 Al dlil a -dl 2 o

wrasasaratuazdauiunanszuineaegualszqauuiuie - avldainnisAiuans

AYANNG

Surface charge (C/g) = {[HCI] ,,—[NaOH] ., — [H']+ [OHT} x 96500 / W

add add

e  [HCI, = Anadnduans HCI AN (mol/l)

[NaOHl,, = AN AUIR NaCl Asin (mol)

[H'] = AN N urasTlsnaulaaay (moll)
ArUIUlARN pH = -log [H']

[OH] = ANdNduredlansanlaslaaals  (moll)
AuIUlAaNN pOH = -log [OH] ua
pOH = 14-pH

96500 = ANAINa8IN19LaEl (C/mol)

W = Untinaeansfanananady (g/)

' = & o o o @ oo = - Y
Wkﬂﬂﬂ‘i‘ﬂﬂeﬁ@@5LL@®\‘1UHWMN’)°II@\‘]’J@@VILﬂusﬁ@Lﬂ[ﬂ sﬁ\ﬂﬂﬁ?mummmqummmiﬂim HA

q

X a = A o~ = o aa o X a P P
mmﬂixﬁguuwumqmﬂ@ﬂummem@m@ﬂuuﬂmmwL@m NNLDTATNIHIAZNNITINN

Tsmau uazaznaneilutlszqauan uasnvergellsnauazinell nlinuiaflulseqay

pH agnan pH Si-OH +H  —»  Si-OH,

zpc !

pH 11NN91 pH Si-OH + OH —  Si-O0 + H,0

zpc !

A1 pH,,, 1eianmiiudanm avaueyiuTiinresian 1w Cabot L0, diatomite WAz FSM-

16 HAn pH,,, WAL 2 - 3.7, 4 - 7 uaz szunu 6 ANNAAL (Mohamed WazAUE, 2002

Ghouti llazAndy, 2003)
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4.3 msAnwINMsaaduNsAElaasdnn

431  ANE1RAUNAAIAAFIRINTAINIARs AN LUNURITDIAINANAATY

1) denangaduneuuiauds 0.05 n3n ldluaangiauy N
% o 1 dld aa ¥ Y o a aa =
sneteninsanalaue®sin [WNdw 100 pg/l AWM 25 HARART AYLANNLATUDY
angavansliingy 7 tneldWeammnivivias uazaquAw ionic strength WAy 0.01 Tua/
an?  IeganurusaasnelunisdnenaaunasansulsEunndszazinan IR Uf a1

a17azaneNIamade 3

a

2 dwagdanwyliwdnlugemounugamni Teamouauli

a

QUNYRIWINAL 25+2 avAnmalTea

3)  fiushetwaisazaieiiioan 0, 10, 30, 60, 120 uAT 240
W uazaniunn 2 dalue auasy 48 dalue Tnansedian HMS eanfaenszanunses
GF/C hansazanafldannnisnsadldirszifaeirses Gas Chromatograph (GC/ECD)

ANNATU89 US EPA Method 552.2

432 nsAnelaldimasnlunisgadunsaanlanzdan

1
o

1) wreNtnfnagnelne 9N nAuNS n7alulunaalsazdsn

Wndi 0, 25, 50, 75, 100, 200 WAz 300 pg/l

2) desanangaduneuuieudonn 0.05 niu ldluaangiausy
73 nenlulupaelsazd@nn (MCAA) Navnidudusine Auan 25 HafaRT ALANNIETLDY
ansazantiviniy 7 Iaeldweammniwmas wazaduns ionic strength winAu 0.01 Tua

soans tnavngtanyliiaenluanaruanguugi Inaacuaniguugimniy 25+2 a3m0

EAHE ANNANT lFanda 4.3.1

3) nsadleNfINaNgAdueanmItnN s ENIey  GF/C 1
a13azaaf ifannnisnses ldanauazimszisaeiATes Gas Chromatograph (GC/ECD)

AN1ATURY US EPA Method 552.2

07 td a
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433 NMSANENATRINIRTARANNAINITO LUNITARTUNSAEN laasERNn
1) wirensnsatnalasldinnduninsaualans@in - (MCAA)

windiu 0, 25, 50, 75, 100, 200 LAz 300 ug/l

1
o o

) denasgeduiianudioudann 005 nin ldluangiay
nananlaeidin ﬁmmiuﬁurﬁmj dhuau 25 fadans wilasineTraninmethaginiy
5,7 uaz 9 ngldneammninines wazaauAN ionic strength Winiu 0.01 Tuasiedns 1i119m
stlanwlimeinluansaruauanmnd Tnamuaniguunivindy 25+2 asaai@aa nnx

nanlgainda 4.3.1

3) nFadleIfINaNgedueanAlenszA ENIey  GF/C 1N
dl v o/ = Y dl
gn7azaneii liannnsnsag ldanmuazasnzdfaeasas Gas Chromatograph

(GC/ECD) ANNA8289 US EPA Method 552.2

433 NISANENENLR LUNITAALAAN (Selectivity) UBIAITAINANAATY

4.3.3.1 lwdnaulagmruaniiatvinny 7

1) wrensnsaatnalaeldtinnay ANasazaNsNaNTa9 NInl
uaanlsas@in (MCAA), nanlaraalsazdsn (DCAA), nnlnsaanlsas@ain (TCAA), NIn
wTuluslues@sin (MBAA) wax naalalusiues@sn (DBAA) Windu 0, 25, 50, 75, 100, 200

WAL 300 ug/!

2)  dedanagadusuuiaidonn 0.05 niu ldluaangilany 7

u

Hudetn Naududusine d1uau 25 Hafans AuaNileTresatsazaeliviniy 7

Tneldvlaaiminines wazaqur ionic strength TWiniu 0.01 Tuasiedns WraamgUany

Lo

Tagnlugearuaugungd Tnarouanldgomnivindy 2542 asa@aiaa Au0aT)

1fandia 4.3.1

3) N9RARIAINANAATURDNAENIEAIHNTRY  GF/C 11
dl 1% o a Y -dl
@W?@Z@Wﬂ%iﬁqqﬂﬂ’]?ﬂ?'ﬂﬂ 1ﬂ@ﬂﬂLL@$QLﬂ?W$M®QﬂLﬁ?@Q Gas Chromatograph

(GC/ECD) mN1a983 US EPA Method 552.2

07 td a
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4.3.3.2 ldunlszihlngadrupuiiagvinny 7

1) wirentnfaeeng  IneldinlsziAlansasansngneeanss
ulupaalses@nin (MCAA), naalaranlsas@an (DCAA), nInlnspanlsazdmn (TCAA), NIm
Tuluslues@an (MBAA) way naalalusiues@an (DBAA) Windi 0, 25, 50, 75, 100, 200

waz 300 pg/!

'
o o

2)  dedanagaduniauuiadann 0.05 niu ldluangilauy

1 a} 77 I o a aa o 1 1 1
BEW NAMNLTNIWANT] TUIU 25 UANRAT mmmgﬂmwﬂﬂLmﬂﬂumqmuam

=b.
pd)}
Sov
S
L_)Q

qrun)i Tnarouanligruugivindu 25+2 asagadas aixnanildainds 4.3.1

3) nFadleNFINaNNARdueanNAItN Iz ENIEYy  GF/C 1
a13azaaf dannnisnsesllannauazimszisneisses Gas Chromatograph (GC/ECD)

A1NATUR9 US EPA Method 552.2
44 msaAsizRundsuNunsaalaasdnn

Tunrspsziundsunningeaniaas@mnnimudaees US EPA  Method

552.2 TINTUADUNITIATITY 2 TURAUN A9
441  AUNISANA

1) TNRNTAZANEANDENNNNIANUIY 40 HARAMT ARSI

NARALAIUNA 60 RAadaRT WAILAN surrogate standard a1uqu 20 luiAsans

2) Usudealdtiasndn 0.5 faansadanasniduduasinetias 2

a aa :l/ =® 1 U o a v o = v dll = a I8
Nadams aniuaaae Ifuaniun wdain linmaaeuiiegsiarsasiiealines

3) wuaadiles (1) damn musslamsmanuan 2 nfuesing
290139 eNAuaraIsuNa avliansazatad@n  udtausnlmmeNdaWneaIuIN 16 niu

AEN9PIA3IALIN 3-5 UIT AUATALNNA

4) AN MTBE ausu 4 8adans e binadinsendunan

30 1N 250 7aU/109 waRasana IS lE e nduLszinnd 5 Wi

[
.

442  UUNNEALATY
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1) s MTBE Wegduuunn 3 Hadamsldasly conical

centrifuge tube WAALEN 10% neadanqsnlumunsiuaa AU 1 aRamnT

1
¥ =

2)  Uselwaesudaihildludsaruguanund aauFaun

1 v
goni 50 avAaadsa Wunan 2 4l LEIRNINNABARBNANENAILANGUNH B

a Q

TGS R

3) Wnasazane lmaaNlUANTUBUIARNFAIR WY 4 NAadART

[weiilungn 2 wi seneldlsiuandu

4) Yhansazanedu  MTBE MU 1 NaRARTIdad Ly
autosampler vial WxN@13aza"e internal standard a1u31 10 TulAsans aaly vial wdasin
faetnsRatauaa R As i dneLAsae GCECD (Agilent GC6890) Aadatl VF-XMS (30 m
x 0.32 mm i.d. x 0.05 um film thickness) gruniaasduAAmasivintil 250 °C szUUN92A

ansiaasnatluuuy splitless mode Winfu 30 3w MfngdEaen wazingluinsiawdutng

|
Gl =

WIRNEdR9 45 cm/sec AalllsunsnguunivesaATasBum 35 °C Tguugiai 1w uay
Winulu 80 °C Fardnan 2 “Cuni adld 10 Wil udaingaaMniAaadn 15 °C /i au

goUMNAWINGL 200 °C wazgauu)RaesamARasiviatu 290 °C
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5. HANITNANRY

5.1 nmsaadunsaualawadnnlaeldilawasadawns

51.1  MSANEANLANINANWLAZIANI2IH TN SATALNATUAFN o)

a o o

Ali’ o/ el v o aa o é’ a al v o aa
luAdatinnsdunmsinlanedagann  uazdiulpenuiioresilanaiagans
Tnansunuisoslansinnfian wassefauyaridusunsd loun uferity  uaz  wy
WwaswAlln Tunsdaiasnsii lanasaganmldlandanduiduan sus sy
v a aa [~ 1 aa 1 A 1 o Z;J/ o as
uarlfimnsziensaseslatanmduinaseddant  dountssennylaiduiuinlaedanis
FaRmlnLANILENANAAFR (Direct co-condensation method) naINdaLAzi e
= v Aaa a 1 2 ) A o Y o O dll o o a a o A
Hlanefaganeaiasiepudaazinllin  wideainsagsarinaraaiNeniAnansaurTEze
1 tzll v ¥ K o a 'S o al al o
ANTUNLLLNANAN wanR9n AT iaNITRN1enen LAz AR B e Uy
1 o o o Aa o a rdl a é’ o aa 1
duiniusatiane  wazthliesunedsngnisainfisaulunisgadunsaanlassdfnusiay

1l
5.1.1.1 TAseasagwguaaeiilawasadains

AnelasaasireresilonesaTamnmning X-Ray Powder Diffraction AnelLAzes

Diffractometer; Bruker AXS Model D8 #i scanning rate 1,000 deg min™' 11194 0.35° - 6.0°
(20) angii 5.1 uana XRD @4 HMS ez Ti-HMS wudndlawaiandauasziiline 2 aiia
Jaulnmsunaudaludos 20 = 2.2° wasnasludag 4.3° aulnmsuazizulddaEan a1n
Aulnmsnludaasananiatanana e iasasnanunuasNIasllanasadamns  wel HMS
~ o = = Y o = ~ o = o aa A A aa
azillassaFenanunaend lanysniiin WalFaumauiuilanasatannainauni
Tasea¥reuninasuduaeaii (Suwat, 2006) 491 XRD 284 HMS Nistamausiariduauyise
FlAun A-HMS uar M-HMS wudnauwlnasuaas XRD simsliuaziaaauniuwdalyl

o o d’ 1 z 7 A 1 co A a ¢ o v a al v =®

FANAIAL  Seied lidnnssieRauyerduturisainliinannsgdalassaienanuuumn
wiaanll asglsfmuianBaus Uiy HMS ga1u81901iaT a0 Tasassnanaasilanasa

v
o Aa A 6 o

FanensiefayetduturTdiasfianisgauell Wesnannszusunssesnlngngs

=2 ' o = =2

3 1
JnuzHanNnNasa (Direct co-condensation method) UANANTHANINUITEALALANTANHINA

¥ 1
Yo A ]

nauntiifslideyadn annenldlunisdamsd uavilEuinansainldialnansznus
Taeairananuazantmneniannew] b lnssaiaesgnguaesilaneianazdanszu

1§andae (Tanev et al., 1996)
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5171 5.1 MwnsiReaLUsRIANd (XRD) 194 (a) HMS uaz (b) T-HMS
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F— AN
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AR 5.2 MWNTALILLRAENT (XRD) 789 A-HMS, M-HMS, A3M7, ASM5 uaz A7M3
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5.1.1.2 NUNHIRUWNE UTNIRTURIGNTY WA TUIAURIGWTY

1
aa

38199 Brunauer-Emmett-Teller (BET) {luasnflanasinaunsiuanslunng

1
=

QLﬁﬁ‘W“"VW’]W‘L&WNQ ﬂ?‘N’Wﬁl‘isllﬂ\‘iﬁ‘Wﬁ‘u LL@”%MW@%@Q?W?M%@\‘I’J’& Vld Wﬁ;uﬂ]ﬁﬁﬁhﬂj el

' |
o A

wannsnsgaduinglulnsau Gﬁmmmmmﬁ 77 BIANLARTU F9RILATEY Surface Area and

3

Porosity Analyzer Micromeritic Model : ASAP 2020 version 1.04H laltmafureanis
paduinglulnsauuanisegli 5.3 TudiurasNuni[a 1wy IUIATAIINTI waLENIAS

WRIFNIULBAI HMS, Ti-HMS, A-HMS, M-HMS, ABM7, ASMS, ATM3 ez PAC LAANFNAITI

]
=

N 5.1

NUNRIRWNIZ2R9 HMS, Ti-HMS, A-HMS, M-HMS, A3M7, A5M5, A7TM3
WAz PAC WUINWINAL 712, 767, 262, 912, 482, 426, 200 WAz 980 m~/g AMNAIAL WA

AUWNZIBY M-HMS gangn TNUNRaawzinnnaed M-HMS danaiilutlademilenyin1i
£
= o ! Aa

M-HMS ﬁmmmmmium@@msﬁm UANAIMNUINNNANTITNARANLINLAINNITADR A

%3 1 1
o

mjeriluasinillaneFadiuitaswnzanas  BeidndaumsjeziilumnndeinlFiuias
nzantpaadllmnaAy %'qmmmmmummmnmmmmm‘ﬁm%’m (Cross-Linked)
i:mfNmﬂ'@zmuﬁwg%m@@uuwuﬁqmmmimwa5@%’5mm M ilareaF1egnguuesd
lawafaddinagninans wasiiulfaniunagesgnsuaes AHMS, A3M7, ASMS5 uaz

A7TM3 Adzwalunfaundn HMS asenailuanmnunainnisiananaaesiaseadrauuumn

o =
MRENUBINAN

Tudauaasnianszansauinesgnguresilanedaganaainsie]  wudd
AUIATBIGNIRLBS HMS, Ti-HMS, A-HMS, M-HMS, A3M7, ASM5 wae A7TM3 Winfiu 2.60,
3.18, 3.95, 2.48, 2.50, 2.60 UAY 3.58 AMNANAL WANAMNUIINLIN PAC HUUIAUDIFNIY

<3 dl dl o o oo i’ dla o -dld dl ] o ¥ v !
LANNGATIRNAUSALIU AN UARIR NN INNgAEUL AnRan1saaeadnasuy widn
HMS wag Hlawafagananainistiulanuiionuy Snunnvesgniuesluges 2-50 unluwms

)

Ut lddn flawesadansidannzitulituiiassaaduianiifgnuaunnnans
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=+ HMS - Adsorption
=8 HMS - Desorption

(b)

=+ Ti-HMS - Adsorption
=@ Ti-HMS - Desorption
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(e) -+ A3M7 - Adsorption (f) == ASMS - Adsorption
-8 A3MT - Desorption % -8 AS5MS - Desorption
150 1
1-==1e~-_ e . & -.Q.-M
Il"__ =0t T—] "'-.._‘ =
= /6('- — e 7 el
& ""‘\_\ﬂ:‘ﬁk o %
..ch 1-3( \W! % 100 ,t/,-
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g
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=
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Relative Pressure (F/Fo) .
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(g) — ATM3 - Adsorption
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150-
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5' L /
- ,"/
g ..-:u”y
L~
50 i it
£ T
a
L N R o o o o o S R e R AN S RAS S SEEns
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Relative Pressure (P/Po)

1J17'i 5.3 lalnnefulunisgaduindlulngiauaes (a) HMS (b) Ti-HMS (c) A-HMS (d) M-
HMS (e) A3M7 (f) ASM5 (g) A7TM3
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¥

AT 5.1 WUARIAUNIE 2WIAT89gNTY uazlEnasvesgnguesilone faTamnnin

RN
. WuiRe | 2weres | USwes
AINAI . e e
. NN TWNTY UBIFWTY nyWangu
Qﬂsﬁu 2 3
(m'/g) (nm) (mm’/g)
HMS 712 2.60 773.42 FAUDA
Ti-HMS 767 3.18 1276.00 FAUDA
A-HMS 262 3.95 147.26 TANUDA WAz BN
M-HMS 912 2.48 433.47 Fauna waz wasiallls
A3M7 482 2.50 151.98 Ta1109, arH U way waswAlin
A5M5 426 2.60 220.46 Fa11404, arHlu way wasuALlis
ATM3 200 3.58 186.82 Ta1109, DrH U war waswAlin
PAC 980 1.90 276.00 prfuatla, Wila uazdu
AINUANNTIAHANTFN BN AN 2895aNaNgAdLTtins1e
WU 958 A Ay HeTFUAUVTEMILLLR B UA MLILIA TN AR TUATBITNIUTE
a v aa 1 QI A 1 a dl o % =) al
AlanasaTaLIne Tntannzategenissefnugeriuninilassaienani@aaonuiy

angulasnalinunsasgngulunfau deaunisuiulseinuiatasnisununsatany e

o

v da o a X & 9 = 1= N P '
M IANUA R WL NTULAN TR e LL@ZN‘HHWWH@%‘W@HELMQJ‘IIM slmm:mm?mmmmﬂ

wasuailln dsnasialnssa¥regnguaesilanefaganmasanudadumnaiv
a ¢ < o & a
5.1.1.3 N15LATIEUNYNAINTULUNUHA

& il
vy FuLuRUares HMS 1iinsne) nszilaematin FT-IR foaiates

Fourier Transform Infrared (FT-IR) Spectroscopy Nicolet Impact 410 FeailanFunim 14
Hwinannisduresiusziniineluluanazesarsludosnonudsinge  auegAuaisuas

¥
[P =

ginresiuse lunsduaistalaniuaes FT-R - Idietiudumdariduneg uunutanes
= o aa dl o‘da( = o til/ a A 1 cCo Aa a ¢
Hlanafaganandansziny wazinistfudgsnuialaantssiefavyilaridugunae nanis

I TLAnIAagUN 5.4
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= Inaccessible
silanol group
244
2
.1
18
2
£
H
§ 14
*
12
10 v
Lm0 N
g -- C-H stretching
‘ \O-H stretching
4000 E1] 3000 2500 2000 150 500

"Waverumbers (cm-1)

519 5.4 aulnadu FT-IR 209ilane SaTanntiasiige

ANgN 4.4 wud1 HMS ynatiadnanisudaeslutdas 3400-3500 cm” 4

o =

\uiAras O-H stretching axsnuantadn HMS ynaliandsaszilfiiuiivgiauaant

X A @ W vae Ry Y A - S s \
TUNUND LL@%LMT&LLW’T]@Q'] HMS @5NW@UL®u°ﬁﬂﬁJqﬂVI@‘® U\imblﬁﬂ\iﬂqﬁ‘ﬂuﬂﬂsﬁﬂ’]uﬂﬂﬂﬁuu

|
A

WuRaxnndmgieriduen  ludouaes HMS Adnnssefavyiaidy  azliianes C-H

o
aa o 1

stretching 1992 NDNAINGY 3000 cm” waziA C-H bending 2eewyiunsanludag

1450 cm’' FaiAwmandazldwull HVS

115U A-HMS azwuiAaed N-H stretching lutag 3300-3400 cm’ @aaz

tstinslagresnyasiiuuunuiollaneiadanals  adglsfmuludouaes  M-HMS,

1 1 g

A3M7, A5M5 way A7M3 thuseldaunsnisinisasgiaasvdasunlinlgatinasuds ana

kTl a

©

v ! '
o A o o

Wasunannadliaes  FT-IR - Al lun1saiaseiasatldaniuniiazaimszsing - S-H

stretching TutaeARneaARUYINAL 2550-2600 cm™ Nazwuldannugjmasiallnls ws

[

aeialafifnn wenanuazes FT-IR azuanfeyieiduneguuiuiinresilane5aamnmnudo

I a

gainnspazinlinululnaauuasdamas  etudunanissiefnuyierdunuiuiEi

w03 lawaFaganaansae 91l7 5.5 uaAsBIALsTNALEDY HMS NAN9L5ULseuEY

Tnennssienauyiariduaziiy uaz vywesualin
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519 5.5 Hlaneiansennviaridu (a) vzl (o) nyweiuals (c) nyjoriluuwazmy

waskalls (Suwat, 2006)

5.1.1.4 n1saAasrzmlsunadlulasiaunazdainas

'
a o

Amaziniinaluinsauluiilanedagiinsnepdanmzils Tnanistes
Tneldtnaunadenilesama (<,5,0,) luanziiduus udanilAnmesifnieies UV-
VIS Spectrometer daunisataszivnilsunadamas diaszilaawmalia  Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) @fmgﬂﬁl 5.6 WU st
Tulnslauaed A-HMS, A7M3, ASM5 Laz A3M7 Winfid 1.41, 1.30, 0.77 uag 0.671 tilafifus
AINANAL Az Bunameslulnsaufidinmeildazannsmudnsdouildluns

Aupsziin lanasagannLAazaiin

UFunnudamasans M-HMS, A3M7, A5M5 was A7M3 winny 9.92, 7.09,
599 WAy 3.26 Wafiiud muasU aNnuanImaaaduanslFiudn  iunndaiasi
a v = v aa a 1 :// a A 1 o 1 '8 dl
Ansviidanniilanedaganmatiasiein  BneuwiiulFunues)wmesuadinnldly
nszuauNsduAed avenaventddn wywesuadinrindfisandulasaiedainanianig

sloAngAarifuag uLNLRUNaLTNA
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Percent (%W/W)

0 a %
8 1 é 7.09 o
1 7

| Z
4 / 3.26

2

2 / 1.30 1.41
i % Oiﬁ 0.77 |—|

M-HMS A3M7 ASMS A7TM3 A-HMS

gﬂﬁ 5.6 13unaululnsauuazdamas (%W/W) 289 A-HMS, M-HMS, A3M7, A5M5 uaz
A7M3

5.1.1.5 N5ATIEUMLTZaUUNURY

dszquuituiinesilanefatainaaiinsnepin  Anssildainnislnmes
nan-wa TnalunislnimsmazpaunnliAiAauusseeslseq (lonic Strength) winriu 0.01
wanf Tnaldansavanelnpanasalsd (NaCl) wasandnganiozanns aznin1sdniie

~ ! LA X o sy °
?J@QZV]?@?J@’]HLL@gLTﬂuLﬂuﬂ?qW?:ﬁﬂqqﬂﬂ']WL’ﬂ‘ﬂLL@:?‘]J?gauuwqusﬁﬂiﬁqqﬂﬂq?ﬂquqm

dszquuituiinresilanefatainnTiins e uanidegln 57  GeAfieah

Auiaveiilane faTainnTtiafalUsyqwiniugue Fandy pH, . A1 pH,,, 289 HMS, Ti-

HMS, A-HMS, M-HMS, A3M7, A5M5 uaz A7TM3 Wi 5.5, 7.4, 9.5, 6.2, 6.7, 8.6 Uaz 8.3
AANAAL 49U pH,,, 18t Ui TinaiiA1gegawinty 9.5 arunsnaglen pH,, 18

Tawaiadainaaiinsne lifmnened 5.2
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Surface Charge (C/g)

B oce X

X HMS
m Ti-HMS

X A-HMS
o M-HMS
o A3M7

o ASM5S
A ATM3
® PAC

' %
51 5.7 Uszquuinuioresilanedagannaiinsne) uazanuiniusgainug

M1519% 5.2 A1 pH, vesiilaneiaTanATiiaci1e uazd ANt Tiing

#19AINANAATU AN pH,,

HMS 5.5
Ti-HMS 74
A-HMS 9.5
M-HMS 6.2
A3M7 6.7
A5M5 8.6
A7TM3 8.3

PAC 9.5
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a

TudaaniAlszquanuazilsyqauuuiuiorasilanaiadanawiniu Awuan
Tugiin 5.7 Ty Anuvwluaeslszqazanas  WaNemiRNaLAINgansallauilugag
= dl [=f a 1 6o dgl a = o aa a ] =
Wetnidunane  nyfiaueauavvyileiduuinutinrestlonefagainnaiinseazinig

oA

& i !
Tirullsmewisegrudelisnen vinlidssquunuiiolasuulaslufFieasine amn

uanalafaLlfizen
pH < pH,... : =Si-OH + H+ —» ESi_Hzo+
pH > pH,. : =Si-OH + OH—— =Si-0" + H,0
pH < pH,p. 1 =Si—R-NH, + H—>» =Si-R-NH,’
PH < pH,pe 1 =Si— R-NH, + OH— =Si— R — NH,OH
PH < pH,pe 1 =Si—R-SH + H'—» =Si—R-SH,"
pH < pH,..: =Si-R-SH + OH—>» =Si-R- S

£
a ]

dld ° a = v aa Vo o Szdgj a Zj/ = |
MeTan  Usnuiuisresdlawefaganaarlasullonan  vinliutotuianwlszqiiy
dl dl I 1 = dy a = v aa al o Q./dz’ a a
uan Twansinideag ludasienge wuraresilnnefadainmnavgoyideldsnan N linulad
anndszailuay  §wFu A-HMS Hen pH,, gandn HMS vgfazfiluazlildsnenuazyinli

WuraRanmilszqiiuinn

AINNTIATIEHANTANNNILNINUAZIATTBIANIFIN AN ATLTTAG 197

ansnagantEnanisnwuazial iR 5.3
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A15199 5.3 ANTANNNIENITNLAZIANTBIANIFINANGATLTTAGST

& da AUIA -
q15 | NUNH? . Usnmg N
AINATY | SN . UBIGNTU oH,,. s W Sruaslal
aadu | (m’/qg) "(m;) (mm?/g) A1
HMS 712 2.60 773.42 5.5 Sauea | TOUIN
Ti-HMS 767 3.18 1276.00 | 7.4 Fanuea | ToLN
A-HMS 262 3.95 147.26 9.5 Fanuea uaz ozl | geuin

M-HMS 912 2.48 433.47 6.2 | Tauaa way wasuells | ludaauin

TATUOA, DTN IU LAY

A3M7 482 2.50 1561.98 6.7 . AU
wasuaLln
Ta1uea, 2zl uas y
A5M5 426 2.60 220.46 8.6 . TALUN
wasuaLlln
TaUea, DTHIU LAY y
ATM3 200 3.58 186.82 8.3 . TALUN
wasualln
pfuatia, Wia |, 4
PAC 980 1.90 276.00 9.5 i Tadgavin
LAZRU]
51.2  NSANEAAUNAAIAASluNNsaAdUNsaEnlaasEan
AaunaAanslungadunsnanlaeraRnatingnge Wun nenluly

Aaalsazd@in (MCAA) ninlananlsaz@fn (DCAA) naalnsraalsaz@sn (TCAA) nealulu
Tustuesz@sn (MBAA) waznanlalusiues@sn (DBAA) lnadilanaiadainaadinsae vinas
- . o . X, 4 . o .
naaeauULNazm InaulasAnainldlunisgadusiaus 0 D9 48 dalue NANLdNdUYDY
nenanlaerdanuaazaiaingy 100 pg/ wacldUsunmnssanaegaduwiniy 0.05 niw
pauANlatwiniy 7 Inaneawnrinmes wtfatnaiguug)il 25 asAmaLTed AN
20U 250 381/4WNT AUENFAN1IzANAR HANINAABILAAIAITLIN 5.8 WU dRsNIs

o

padunsaanlanrdRnusazaiinaziinauatinggaiaianaiiiulilses 0 v 6 dalus was

'
= 1 <

Budngdaninzanganiogn 24 dalue Wegaduson HMS Anudinduazanasatinggnig
I o o a dl |dl = o ! ¥ Y aa
nandanangadusiingy usieFaumauiu PAC wudn anudnduaesnsaanlansdsin

winzalinazanasatimndindinisgadudcaiiane fatanaeiasiie) T9enaiiednian

1A74A519999 PAC Ti4 JAnududauninninilanasadanm
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1@ (da )

gﬂ‘?‘i 5.8 aaunarIanslun1sgadunInalaez@anaes (a) HMS (b) Ti-HMS (c) A-HMS (d)
M-HMS (e) A3BM7 (f) ABM5 (g) A7TM3 (h) PAC Tmﬁm‘uau pH WY 7, ionic strength

Winiu 0.01 Tua/ans uaz aauu)iminiy 25+2°C
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At
(lulasnFu/ans)
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LI ('ﬁ"'JTan}

120 (@) A7TM3
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oy
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Aty
(lulasniu/Gns)

N
o

20

0 6 12 18 24 30 36 42 48 54
1987 (F3T9)
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(lulasnFu/Gns)
—
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o O O

N
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IR (-ii"nhm)

gﬂﬁ 5.8 (6in) AaauNarIanilun1sgatunInanlaey@anes (a) HMS (b) Ti-HMS (c) A-

HMS (d) M-HMS (e) A3M7 (f) A5M5 (g) A7TM3 (h) PACIasiaauAN pH WinAu 7, ionic

strength Winfiu 0.01 Tua/ams waz gaungivinfu 25+2°C
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nsnmsidndalunisgadunsnanlaesdinatinfne]  Aeedilaneda
Fanpriafne IneldannisUfiisedusunuilaiian (Pseudo-First Order Equation) 284
g

Lagergren

IN(Qe- qt) = INQe- kit
wazaNnIliFenduduNasian (Pseudo-Second Order Equation) 294
Lagergren

t 1 t
— + —

a  2k.q. q,

e K, = Lagergren rate constant (h”)
K, = Pseudo-second-order rate constant (g mg” h')
a, = LENWM%@Qﬂ?ﬂEWI@@ZGﬁMﬂV]Qﬂ@Jﬂ UNANIIE

aupa  (mg/g)

o

a, = srnnsrensnanlaasdanngngadunnaisiie

(mg/g)

ArsutlsseeRaunaransunIgadu HAA, Aeeiilaneiadainmaiin

FIN97] UAAIAIRNTIGN 5.4 T8 5.8

AINANINT 4.4 Wud1 A3M7 gadunsn MCAA lAamiEanan sesasnnpe
A5M5, PAC, A7TM3, Ti-HMS, A-HMS, HMS #ay M-HMS AINa1aL Lanad ASM7 azpady
nsn MCAA ldiiuazidnganinzannaldiiandnassanatsgaduau Tna ASM7 Hénasnisa

Tunsgadu Wi 56.975 lulamiu/mniurdalue aunsawnldan fnasaesaes

51104 MCAA MIgnaadunan nsannaaInNIsAuIua iU k, 39A1 k, AIWIAIN
annsUfisendusiusesiien (Pseudo-Second Order) Wudn HMS Hen k, euign

| |
A Il

amnsnuantfidn HMS annnsngadunss MCAA ldandnanssianasgeduttinauiialdans
o o o A o dl ¥ | o o
FanaNgedy 1 N3N Ae ngadunsm MCAA Wald HMS luanssanategaduldlu

Paunnses wiausnnadunsn MCAA Talutliunounin
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A9 5.4 Asulsaaunadiansnisgadunsalulunaalses@ain (MCAA) ae HMS,

Ti-HMS, A-HMS, M-HMS, A3M7, ASM5, A7TM3 Loz PAC

Pseudo - First Pseudo — Fnnouee | Usunm

Order Second Order | MCAATIQN | 184MCAA |
- L | ans g9

a9 ARTUN | NgnaAdy
. 3 Tung

AINAY dnnaz nanz .

3 ARTL

AAGL 2 K, 2 K, ANARAIN | ANAAAIN
R 4 R \ : (Mg/g*h)

(h') (9/Mg™h) | prgAruans | n1snAaas

(Hg/g) (ug/g)

HMS 0.984 0.190 0.959 0.006 48.077 40.261 13.868
Ti-HMS | 0.980 0.385 | 0.995 0.014 39.682 35.142 22.045
A-HMS 0.945 0.168 | 0.989 0.007 46.296 42.059 15.003
M-HMS | 0.893 0.198 | 0.838 0.015 30.211 30.304 13.690
A3M7 0.862 0.166 | 0.972 0.071 28.328 39.712 56.975
A5M5 0.931 0.153 | 0.952 0.033 37.453 42.916 46.290
A7TM3 0.967 0.189 | 0.992 0.034 30.864 31.372 32.388
PAC 0.879 0.163 | 0.998 0.026 38.023 36.875 37.589
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AN9197 5.5 Ardiaulsaaunamansnisgadunsalanaalses@sn (DCAA) Tas  HMS,
Ti-HMS, A-HMS, M-HMS, A3M7, A5M5, ATM3 LLaz PAC
Pseudo - First Pseudo — sunuaas | Ysunuaas
Order Second Order | DCAAflgn | DCAA#gn | . .
L oa o 4 | amsge
&9 AATUY AATUN
. Tuns
AINANY #n12e an12e .
3 AAL
AATU 2 K, 2 K, ANARANN | ANARKAN
U R ) R a Q ( / *h)
(h 1) ( / *h) o “g g
g/ug N1SANUIU | NNITNARBY
(Hg/9) (Mg/9)
HMS 0.723 0.159 0.986 0.073 12.438 12.141 11.293
Ti-HMS 0.986 0.756 0.989 0.069 14.492 14.284 14.492
A-HMS 0.874 1.649 1.000 0.523 5.924 5.801 18.354
M-HMS 0.982 0.596 0.996 0.210 8.418 7.692 14.881
A3M7 0.657 0.102 0.991 0.332 10.741 10.357 38.303
A5M5 0.674 0.095 0.995 0.612 6.423 7.139 25.248
ATM3 0.454 0.180 0.965 0.133 11.682 8.415 18.150
PAC 0.721 1.997 1.000 0.094 38.760 38.605 141.220

A2Un199AdLNTA DCAA UAAINAAIANINNT 5.5 W91 PAC gafunsa

DCAA lismidangn  Taaidmnandalunisgaduwindy  141.220 lulasniiniurdalug

FANAINIAR A3M7, ASM5, A-HMS, A7M3, M-HMS, Ti-HMS waz HMS ANNansil wanli

Wi PAC @unsngadunsa DCAA lhatingmmiuazidnganaalsizondianssionaiga

Fuatindu] a1N1s0AIIIAN k, AnannisUisenduduasaiien (Pseudo-Second

Order) W41 Ti-HMS HAn k, Haefiga windu 0.069 niw/lulasniurdalug azuenlsan Ti-

HMS @111309aduNsA DCAA launnndnanssanagaduaiingay waldanssianansgadu

1 nfu widmanIzgaduazifindindnanssianaegaduntingw
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AIsN 5.6 Adulsaaunamaninisgadunsalnsaaalsaz@sin (TCAA) Taa HMS,

Ti-HMS, A-HMS, M-HMS, A3M7, ASM5, A7TM3 Loz PAC

Pseudo - First Pseudo — Usunauaas | Usunouaag
Order Second Order | TCAAWgn | TCAA#@n | . .
oo L 5 | amsuge
RE) AATUY AATUN
. Tuns
AINANY AN ANz .
3 AAL
AR 2 K, 2 K, ANARAN | ANARAIN
U R ) R a Q ( / *h)
(h 1) ( / *h) o “g g
9/Hg N1SATUITE | NITNARBY
(Mg/g9) (Mg/9)
HMS 0.856 0.213 0.969 0.051 24.630 30.682 30.938
Ti-HMS 0.924 0.097 0.905 0.030 14.045 15.502 5917
A-HMS 0.942 0.120 0.443 0.002 26.041 17.346 1.356
M-HMS 0.961 0.138 0.994 0.024 30.769 31.283 22.721
A3M7 0.886 0.261 0.987 0.109 25.906 29.882 73.152
A5M5 0.819 0.196 0.989 0.022 27.472 23.543 16.603
A7M3 0.933 0.176 0.983 0.017 26.315 22137 11.803
PAC 0.676 0.137 0.998 0.103 31.250 31.274 100.586

andeyalunsed 5.6 wansindauLlsaaunaranslunnsgadunsn TCAA
wudn PAC gedunse TCAA iiaiian Tneilensidalunsgeduwinu 100,586 Tulasnsay
ﬂ'ﬁl*‘ﬁl/'ﬁu\i IA90INNAR ABM7, HMS, M-HMS, A5M5, A7M3, Ti-HMS uay A-HMS
FNANAL A1NN3aLaNdN PAC azpadunsa TCAA uazidnganinzaunalietinggmniii
ﬂdﬁzﬁﬁﬁ‘ﬁ']ﬂ@’]ﬁ@ﬁﬁhﬁ]ﬁm%uﬂ BnvadeaunanAua A k, AwnaunTl)iTangunL
aeL7en (Pseudo-Second Order) WLa1 A-HMS &A1 k, ﬁ‘ﬂﬂﬁ@ﬂ FeanunsnesLnelddn
nispadunsa TCAA Taeld A-HMS Lﬂumaﬁfaﬂmq@msﬁuﬁu mi@msfmzﬁm%uiﬁﬁﬂdMﬁ
fanapeduriaduileldasianaragady 1 nfu fa A-HMS azgadunan TCAA I6ATign

wasannldanssonatsgadululFunnidas wiaiwnsngadunsa TCAA TiluBuinmnn
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A9 5.7 Avdausaaunarianinisgadunsaluiulusiues@sin  (MBAA) Tae HMS,

Ti-HMS, A-HMS, M-HMS, A3M7, ASM5, A7TM3 Loz PAC

Pseudo - First Pseudo — Usunauaas | Usunouaag
Order Second Order | MBAA#Ian | MBAA #ign | .
o g o 4 | amsge
|15 AATUY AATUN
. Tuns
AINANY AN ANz .
3 AR
gadu | K, R? K, ANAAAIN | ANAAAIN
(h-1) ( / *h) o (“g/g*h)
9/Hg N1SATUITE | NITNARBY
(Mg/g9) (Mg/9)
HMS 0.921 0.095 0.973 0.013 29.762 31.353 11.515
Ti-HMS 0.973 0.136 0.976 0.010 23.866 20.984 5.696
A-HMS 0.965 0.098 0.964 0.009 29.850 30.621 8.019
M-HMS 0.849 0.225 0.965 0.013 36.232 35.610 17.066
A3M7 0.886 0.087 0.893 0.018 22.472 27.558 9.090
A5M5 0.955 0.164 0.986 0.007 36.101 32.679 9.123
A7M3 0.916 0.149 0.967 0.019 32.051 31.826 19.518
PAC 0.973 1.234 0.999 0.040 33.333 32.467 44 443

& ufunisnadunsm MBAA WAPNNARIANIGT 5.7 Wudn PAC 41113009
Funan MBAA Idmniiafign Tnednanisalunanaduminiy 44.443 lalasniu/niurdalus
IR4AINAB A7TM3, M-HMS, HMS, A5M5, A3M7, A-HMS uag Ti-HMS Aauandy asuenls
91 PAC azgadunsa MBAA ldatingsniia uazidngdaniazannaliidandnanssanansgadu
mﬁmﬁluj WATENANNNIDATUIMIAT K, AInaunIsURenduAusesiien  (Pseudo-
Second Order) WU A-HMS &A1 k, ﬁ@ﬂﬁzgm windy 0.009 nsu/lalasndardalue vanld
i1 AHMS azppdunsa MBAA l&Rndnanssianansgeduaiinduileldanssanansgadu 1

nin mazldlFunuanssianagaduties wiainnsngadunan MBAA Tdun
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AN9197 5.8 Ardiautlsaaunamansnisgadunsalatusluez@sn  (DBAA) Taa  HMS,
Ti-HMS, A-HMS, M-HMS, A3M7, A5M5, ATM3 Llaz PAC
Pseudo - First Pseudo — sunuaas | Ysunuaas
Order Second Order | DBAAWIgn | DBAA#gn | . .
Lo L 5 | amsuge
&9 AATUY AATUN
. Tuns
AINANY #n12e &Nz .
3 AR
gadu | K, R? K, ANAAAIN | ANAAAIN
(h-1) ( / *h) o (“g/g*h)
g/ug N1SANUI | NNITNARBY
(Hg/9) (Mg/9)
HMS 0.895 0.133 0.876 0.024 21.598 21.477 11.195
Ti-HMS 0.975 0.227 0.994 0.017 14.306 12.438 3.479
A-HMS 0.889 0.099 0.993 0.007 28.818 25.075 5.813
M-HMS 0.772 0.179 0.908 0.004 22.780 17.278 2.075
A3M7 0.787 0.100 0.622 0.001 29.070 18.406 0.845
A5M5 0.981 0.152 0.709 0.003 26.041 14.521 2.034
ATM3 0.545 0.052 0.955 0.007 23.923 21.049 4.006
PAC 0.849 0.202 0.997 0.016 29.850 27.930 14.256

ANANINT 5.8 wansAdauLsaaunasanslun1snadunsn DBAA wiudn

PAC godunsn DBAA iifafian Tnefisnsiialunsgaduwiniy 14.256 lulasniuniu-
%LQIN\‘] 909091NAR HMS, A-HMS, A7M3, Ti-HMS, M-HMS, ASM5, Uaz A3M7 AMNANAU A9
agillidn PAC anunsngadunsn MBAA latnesanisa uazidngdaniazannalsiondnans
ﬁfmmq@msﬁmﬁmﬁluj warlunnsAunIAl k,  anannsUfisenduduasaias
(Pseudo-Second Order) W91 A3M7 &A1 k, ﬁﬂﬂ‘ﬁl’éﬂﬂ anauanladn A3M7 azgatunsa
DBAA liFndnansinaapdusisduileldasinargadu 1 nfu inszlinndldans

Fonavgeduetusiatnnsngadunsn DBAA Minn udaziidnsiialunisgadusifinig
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AINAN9WN 5.4 T8 5.8 AMsnedunednsilunisgadunin HAA, 189
Nlanefadanausiazainld A9l PAC a1u1s09adunsn DCAA, TCAA, MBAA Uay DBAA
IHamFuazarnnsnidnganiazannaldifondnanssionangaduaiingu  daunsm MCAA

1 wugn A3M7 Hemssalunisgadugeiian A3M7 uaz PAC @a111909adunsn DCAA 18

]
e o o

Gafign wasiflenBouidfloudn k, azwududiansfanageduuneiia Wy A-HMS axd

andalun1agatunsn TCAA uay MBAA F WA k, Wasl %wma'ﬁﬂum@@msﬁumm

TCAA uaz MBAA azldiffunmaes A-HMS tasufansngadunsa TCAA uaz MBAA 1§

1NN WuRaTUNsRATLNIA DCAA ot Ti-HMS s Ti-HMS fien k, Het uwighanlunisga

Fupnguiy  foidwenlddn PAC  avwnsngadunseanlaezdanynaiinldmadaiige

andu MCAA 7l A3M7 gnanangadulammiandn usiilauRaufleu sunnansianansiild
oy

Tunsgaduiniuudn Wwansgeduian k, deangn azuanlidinisgaduiuldanssdanans

gaduiuutesusiainsngadunaanslinn HMS aagadunsn MCAA l8avga dau Ti-

a a

yalal

HMS fignnsngedunsn DCAA l5angm uar A3M7 azgadunsmn DBAA lHRvga

vl a Y

\iuREaiLT A-HMS amnsngadunsn TCAA uaz MBAA lianiga ianaine k,

q

ANNIAUIUMIAFRUL IR aNaAaRT U adUnInanlaesTin - 5

a !

11A WU Aaunar1ansIenIgadunaantaer@ana 5 aia WuldainannisUfisen

o o ¥

duduanaien (Pseudo-Second Order) Hasannaziiulddn aldannisdisandusy 2

Wanlun1sAIUInINAY AENnrenInanlaev@Anigngadunaninzannaannig

'
o a A

a a v 1 a o dl dl v
NANBIAIN Nﬂ’ﬂ,ﬂ@Lﬁﬁlx‘]ﬂ‘]_lﬁ’]ﬂ?‘N’]ﬂAﬂ‘ﬂ\‘]ﬂﬁ‘ﬂﬂ’]T@‘ﬂzsﬁﬁlﬂ“l’lgﬂ@@Gﬁﬂﬂﬁﬂqqzﬁﬂﬂﬂﬂlﬂ@’m

N1sANMINS Asenaes LN Anssulunsgadunsnanlaesdinuesilaneiagamne lhdd

Qs z 1 o aa dl Q/ d’j a
1. megeduavediu  BNinmesnsnanlaes@anignaaduuuvuin
= v aa
9N lane Fag AN
2. wasulunsgedunsaanlasydmnlussuuiiy auetiunuiored
TanwaiaTaine
3. ngaduazifinluatiesad ludasiuaeanisgedu  uaziianan

| o a X o
muiﬂm@@mm:m AAUTIAN

51.3 nsAnelaldimasnansnisaadunsaanlaazdsn
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a

Tunsdnunlelamesfu  aziinisdneanainnsonisgedunsaanlansifingin

o/ v U o

sinefaedlane faTannTiasne WitLWauiy AuaINisa unnegaduFaed uAnus
ARG AINNTANEIAAIERaNTEN N anmaesi lane faEaINATiasne)  Aziinad

a v a o‘tﬂl a 43 s aa v
f;Lmmw’imm@ﬁmﬂﬂimgm@mmmmmlums@munmmiz\mzsﬁmnmﬂ

5.1.3.1 naIRINYHINTUFARANNEINITA LUNNTAATUNSAENTaRLTRN

a a ] o

TunmasesieAnmnlelainefuresnisgadunsnanlaesdsnatinsne

]
X a

nzaruANg et g 6.0 - 7.5 nananlaecdfnie 5 ala (HAA,) T9HAY pK, g

Tuting 0.66 — 2.10 asuanlidn HAA, tiuazausauansalaney 100 wafidus aannng

1%

NARBINLAN HAA, gnaadulidnadloneiadainaaiinsneld mﬂgﬂﬁ' 5.9 wudn n13gAdy
n7A MCAA Wil M-HMS &unsngaduldiiign sasasniia A-HMS, PAC, A3M7, HMS,
A5M5, ATM3 Ay Ti-HMS gaun1sgadunsa DCAA A uadsnlun1sgaduaes PAC 49
ﬁzgm MINAIE A-HMS, HMS, A5M5, M-HMS, A7M3, A3M7 wag Ti-HMS mnanaL 41msu

n3n TCAA azgnaaduson PAC laangaduiu uazgnaadulssan HMS, M-HMS, A3M7,

q a

A5MS5, A-HMS, A7TM3 uaz Ti-HMS suaat Tudauaedanisgadunsn MBAA azgnaadils
Aael PAC N’]ﬂﬁ@'ﬂ e A-HMS, M-HMS, HMS, A7M3, A5M5, A3M7 uag Ti-HMS

FNRNAL gATINIAANIIRATUNTA DBAA Wis PAC flaasiaauaunsnlunnsgadugeige

q

wazgnaadulisian A7TM3, A-HMS, M-HMS, HMS, A3M7, Ti-HMS uay ASM5 fINA1AL

ANNUANIINARAIAINANT  R1NNTUANIATY  HlENaSaTANANNINITFDRA

]
a

wilsriduarianuannsnlunisgadu HAA, liaau Tealunguaesnsnanalsasmings

a

15un MCAA azgnaaduldfson M-HMS dun19gadunsa DCAA WU A-HMS 4x190

k1l

o

Aadunsa DCAA leunndn  dsilawedatainaisaasttiadullanaiatananiliilys

a
¥ 4

A a v A 1 c 1 a o o Y @ ' [ A A
WuNrJﬂ"Jﬂﬂ’]ﬁ‘ﬁ]ﬂmﬂMNﬂLN@?LLV’]‘]JIB’]LL@&MH@&NIM ATNRIAL LL’&ﬂ\ﬂﬁmu’l’mqﬁ‘ﬂ?UﬂE\iWHN’J

19 lnne FaGaINnAENIssiaf avyiariiua N soiinaNansa lunsgaduls

[% 1 1%
v aa = 1

Tnannssiafiaugwasuallainlinuniaamnzaes M-HMS Hg9iu dana

] 2
= '

Taruamnsnlunisgadunse MCAA A GaLialddinuniadnnziuiladeniig

AANTTAATU MCAA
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- L X Ti-HMS
= —~ 80 1
s, & A AHMS
g € 60 i O MHVB
s e
e & 4™ épaw
& [m X AENB
& = o0 (M + A7TMB
F ® PAC
D I I I I 1
0 25 5 75 100 125 150 175 200
.| o
anudindunanmzanns (lamiuane
(b) DCAA
100 -
T3 w .
e € o
<& ’% A,
EE i o - %
g3 ® IS o
G~ 20 -. ° .mll Q}&
0 BB . . .
0 25 50 75 100 125 150 175 200
mfmvﬁui’uﬁamq:auaﬂ (biTasnin/ans)
100 - (c) TCAA
80 -
= .
i
s € e0- ®x
'Ig % a
e & 40 [ ] +
g = °o_*y X
G <, % o ®
A X
% Q"X X
0 L n-k I I T 1
0 25 50 75 100 125 150 175 200

anudindiuianiazanna (Inlasniu/ans)

gﬂ‘?‘i 5.9 AMNANNIDIUNNIRATL (a) MCAA (b) DCAA (c) TCAA (d) MBAA (e) DBAA
wa9naNgaduTia1e) TagmiuAN pH Wiy 7, ionic strength windu 0.01 Tua/ans

WA AEUNNNWINAL 25+2°C
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100 (d) MBAA

80 — ® % HVB
=N Ay X Ti-HVS
S, & + A AHMS
e & 60+ Ox
=g 9 O MHVB
€ £ 4 o X A3mr
& 3 o Wy O reNB

= 0 | e x x + ATMB
% ® PAC
[} T T T
0 25 50 75 100 125 150 175 200
anudindunaniazangs (lulasniu/ans)

100 (e) DBAA

J _ 80

€ & o

&®

c &

e 3 60

=

8 & +a

% & 40 ® BJK

= o
20 | ® i X

. ‘*’m&“: mckxo ©

0 m A _

0 25 50 75 100 125 150 175 200
adindunaninzanna (llnsniuang

gﬂ‘?‘i 5.9 (sim) ANANNITRTUNIRATU (a) MCAA (b) DCAA (c) TCAA (d) MBAA (e)
DBAA 123snaagadutiin1e] Inamauan pH winriu 7, ionic strength winriu 0.01 Tua/

ans uaz g RWindL 25+2°C

Tuaug HMS ey Ti-HMS T999aesainsaiinuniaa 1w egaituiu

ndugadu MCAA létfaandn M-HMS Taaiannz Ti-HMS Gegadunsaanlassisnlaies

=

wnunetn wiatelsfinid HMS fapsgadu TCAA 169 wansliidiudnananiladaaudon

& !
fneninasamuansnlunisgadunsaanlaasifinuanainiuniaaniy

angUlit 5.9 azifudn A-HMS @msagedunn DCAA ldun uazaady
MCAA l§Aandnags uﬂﬂmﬂﬁluﬂ@:mmmmha?Tm:%ﬁﬂ Gelfurl MBAA uaz DBAA Wi
A-HMS flagadunsn MBAA ligaituiu %wmﬂmﬂgmmﬁqm\m araiflunaiiiesanann
ﬂ‘a‘mmﬂﬁ@fguu‘ﬁuﬁwm A-HMS azhegafiuilszqatiaasnsn DCAA faausanignia lu

ddgj J Yo d” a | o dl dl ] ' o 1 o
m‘mum@ﬂmrﬂmﬂ ﬂizf-guuwumLﬂuﬂ%wuwmmmmmmmmiumi@msﬁ‘uLmuﬂu
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waNaINt A-HMS fagadunsn MCAA lireudnegeandan uansliiviudidszquanuuiuiio

1038 lanaiataInndINasioANannIn lunInadunsnanlaasdsn

A2un13nAdLNgn TCAA WUl HMS @1unsngadunse TCAA 16Rga

IndiAeeiy M-HMS figadunsn TCAA lagaiuiuiiu analumeznyiaruaauuinuio
13 HMS  uwyfEauearinlianinainisalunisgedugs lasnaniuselalagian

UBNANRANNTA LU LAY I LN NuANFNTwIasl lanasaTaInmALAasaln  fainafe

[

pNaNNn luNIadUBNAaY Tae HMS uay A-HMS Hauiifauteuiiasenaiiuilady

[

aaasnlidAuannnunIgaduge dau M-HMS asdantimanligeaunn usinay

|
[

aMN309edU MCAA uay TCAA lige tiuanaiiasnnaniladanianian wasfine Auiin

RINIZHINNL

1% ]

Tunsilaeansliulganuiinaesilana fagainasoanissafamyileridu - 2
i v

in Wi dadauiisneiuasaileiune 2 iafideRauuilimesadanmi 1
pNNANNUSFaANNAINNTD lUNNIATY HAA, Tag ASM7 @anunsngadunsm MCAA LAy
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a u

'
o =

HMS, A3M7 uay A5M5 iluanssianagedu Niea 7 a1unsnnadunan DBAA 1HmTgn
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At high pH At low pH (@) HMS

0 0
: 5 / : /
CHCIL,COO+ — O——Si— CHCLCOO > < H,0—Si—
X \ X \
/0 /O
CHCIyCOO« —» O——8i— CHCl,coC> éllzo‘—Si\ —
\
Weak hydrogen bonding o) Strong hydrogen bonding O
b) A-HMS
At high pH 5 At low pH a ©®)
] / - -n £
CHCKCOO € > HN'—R-Si— CHCIL,COO > éH‘;N—R—Si\—
\O /0
B / - a :
CHCLCOO0 < > I]N'—R~S]\— CHCI,COO0 > éH;N—R—Sl\—
Weak hydrogen bonding 0 Strong hydrogen bonding 0
At high pH & At low pH & (©) M-HMS
: / - ; /
CHCl,COO < > SH'-R—Si\— CHCI,CO0 > < SH —R—S|\—
/O /O
CHCLCOO ¢ > SH'—R—Si\— CHCI,COO™> < SH'—R—Si\—
(o] e}

Weak hydrogen bonding Strong hydrogen bonding

519 5.17 uanapnnusvaesiueylalnsiaunidasulilaes (a) HMS, (b) A-HMS waz (c) M-
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=

HMS 1antaglagulyl
515 nsAnEAaNLANsARRanlunsaatunsaanlaasdsn

TunsAnmantiinsAnanlunisgadu Inaldansaraananaas HAA, ¥iNn19ga
Fu HAA, foadlanweiadainaTiinsne) ulanisAnsdu 2 neal liun Aquanieswingy 7

Tutindu uae Tuitlsvilas
5.1.5.1 nsallfudnaulagAILANNIRTLYINAL 7

RINNNINARBIUAAIAIZLIN 5.18 WLFT HMS, Ti-HMS uaz M-HMS 11190

AATLUNTA MCAA launiian taz nsm DCAA, MBAA, DBAA LAY TCAA ANNATAL 401 A-

a Q

HMS azgadunsn DBAA 16gegn s89a3u1Aa N MCAA, MBAA, DCAA uay TCAA

!
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FANAAL uaniiald ASM7 luanssonanegedu wuda Sensgadunsa MCAA ldgenign
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1
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ATM3 azgadunsm DBAA 1igeign mudog nsm MCAA, DCAA, MBAA uaz TCAA

k!l

FINAAL azinlidn nam MCAA gngaduldunn wndnngu lunguaensnnaalsassn
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gﬂﬁ 5.18 A NAIN1InUNIAAdLUNTA HAA, Tutindl 289 HMS, Ti-HMS, A-HMS, M-
HMS, A3M7, A5M5, A7TM3 waz PAC TatipquAn pH Winfiu 7, ionic strength winriu 0.01

Tua/ans uaz aouugiwindu 25+2°C

07 td a
swnuRtivavysal asalfne dyaiwana MRG 5080177 61



120 A3M7

—_
o
(=]

*

¢ \VCPA
o O pcaa
A TCAA

O MBAA
o X DBAA

B O @
[ I - ]
£

ﬁuwmﬂqngniu
(=]

(llmsndumnin)

\e]
[=]

A

T T T

(o]

0 25 50 75 100 125 150 175 200
m*}mﬁm’iuﬁﬁmq:auqa (lulrsniu/@ns)
120 ~ ASMS

‘100—)‘

Lﬁuﬂmﬁgnqmi’u
(luTmsnFumiu)

40 7420
20 05 A

0 T T T

0 25 50 75 100 125 160 175 200
m’mrl’l’ui’uﬁamq:aw;a (uTnsniu/dng)
120 ATM3
100 |

@
o
O

o}
o
|

Lﬁmmﬁqnqniu

(lulasnFumin
8 &
¥,
fogn
o
>

o

| 1 1 1 1
0 25 50 75 100 125 150 175 200
padaduiianazanaa (lulamnin/ans)

120 PAC

—
o o O
S © ©
| I —
[}
>

unuiigngadu
e
o
1
O
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gﬂﬁ 5.18 (fim) ANNAINNTDIUNNIRATLNIA HAA, Tutiindu 289 HMS, Ti-HMS, A-HMS,
M-HMS, A3M7, A5M5, A7TM3 iaz PAC Tntiaquax pH winriu 7, ionic strength L¥inru 0.01

Ta/ans waz goungiiniu 25+2°C
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A miuraNaNngalunIsgeduaee PAC Wudn PAC gadunsa DCAA 16
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1 [ a 1o o d” a = v aa a ] =
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v
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g1l 5.19 AnuaunInlunisgadunsn HAA, luilsztlh 289 HMS, Ti-HMS, A-HMS, M-

HMS, A3M7, A5M5, A7TM3 waz PAC TngiAduANgsngilyiniy 25+2°C
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Isotherm Linear Plot
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Quantity Adsorbed (cm?/g STP)
P

LS e o e e S LA e o B B s s B e B e s B e e s e e B
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Relative Pressure (P/Po)

i 5.23 lalamesunisgadululnsauluaninzufiavessionategedu A-SCP

ANNNA 5.22 waz 5.23 uaasliiiunslalamesunisgadululnsianly

annzuidreFana g AdUaNANNaNTRTg L asnI uunuANTia SCP uay A-SCP i

A o

wWhsumeuiugluuunisgadusin IUPAC wudn wWlulimugduuui 4(5) Seeudulang

1
=

ANBUTNIIAATUBRIFINANAATLN [HH g

a Q

) e &‘ a s et
5.2.1.3 wyNenFuuuNuiasanagaty

o

AINN9ILAIZIUY T ULUN LR 199NN AT LN AN HANT]

gilafnnsunniuinusazaianduameild  Taeld  Fourier  Transform  Infrared

IS o

Spectroscopy (FT-IR) iNagufiumiaridunaguuiuioresaynianiantimglasnisunn

a ] a dln/ oé’ = o dgj a 1A 1 LA a 6
LURNLARSTUANAILATIEUTY LL@SNﬂW?ﬂ?UﬂEQWHNQIﬂﬂﬂ’]?m‘ﬂmﬂﬂﬂﬂﬁﬂﬂ‘ﬁu‘ﬂumiﬂ AIIMEY

AAINLALAAIAININT 5.24
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SCP

A-SCP

v S-H stretching

M-SCP

%T

AM-SCP

O-H stretching C-H stretching

4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber cm

ANN 5.24 ANAZN FT-IR 199sanavgaduayniandantifgilasnisuuniusnusiay
1A
dl 4 dld o o a a A4 dl
NANN 5.24 WL aRNIANHANTRTILeF NN uNnANNTHANNAT
windaagiludas 3400-3500 cm™ @aiiluiAaas O-H stretching axnsnuanléidn SCP #n

a dl o 9/%1/ = a ' dgj a =3 Y o 1 aa dy 1 o dl
ﬂmmwmmew"lmuuumﬂsﬁmu@@@guuwum LL@:ZLMH1®‘T]®’]’] SCP ATHWAUARTANINNGA

|
=

la’lj =R = a 1 d’j a { ' o ] aa a
mﬂmmmmummu@@@quuwummﬂmmyjﬁqnmu@u Tudquaes SCP ANNIFRRARA

u

o
A o '

wyilariiu azdliiAaay C-H stretching TwdagmuDnfINg? 3000 cm” waxim C-H

bending 19mgjiunBaWluTgag 1450 cm™ Teiawmatazlunuly SCP

A-SCP AM-SCP

] 1 1
AW 5.25 wyileiduLuiuiarese N AntanTRgdesnisunuRnusiazaiio
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5.2.1.4 1szquUNURITBIAINANARTL

[INNsRPEidszquuuiaressianaegaduTiinsne iy Faeds
Tmsnnsa-wa InglunisimnsnazpaouruliAiAuwaedilsyq (lonic Strength) Wiy
001 a1 Tneldarsazanalnmannaalsd (NaCl) wasandnganiazaunaazionisin

~ = o ' | X A o P
WL@mm@qfﬂqﬁﬂzﬂqﬂLL@ngﬂuLﬂuﬂ?qW?zﬂqqﬂﬂ’]‘WL‘ﬂﬁ]LL@zﬂﬁ‘:ﬁ“ﬂUuwqum\‘]LL@ﬂQSLUﬂ"IW‘W

5.26
70 & scP
5 4 O Ascp
. ot X MmscP
30 - O
—~ o0 AVFSCP
S 10 - XX‘X >2 Q EO@ A x A rrC
S -10 - &20 E% O
g * oLl 4
S -30 - -
8 50 | ¢ X O
©
@ -70
2 4 6 8 10

pH

al dgj a dld o o a ] a 1 o
NINN 5.26 ﬂixf-guuwummmwmﬁmmuumsgl,ﬂmwwmmLummm@mummzmuﬂu

PITLRITATA

ANHANITNAADS AIUFATILNNR 4.7 meﬁqﬂ@zauuﬁuﬁwmmmﬁ
fiflanRguwesnsuinuinusazaiin ldud SCP, A-SCP, M-SCP, AM-SCP uaz PAC
%Iqmmmmﬂ'ﬁqmﬁL@mﬁﬁﬂﬁﬂ@zfﬁuuﬁuﬁmﬂu@uﬁ (pH zpc) Winfu 6.2, 7.8, 5.6, 7.1
WAY 9.5 ANNANAL

1 [
a

TudaanAdszauanuaziszaauiunuinreayn AN uALAnS Y
NN 4.7 AuiuIesilszaazanad We pH inavanganga lilaufslugog pH 7
s wyilaridununuiareseyniatiiasine  azinislasuidsmewvsagndailmeu

nlidszauuituiianlasuulaslunAieasine amisouandldfal iz

pH < pH,,.. =Si-OH+H —>=Si-OH,

—

nyBaues

— pH>pH,,.. =Si-OH+0OH —>=Si-0 +HO
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pH < pH,p. : Si—R-NH, + H' —»Si—R— NH,"

nyjaziiy
L—»  pH < pH, : Si—- R-NH, + OH— Si — R — NH,OH
— » pH<pH,..:Si—-R-SH+H—>» Si—-R-SH,"
nywasualln
L, pH<pH,:Si-R-SH+OH—>»Si-R-S

1
=

1 pH AN pH zpc UFsNuRnaasaun Az lFiullsmen uaznuiaiuazianinilses
Wiuion Tuangidestlugag pH gen9n pH zpe AuiatasaynIpazgo@alilsnan Ml
X a a & = | & X a & Ao ' co

WuRalanndszaluay aaludes pH lunansiuiaveseyniafazlansniym e duuy

1
a A

wuranuansineiull anunsnagd1fsuanslunini 5.27

N 6.2 :
scp Si— OH, Si-0
. 7.8
A-SCP Si—-R-NH,, Si—R—-NH,OH,
Si— OH," Sie)
. |56
M-SCP | Si-R-SH,’, Si-R-S,
Si-0
Si—-O
. . 71
AM- Si—R-NH,", Si—R-SH, Si—-R-NH,0H, Si-R-§
ScP
Si—OH, Si-O
| | |
pH 6 7 8

o & oo da . . da em o
MWA 5.27 iufiafidasuudlaclinfieasing o 2eesananegaduenniantantifgles-

NITVLNNLURNLEI A =TT
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5.2.1.5 dsunusinasAilsznau (Elemental analysis)

ANNIAzINTNuFa e FUUN URA TN AN R ANTRLL A SN ULMNLWAN

ﬁﬁi@ﬁmﬁqw@,m:ﬂmﬂim (M-SCP) uax AM-SCP snsiRannseiaslasldinungidey
WeSFamn (K,5,0,) luanaziiduua wdnilUfinssifanetos UV-VIS Spectrometer
wasAaminBiinadlulnnawioma Iuﬁqn@ﬁq@mﬁummﬂﬁﬁmuﬁﬁsgmm%mLLam
Luﬁﬂﬁ&i@ﬁmé’qwg@zﬁiu (A-SCP)  uaz AM-SCP Tagldwmila Inductively Coupled

Plasma Atomic Emission Spectroscopy (ICP-AES) @nunsnagihifsunnsmisgléfuansly

a

dl dl A o =R A 1 a 1 g da/ a o o
NINN 4.9 ﬁn\muﬂu%mm?mmmmﬂ@miu LL@X‘MN‘]LN@?LLV’W‘]JIWUMWHN'NJ@\‘Iﬁ]ﬁﬂ@’]\‘i@]ﬂsﬁ‘]_l

52 [] %N (w/w)

5] g %S (w/w)

3.07

Percent (%)
N

0.37
0 _

A-SCP AM-SCP M-SCP

i 5.28 Bunaululnsiauiazdainasues A-SCP, M-SCP e AM-SCP

AINNITANEIAMUANTANIUAN  UATNNNNNINYBIFINAWNAATLBUNA

dld L2 . a ! a dlv ¥ Y o dl
VIZ‘J@N‘].I[F]SQUJ@?W’]?WLLNTWLuﬁlﬂLLﬁ]@gﬁuﬂmﬁﬂLﬂﬁ"]xﬂﬂﬂ @’]N’]ﬁ‘ﬂ@ﬁq‘ﬂblﬁ AIANTINN 5.9
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A15199 5.9 AneurantiEn eI neesionangadueynAnantRglefnisunn-

LURNLLANS TR
. . Wunie | pH | wigfilariduuu | %Suu | %N uy R
Fanaap Aty AUNA , PR ¥ ¥ _ ANTRWUHY
(m“/g) | zpc WLNI WLNI WA
(nm)
Superparamagnetic _ y
428 58 6.2 FATUBDR - - TRUUN
Silica particle (SCP)
Superparamagnetic _
arilulay ’
amino-silane 437 57 7.8 - - 1.15 TALUN
BANUDRN
Silica particle (A-SCP)
Superparamagnetic B
wasualln oy
mercapto-silane 468 57.09 5.6 - 5.92 - lalrauin
LASTIRNUAR
Silica particle (M-SCP)
Bi-functional -
azily, v
Superparamagnetic . TAUULAL
525 | 56.70 | 7.1 | wefualln | 3.07 0.37 oy
Silica particle - lslgavusin
LAZTANUDR
(AM-SCP) (1:1 ratio)
PAC 36.5 AFueila Ly
90 | 95 | ,_ - - Traun
pm Wila uazau
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Ly

522  NISANEIAAUNAAARSNSAATUNSAENTaRsEANTRIRYMANNANLR
gilas-wsunniusinusiazaiin

NIANEIAAUNAAIARSI0INIIARTU HAAS usiazniin Fesaanfinanuidudu
YAl ganna TneutlsAnnandaus 0 — 48 ol @uﬂdq%ﬁwzﬁmmﬁmm@ INN13
NARBINLIIN Lf;mﬁﬁmjmu@mmmi@msﬁu HAAS usiazaiinedsananynaialszazinan
IndiAeaiufie 24 dalu Tmﬂﬁmi@msﬁmuﬁm%?ummmmL?q"lmifmmm 5 daliausn waz

azEndngannandaluag 20

120
—— scp
g | —+- Ascp
i 1004 —X— MsSCP
£ % —O— AMSCP
d
ZC: 80 —A— PAC
&
=
c ©od O o
&
c
§ 40 - & N
agd
o2 A —A
= 20 -
& = ]
[c
0 T T T T 1
0 10 20 30 40 50

a1 (Falu)

NN 5.30 AaUNaAERiN19RadU MCAALUBYNIANHANTIRT oSN UMNLUEN

#AFN4 7] (1 pH 7, ionic strength 0.01 Tuasiadns grungil 25+2 aamaaiiea)

Do

AINNINT 5.30 LAAITNAAUNAANAATNNIARATU MCAA Fogaynianantifgile

sb

WIPWNNUWANTHAFNG 7 wudn Tudaguandnsndaluniagadu MCAA faseyniandan
. a 1 a v a o dl = o o Y v dl ¥ !
gilasnisunniuAnusazaialnalaesiu  ileEeasuRNANdRIunadngdanna
anuanllies Aa AM-SCP, SCP, M-SCP, PAC uaz A-SCP annanay Tnail PAC Hdnsn
nsgaduiialutdosusn uariaududunnadigannalndinesiu A-SCP uazilanan

udaluedl 20 Aonuidnduaes MCAA Aauasuazidnguainannaludalued 24

07 td a
FenuniuTuysel asalgme Jyawana MRG 5080177 75



S

. A —O— scp
€ 100 & —&— A-Scp
fg —X— MSCP
>£—.§; -O— AMSCP
< 80 —A— PAC
[cw
=
<~ 60
&
c

40 )
& =
3
£ 20
&

0 T T T T 1
0 10 20 30 40 50

AN (falug)

ANN 5.31 AaUNaAAATNNIAATL DCAA LWaYNIANNANTTRLL 85NN UNNIWAN

11AFN9] (M pH 7, ionic strength 0.01 TNAFEARNT U 25+2 B9A"LTaLTEA)

= —— scp

@ —B— ascp
& —>X— MSCP
sé —O— AMESCP
€ —A— PAC

&
=

p

[

53

&

= r/

A

%

3

g 20-

@«

0 T T T T 1
0 10 20 30 40 50

a0 (Falu)

AN 5.32 AaunaAaniniatu TCAA LUaynIANNANTTRgLLasANs LInLWEnN

afippnae] (M pH 7,ionic strength 0.01 THAAAARNT AEUNR 2542 AIALTALTEIA)
°~I p g 3 al
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)

fé —&— scp

g —— Ascp

¥l —X— MESCP

& —O— AMISCP
= —A— PAC
=

=

[

S

I~

—s
o2 5L

p 4

S 20 A

[cw

0 T T T T 1
0 10 20 30 40 50

a0 (Falu)
NN 5.33 AAUNAANAATNNIAATU MBAALWENANNANTRTI BN UNN LGN

11AFN9] (M pH 7, ionic strength 0.01 TNAREARNT GEUNARN 25+2 B3ALTaLTHA)

RINNINA 5.31 — 5.33 UARNDNAAUNAAIERIN1IRATL DCAA, TCAA uaz MBAA

fnaeynAnNanTRgasniunnuingiagig 7 uaz PAC wudd ludasusndnsnidalu

o

n1sgadu DCAA, TCAA uar MBAA fazaunianidantimgulaimisuunuinusiazadia

U
' '

v o QI v ] v v dl v o o
TnalAeniu LL@ZL?NL?J’]Q@Q’]NL?IN‘?JHV]LQ@’]Z@NQ@IﬂZ‘]LﬂHQﬂuWLQ@’] 24 fqTus

07 td a
FenuniuTuysel asalgme Jyawana MRG 5080177 77



—O— scp

)

£ —3— A-scp
K —<— MSCP
7 —O— AMESCP
e —A— PAC
&
%
=
< )
S
I~
= ©
A
o= —F1
4
(o
(o
«
0 T T T T 1
0 10 20 30 40 50

1281 (F2T04)

ANN 5.34 AaUNaAARSNN9ATU DBAA LaUNIANNANTTRT N9 uNNIuEN

a

#HAs9 (M pH 7, ionic strength 0.01 Tuasiadns grungil 25+2 s LTaiTea)

RINNNT 5.34 UAPNDNARUNAANARTNIRATL DBAA fazayniandantimgles

WIIWNNUANTHARNN 7] uaz PAC Wudn Tudaausngmnanidalunisgadu DBAA sageynia

=)

RaniTRgulafnsunniuinusazatialndiaeaiiy ws PAC #8mslunisgadulugdosusngs
o a oy Y o o pa o d . o
gn  wazBudnganndudunnatansalnapeaiunna 20 dalue g AM-SCP
= P P R = = =
HANNNTW DBAA NiAD U 1IAIANAAEINEA 389a911AB SCP, M-SCP way PAC WIX
pNidindl DBAA Nide ou warannalndlAesiy uaz A-SCP Hpninidindi DBAA #
LS TW NANANAATRENAN

[nnsAnEAsuNaAIansnsgaduraInIaanlaasdfnsafanaegadueuNA
antFgulefnunnumnusazailn  Telduuuaiaes Pseudo First Order 9
Lagergren WAz Pseudo Second Order TNHANNIINNTATUIUAIANNTN 5.1 WAz 5.2
AINAAL

IngQ —qg )=Ing —kt 4.1
e t 1
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—_— = 4 4.2

o o o

T q, Aa mmmmmlumﬁ‘@mﬁummmi@@z%ﬂﬁi@ﬁmuﬂmnmqqmuﬁ
ANITANAR (Lg/Q)
q, Aa ﬂqmmmmiuma?@meﬁmimaﬂa@z%ﬂﬁi@ﬁﬂuﬁﬂﬁqmw@meﬁuﬁ
I8Nt (ug/g)

1%

8 ANPINER359 Pseudo first order (h™)

o))

K

o

8 ANAINERTLS? Pseudo second order (g pg' h™)

o))

N

2
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A19199 5.10 m’qm‘ﬁfmuwam@mfma‘@msﬁmmu pseudo-first order AL pseudo-second

order
Pseudo First order | Pseudo second order A
Adsorbate | Adsorbent » K, . K, ocar | Gooro (gl h)
(") (g/ug h) | (ngig) | (R9/9)

SCP 0.7892 0.0369 0.9466 0.0022 | 36.23 | 30.85 2.89

A-SCP 0.9487 0.3632 0.9773 0.0019 | 48.54 | 42.59 4.48

MCAA M-SCP 0.9653 0.5928 0.9988 0.0164 | 34.48 | 33.70 19.50
AM-SCP 0.6055 0.0091 0.9882 0.0183 | 16.45 | 21.38 4.95

PAC 0.9378 2.3709 0.9998 0.0319 | 38.46 | 37.95 47.19

SCP 0.9787 0.4011 0.9973 0.0091 | 34.59 | 36.36 10.89

A-SCP 0.9943 0.2992 0.9971 0.0076 | 34.44 | 35.84 9.01

DCAA M-SCP 0.7932 0.0773 0.9960 0.0106 | 29.54 | 31.25 9.25
AM-SCP 0.8384 0.1238 0.9900 0.0069 | 33.52 | 34.36 7.75

PAC 0.7214 1.9966 0.9766 0.0272 | 38.60 | 24.33 40.54

SCP 0.944 0.1816 0.9987 0.0128 | 29.07 | 27.56 10.82

A-SCP 0.8752 0.2153 0.9991 0.0179 | 27.55 | 26.03 13.58

TCAA M-SCP 0.9683 0.1668 0.9915 0.005 32.57 | 29.82 5.31

AM-SCP 0.9783 0.1117 0.9849 0.004 33.67 | 31.33 4.53

PAC 0.6654 0.2213 0.9997 0.0884 | 29.50 | 29.51 76.92

SCP 0.8756 0.369 0.9954 0.0074 | 32.26 | 31.07 7.70

A-SCP 0.9389 0.1953 0.9829 0.0576 | 16.89 | 33.69 16.44

MBAA M-SCP 0.8059 0.3196 0.9967 0.0074 | 36.63 | 35.19 9.93
AM-SCP 0.9425 0.1502 0.9976 0.0107 | 33.67 | 32.39 12.13

PAC 0.926 0.3019 0.9998 0.0022 | 36.23 | 34.38 2.89

SCP 0.871 0.1119 0.9635 0.0211 11.75 | 26.45 2.9

A-SCP 0.7678 0.1326 0.9463 0.0167 | 14.45 | 37.67 3.49

DBAA M-SCP 0.9126 01727 0.9389 0.0157 | 12.75 | 30.77 2.55

AM-SCP 0.941 0.2432 0.9636 0.0087 | 17.39 | 21.29 2.63

PAC 0.9748 0.262 0.999 0.0151 | 29.85 | 29.06 13.45
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HANNINARBIAINANTNA  5.10 LAATINANAINIAAUNAANERTNNIAATLILLIL
pseudo-first order WAL pseudo-second order AA1AINENNTEURTaTRaN I @9
wudnaunanisgadurensaanlaesdsn 5 wia ulnusaunamiansnisgeduuiy

pseudo-second order wdINdmFULNNNIMU A1 R® #1uFU pseudo-first order axlANES s

Wana1sunainAn g, nawld (g,.,) AInaunIs pseudo-first order wdawudn lu

v a o/ 1 dl % lﬂl 1 dl % o 173
IndAeaiuAlfaInnmeaes (q,,) WAl g, Aldannisawnleeldannis

qe,exp

P Y SV o Py = ! v
pseudo-second order HANINAAELNALAT g, nuAN IFAaINNIIAaasIn Asnanalidn
o dl A
LUURNABINLUNNEANAR pseudo-second order
ANAN k, TUAN919N 5.10 AaAIASTIIEY pseudo-second order NUANTINARTILE)

Tunsgadu drAn k, 110 wanedn dasdalunnsgaduaunsniinauliatesniiauazidn

gannanisgaduliiiondn k, ANAgeandt TanniImaaee N19gadl MCAA, DCAA uay
g

a

TCAA 984 PAC WUAHAT k, gandidanangaduayniatiindu wazidngdaunaiondn G

Y o

ANNLKNANNIMANBIN LS AuLanalunIWA 5.30 — 5.34 UaNAINUAT k, fREINNTALANDN

|
o a

Psanndanangedunsesldsefumunnanlaesdnnngngm

o

uslaan Al k, NN

wanddn NegadufaasanaegaduTiauiie o Wenadidannauazilininsiagneadu

'
o

winii fananegaduaiindenaiasiesldiiuiumnnnds sanaegadunian k, Wes deain

F1sNT 510 wudn  psgedunseanlaev@anie 5 alelagldeyniend

o

antiReglafnsunniuin AA0 k, eandn PAC tiuma Nlsununsaanlaadsnigngadu

a

1o

MviniuagliFusanasgedueynianRantfgilainisuanuanitesnd PAC
AdRsuEalunnsgAtuENAY Y30 A1 h (ug g h') AINNIFANUIY WU PAC &
dn939luN199AFUENFU MCAA, DCAA, TCAA Uaz DBAA gandnsianagadueuniani
antRgilesnisunnuangiase o) faduldsiunanimeaesdsuandunmi 530 -
5.34 dauNan1sAuaiNIgRadu MBAA unLdn A-SCP dfnsnisalunnsgaduizusiugs
-QII zﬂl = o o Aﬂl ' o @ o
Pgn  WenFuuiauiunanimaaessuandlun i 534 wud dmsisalunisgady

A 9 o o : P v o = ' ) Py o o
L?Nmusﬂﬂ\‘iG]Qﬂ@’]\?@ﬁsﬁuLLW@zTu@Nﬂqiﬂ@Lﬂﬂ\?ﬂu @ﬂiﬁdmmﬁﬁ‘mﬂmfﬂmﬁ @W?qﬂqﬁ\aﬁeﬁu

MBAA Tagld A-SCP ilulidmuenannnisanuans

srwauativauysel asjniw fyawana MRG 5080177 81



52.3 nsAnedss@nsnwnisaatunsaanlans@hinuaisinananaduws
AzTUR

annsAnElsz@nininnisgadunsnanlaasdfnaessanaageduayniain
antRgilesnisunnuangiasng o wudr  lelamesureinisgaduresnsauwsiazating
ANBUZRNIZAD ATUARlUNINT 5.35 - 5.39 Tellnannaniladavaiaesing 1Hun atnues
S e = ' = =
a6 a1 lalauleasAlsnauaealuanananena wariFnnieznanAsesuLar iUy
[GENCEQNETEN HAAS5 goNDN YR F LU UR 995N AN Ad LI YN 1ANH
antFgasnnsunnuAnusacaianflnasalss@nin nnisgeaduansos  Se@aiune

v
asunelesasalilil

5.2.3.1 HAURIUYNINTULUNURIVRIAINANAATULABANNAINITY
luns apdunsaaiaasdsn

annseaesnisgadunsnanlaerdsnudazatin  Iaaldiananagady

'
a a g

aynAndaniRgesnsuinuinusazaiaidos pH 6.5 - 7.5 aviilszquuuiio

wansingiusanna luranIsAnElszauunuRinaasa N ALAazla  AINNIIATUINAN

pHzpc Asuanslunni 5.26 Tnandanangadu SCP Ndug@auea (Si-OH) UuWUHILAY

a
3 1

M-SCP iugmefuatlle (Si-R-SH) vuiuiatuidszquunuiofiuay 41 A-SCP 71
wyarilu (Si-R-NH,) uuuiauay PAC Hilszquunuiioifluuan uay AM-SCP Nilinnssiasa
Mangeriuuavinesunlinddszquunuialndpesiuaaailunans duiunsn
aa d! | dld 1 ° Y @ J = o 9; v
alaerdAndauiuaisiiA pka fn waaslidind) Haonaimisalunisusnsaluinlén
dl o ¥ = | dl 1 1 oo dy a o
waziaunnsaudnazidszqifluay TIANUANFN YRV FTFUL UL 29959NA9

o

grduwsaztdaidenaneauanis lunigadunsnanlaesdnnusas a9
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O scp

250 -
O A-scp
X MSCP
@ AMESCP

200 - A pAC

2

<

& 130 -

& 0 U

£ o A o ¢

= 100 o X

5= O

< A

e 0 & ®

& 50 O ° X

o A o T

: *QA X

g 0 T Q( T T T T T 1

& 0 50 100 150 200 250 300

Ce(ppb)

¥ d‘ o A
AMNTNTUNLIRNANAR (13Jiﬂ‘iﬂi‘3~l£°’]'ﬂ@£°’]‘i‘)

AN 5.35 1srAnBnmnnsgatu MCAA 1asaynandantifgilasnisuuniugn
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Abstract

Adsorption experiments of dichloroacetic acid (DCAA), used as a model haloacetic acids (HAAs)
which are classified as human carcinogens, were carried out at low concentration (0 to 400 pg/L) using
synthesized bi-functionalized hexagonal mesoporous silicates (HMSs) in comparison with single
functional groups modified HMSs and powdered activated carbon (PAC). Two types of organic
functional groups (3-aminopropyltriethoxy- and 3-mercaptopropyl-groups) were applied. Selective
adsorption of HAAs groups in mixed-solution of bi-functional groups grafted HMS was studied,
including effect of common electrolytes in tap water. The results showed that pristine HMS had higher

adsorption capacity than single and bi-functionalized HMSs, except for PAC. Adsorption capacities were
1



significantly affected by increasing surface area. Hydrogen bonding was the most important attractive
force between pristine HMS and DCAA. Combination between 3-aminopropyltriethoxy- and 3-
mercaptopropyl-groups was consistent with DCAA adsorption capacities, although their adsorption
capacities were less than single-functional grafted HMS.  Adsorption data were well described by
Langmuir isotherm and best fitted a pseudo-second-order kinetic model. DCAA adsorption capacities of
organic functional grafted HMSs were significantly affected by pH depending on pHzpc of adsorbents.
Adsorption capacities of each HAAs on bi-functional groups modified HMS did not relate to molecular
structure of HAAs. Moreover, electrolytes in tap water can slightly affect to HAAs adsorption capacities

and adsorption selectivity of bi-functional groups grafted HMS.

Keywords: Haloacetic Acids; Hexagonal Mesoporous Silicate; Surface Functional Groups; Adsorption.

Introduction

Haloacetic acids (HAAs) are common disinfection by-products (DBPs) usually found in
halogenated drinking water. Oxidative reactions involving free chlorine or bromine and natural organic
matter (NOM) may form nine common species of HAAs. The types and amount of compounds formed
depends mainly on the composition of water and on the dose of halogenic chemical oxidants. Several
researchers have suggested an association between HAAs and the incidence of cancers, including bladder,
rectal and colon cancer [1, 2]. Moreover, some HAAs, like mono- and dichloroacetic acid, are not only
used as intermediates for the manufacture of drugs, dyes and chemicals, but also as herbicides [3, 4]. The
U.S. Environmental Protection Agency [5] has regulated the total maximum contaminant level (MCL) in
drinking water of five HAAs (HAAs) , monochloro-, dichloro-, trichloro-, monobromo- and dibromo-
acetic acid (MCAA, DCAA, TCAA, MBAA and DBAA), to be less than 60 ng/l in stage 1 and less than
30 pg/l in stage 2. The US-EPA classified DCAA as a probable human carcinogen (Group B2) and

TCAA as a possible human carcinogen (Group C).

A tendency of DBP formation kinetic in simulated distribution system produce more
dichloroacetic acid as reaction time progressed [6] and DCAA formation is not as affected by pH [7].

2



Moreover, increased HAAs concentration were still relatively high as boiling time increased and found

DCAA were not volatilized or degraded by the boiling process [8].

According to HAAs are a probable health threat, many options have increasing concerned to
control HAAs concentration and formation in drinking water and water supply. The control of HAAs is a
challenge and a necessity because of the uncertainty of their generation mechanisms upon halogenation of
natural organic matter (NOM) in drinking water, the high hydrophilicity, high yield at pH < 7 and the
health effects that are putatively associated with them [9]. Tung et al. [10] found that in general HAAs
had a much lower adsorption capacity than trihalomethanes (THMs) on granular activated carbon (GAC),
and this was especially true for trichloroacetic acid. Biological activated carbon (BAC) is more efficient
for haloacetic acid (HAA) removal than autoclaved GAC, and this was attributed to the biodegradation of
HAAs by microbes except only trichoroacetic acid. Moreover, increasing the number of halogen atoms

affected on HA As decreased its degradation rate. [11, 12]

According to their limitations and among the inherent disadvantages of activated carbon are their
wide distribution of pore size, heterogeneous pore structure, and low selectivity for adsorption.
Hexagonal mesoporous silicate (HMS) has been studied extensively in the adsorption and catalysis fields
and has a mesoscale pore and silanol as a surface functional group. The HMS surface can be modified
with various groups and methods to enhance the specific characteristics (e.g., organic ligand
modification). Punyapalakul and Takizawa [13] studied DCAA adsorption on HMS and functionalized
HMSs at a high concentration (ppm level) and found that the physical characteristic of synthesized HMSs
did not affect the DCAA adsorption capacity, whilst a higher concentration of surface amino-functional
groups on the HMS gave a higher positive charge leading to an enhanced adsorption capacity for DCAA.
In addition, a combination of mercapto- and amino-functional groups caused a higher surface complexity,
produced more active surface sites, and gave a higher DCAA adsorption capacity than amino-
functionalized HMS. However, the effect of the surface functional groups of silicate material on the

adsorption capacity at low concentrations (ppb) of HAAs is still unclear.



The objective of this study was to investigate the effects of surface functional groups of
adsorbents on HA As adsorption kinetic and capacity. Batch adsorption experiments were carried out with
various types of inorganic materials with different surface functional groups of HMS compared to
powdered activated carbon (Shirasagi S-10, Japan EnvironChemecals Ltd.). Two methods of organic-
ligand grafting on HMS with amino- and mercapto-functional group were also employed to investigate
the effects of different surface charges and physico-chemical characteristics on HAAs adsorption
capacities. In addition, effects of bi-functional organic grafting and their ratios on adsorption capacity of
DCAA were investigated. The research that used DCAA as a model of HAAs would address the
comparison of HAAs adsorption capacities affected by surface functional groups at low-level
concentration of HAAs. Moreover, selective adsorption of HAAs groups in HAAs mixed solution was

studied, including effects of electrolytes in tap water.

Materials and Methods

HMS synthesis

HMS was prepared by the following method. 1.0 mole of tetracthoxysilane (TEOS) (Acros
Oganics) was dissolved into a mixture of water (29.6 moles), dodecylamine (Acros Oganics) (0.27 moles)
and ethanol (Carlo Erba) (9.09 moles) under magnetic stirring at 200 rpm. The reaction mixture was aged
at ambient temperature for 18 h, then filtered and air-dried on a glass plate. The product was calcined in
air under static conditions at 650 °C for 4 h to remove the organic template [14], with a temperature

increase rate, up to 650 °C, of 1 °C/min to preserve the crystalline structure.

Synthesis of single functionalized HMSs (SF-HMS)

Modification of HMS with surface functional groups was prepared by a standard pre-functional

groups grafting procedure as follows: 1.0 mol of tetracthoxysilane (TEOS) was added to a mixture of



water (50 moles), dodecylamine (0.25 moles) and ethanol (10.25 moles) under vigorous stirring. The
stirring was continued for 30 min and then 0.25 moles of either 3-aminopropyltriethoxysilane (APTES) or
3-mercaptopropyltrimethoxysilane (MPTMS) was added to yield either A-HMS or M-HMS, respectively.
The reaction mixtures were vigorously stirred (200 rpm) for 20 h at ambient temperature, and then filtered
and air-dried at room temperature on a glass plate for 24 h. Residual organosilanes and surfactant were

removed by Soxhlet extraction for 72 h with ethanol [15].

Synthesis of bi-functionalized HMSs (BF-HMSs)

Bi-functional groups grafted HMSs were prepared by pre-functional groups grafting procedure
following method of Lee et al. (2001) [5]: tetracthoxysilane (TEOS) 1.0 mol to a mixture of water 50 mol,
dodecylamine 0.25 mol and ethanol) 10.25 mol under vigorous stirring. The stirring was continued for
30 min, then 3-aminopropyltriethoxysilane (APTES) and 3-mercaptopropyltrimethoxysilane (MPTMS)
were added. The molar ratios of the reactants are listed in Table 1. The reaction mixtures were vigorously
stirred for 20 h at ambient temperature, and the resulting mixtures were filtered and air-dried on a glass
plate for 24 h. Residual organosilanes and surfactant were removed by Soxhlet extraction for 72 h with

ethanol.

Characterization of adsorbents

Powder X-ray diffraction (XRD) patterns of synthesized adsorbents were recorded on a powder
diffractometer equipped with Cu Ko radiation (Bruker AXS Model D8 Discover). The BET specific
surface area was calculated from the nitrogen adsorption isotherms, as measured at 77 K by a
Micromeritic model: ASAP 2020 version 1.04H, at a relative pressure between 0.04 and 0.20. Pore
diameter and mesopore volume were calculated by the D-H method. Surface functional groups were
investigated after drying at 105 °C for four hours by FT-IR spectrophotometer (Nicolet Impact 410).

Amount of N and S of organic functional groups grafted on HMSs were measured by UV adsorption



technique and ICP-AES, respectively. Surface charges of all adsorbents were determined by acid-base

titration with HC1 and NaOH as described by Patiparn and Takizawa [12].

Adsorption experiments

Evaluation of the adsorption kinetics was performed by varying the contact time from 0 - 72 h
under batch conditions with a DCAA concentration of 100 pg/l and 2 g/l of adsorbent. The pH and ionic
strength of the solution were fixed using 0.01 molar phosphate buffer at pH 7. Samples were agitated in a
shaking water bath at 150 rpm and 25 °C, and then filtered through a glass filter (GF/C, poresize 0.45 um).
The first 10 ml of filtrate was discarded and the rest was harvested for analysis following USEPA method
552.2 by gas chromatography using an electron capture detector (GC/ECD) Agilent GC6890. To analyze
the adsorption rate of the synthesized adsorbents and PAC, the pseudo-first-order equation of Lagergren
(1) and the pseudo-second-order rate (2) were evaluated based on the experimental data. The pseudo-first-

order and pseudo-second-order kinetic models are expressed as follows:

In(q, —q,)=Ing, -kt (1)
t 1 t

LA 2)
q, 2k,q. q.

Where k; and k; are the Lagergren rate constant (h™") and pseudo-second-order rate constant (g mg” h™),
and are the amounts of DCAA sorbed at equilibrium and at time t (h). The experimental data were plotted
as In(qe - q¢) versus time for fitting the first-order rate or as t/q; versus time for the second-order rate.

The adsorption isotherm evaluation was performed by varying the DCAA concentration from 10-
400 pg/l under batch conditions using 2 g/l adsorbent. The pH of solution was fixed by 0.01 molar
phosphate buffers at either pH 5, 7 or 9. Samples were then shaken, filtered and harvested for analysis
following USEPA method 552.2 as described above. The experimental data was analyzed using the
adsorption isotherm models of Langmuir (3) and Freundlich (4) as:

_ quLCe

= 3
1+K,C, )

q



q=K.C/" “4)
Where Ky is the adsorption equilibrium constant, g, is the maximum adsorption capacity (ug/g), qe is the

adsorption capacity at equilibrium (png/g), K and n are Freundlich constants.

Results and discussion

Physical characteristics of adsorbents

X-ray diffraction (XRD) patterns (data not shown) proved the crystalline structure of synthesized
HMS. However, the XRD patterns of organic functionalized HMS exhibited very board peak, indicated
that their porous structures were lost by the pre-grafting method compared with pristine HMS. It might be
caused by protonation of APTES and MPTMS under acid or neutral condition. Protonated APTES and
MPTMS can cross-link with the surface silanol groups of silicate species, and it might play a strong
influence on the self assembly of surfactant, leading to weaker interactions of the silicate species with the
surfactant template [13]. Surface area and pore size of HMS, modified HMSs and PAC were calculated
from nitrogen adsorption-desorption isotherm data and were shown in Table 2. The BET surface area of
pristine HMS was higher than other adsorbents, except for PAC and M-HMS. Moreover, pore size of
HMS can be affected by type of functional group. Larger pore of A-HMS might be caused by disorder of
hexagonal crystalline structure of silica base. The DCAA’s molecular size, being 0.69 nm and 0.46 nm in
width and length respectively, means that the pore size did not affect the accessibility of DCAA into
mesopore of adsorbents and PAC. Ratios of amino functional groups and mercapto functional groups of
BF-HMSs , compared with A-HMS and M-HMS were shown in Figure 1. The amount of each functional
group of bi-functionally grafted adsorbents con be confirmed and were as same as the ratios that shown in

Table 1.

Surface charge density of synthesized adsorbents, activated alumina and PAC were measured by
acid/base titration. Pristine HMS has the zero point of charge (pH,,) at pH between 4 and 6. pHzpc of M-
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HMS, A-HMS, A3M7-HMS, A5SM5-HMS, A7M3-HMS and PAC are 6.2, 9.5, 6.7, 8.6, 8.3 and 9.5
respectively as shown in Table 1. Grafted organic moieties affect the surface charge of HMSs. 3-
aminopropyltriethoxy-groups (A-HMS) shifted up the surface charge of HMS significantly. However, 3-

mercaptopropyl-groups (M-HMS) only changed the surface charge of HMS at a relatively small amount.

Adsorption kinetic

The evaluation of the DCAA adsorption kinetics is summarized in Figure 2, where the DCAA
adsorption on PAC attained equilibrium faster than on the other adsorbents. DCAA concentration
decreased dramatically in the first 10 minutes and reached equilibrium stage approximately at the the
twentieth hour. For HMS and all surface functionalized HMSs, the amount of adsorbed DCAA increased
significantly during the first and sixth hour and reached equilibrium stage approximately at the twentieth
hour. In order to analyze the adsorption rate of DCAA onto the adsorbents, the pseudo-first-order
equation of Lagergren (1) and the pseudo-second-order rate (2) were evaluated based on the experimental

data and the respective kinetic constants of each adsorbent were calculated and listed in Table 3.

A pseudo-second-order model best fitted the adsorption of DCAA onto every tested adsorbent,
indicated by the correlation coefficients, compared with the pseudo-first-order model. Thus a pseudo-
second-order rate model can be used to describe the adsorption kinetics for DCAA adsorption, based on
the assumption that the adsorption step may involve chemisorption. Moreover, as shown in Table 2, the
comparison of the experimental g, values and the calculated q. obtained from the linear plot in Eq. (2)

exhibited a very good consistency for all adsorbents

Adsorption isotherm

Figure 3-4 showed adsorption capacities of pristine HMS, modified HMSs and PAC. The results

show that HMS had higher DCAA adsorption capacity than A-HMS and M-HMS. PAC showed much



higher adsorption capacity than all HMSs. It might be caused by surface complexity of PAC inducing

many interaction forces involved such as electrostatic force, van der Waals force and covalent bonding.

In addition, it was expected that A-HMS which exhibits positive charge on surface could enhance
adsorption capacity for DCAA by electrostatic attraction with negative charge of DCAA. However, it was
found that at low level concentration (0-400 ppb), effect of electrostatic attraction could not enhance
adsorption capacity significantly, which is different from the study by Punyapalakul et al. (2004) [13].
Adsorption mechanisms due to hydrogen bonding, which is one of the dipole-dipole interactions, can be
interfered with by water, especially at a low concentration. Thus, at low concentrations of DCAA (or high
concentrations of water) any polar surface can undergo hydrogen bonding with water rather than attract
the polar DCAA molecule dissolved in water. Therefore, removal of polar DCAA with ionic functional
groups at a low concentration can be affected by water and so makes the adsorption capacities of amino
grafted surface (A-HMS) lower than PAC. Unexpectedly, M-HMS, which has a higher hydrophobicity
and an almost neutral charge, exhibited a comparable adsorption capacity to that for HMS. Perhaps, the
higher surface area as well as residual silanol groups (non-grafted silanol) remaining on surface of M-

HMS can affect the adsorption of DCAA at low concentrations.

For BF-HMSs, the presence of amino-functional groups combined with mercapto-functional
groups at the ratio of 7:3 (A7M3) dramatically exhibits higher adsorption capacity than A-HMS. This
phenomenon is similar to DCAA adsorption at high concentration (Punyapalakul et al., 2004). Although
DCAA adsorption capacity of ASM5 demonstrates as nearly as A-HMS, it is inclined to enhance
adsorption capacity at concentration higher than 300 ppb. For A3M7, it is not different adsorption
capacity as A-HMS. Ratio of amino to mercapto functional groups is consistent with adsorption capacity
for DCAA adsorption. When the ratio of amino to mercapto increases, the adsorption capacity also

increases. This relationship is also the same trend as previous study at high concentration.



The parameters and correlation coefficients for the Langmuir and Fruendlich isotherm model
calculated from experimental data through linear regression were listed in Table 4. It can be seen that the
correlation coefficients for the Langmuir model of all adsorbents were very high and better fitted than

Freundlich isotherm model. This suggests that a monolayer adsorption plays a role for DCAA adsorption.

Effect of pH

The adsorption capacities of all adsorbents within a pH range from 5 to 9 was evaluated and is
summarized in Figure 5. The electrostatic interaction between ionic species and ionic surface functional
groups is known to be highly dependent on pH. The adsorption capacity of all adsorbents at pH 9 was
lower than that at pH 7 and 5, presumably because of the repulsion force between the negative charge of
the adsorbent surface and that of DCAA. Moreover, at a pH higher than the respective pHzpc the surface
functional groups can be ionized, and that can strongly affect the hydrogen bonding between DCAA and

surfaces, due to hydroxide ion [ 16] .

However, adsorption capacities of A-HMS, M-HMS, ASM5-HMS and A7M7-HMS were not
significantly affected by decreasing of pH, since surface charge at pH 5 and 7 did not change significantly
due to high pH,,.. However, DCAA adsorption capacity of A3M7-HMS was affected by decreasing pH
from 7 to 5, consistent with increase of positive charge of A3M7-HMS surface. No effect of pH on the
adsorption capacities of pristine HMS was evident from pH 5 to 7, since the neutral charge of the HMS
surface does not change significantly within pH 4-6. Moreover, water can be protonated to be hydronium
ion, which exhibits stronger positive charge. Hence, interaction between DCAA and HMS surface might
be interfered by stronger electrostatic interacting between hydronium ion and DCAA, especially at low

pH and low-level concentration.

Selective adsorption of HAAs groups on A7M3-HMS and effect of electrolytes in tap water
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Figure 6 (a) show the results of batch adsorption in mixed solution of each HAAs on A7M3-HMS
in demineralized water. MCAA and DBAA exhibited the highest adsorption capacities on A7M3-HMS.
However, adsorption capacities of HAAs on A7M3-HMS did not clearly relate to the type and amount of
halogen atom in the molecule. Low pKa HAAs (TCAA) are supposed high potential to interact with
hydronium ion in the water, which can reduce charge density of molecule and accessibility to active site
of HMS surface. Moreover, the results of competitive adsorption of mixed solutes on A7M3-HMS in tap
water are shown in Figure 6 (b). It was found that adsorption capacities of HAAs on A7M3-HMS were
slightly decrease comparing with the results of mixed solution in miliQ water, without changing of the
order. Common electrolytes in tap water such as Na’, Mg2+, Ca®’, CI', F, NO; , SO5* and HCOj7,
measured by ion chromatography (19.2, 5.2, 19.3, 21.13, 0.32, 0.79, 22.8 and 20.0 mg/L, respectively.),
was found slightly affect capacities and adsorption selectivity of HAAs on A7M3-HMS in the mixed

solution, especially for MBAA and TCAA.

4. Conclusions

Presence of organo-functional groups on HMS affected to physico-chemical characteristic of
adsorbents, especially, 3-aminopropyltriethoxy- groups. Silently groups on pristine HMS had higher
adsorption capacity than functionalized HMSs, except for PAC. Adsorption capacities were significantly
affected by increasing pore size and surface area. Hydrogen bonding was the most important attractive
force between pristine HMS and DCAA. Combination between 3-aminopropyltriethoxy- and 3-
mercaptopropyl-groups was consistent with DCAA adsorption capacities, although their adsorption
capacities were less than single-functional grafted HMS. Adsorption data were well described by
Langmuir isotherm model and best fitted a pseudo-second-order kinetic model. DCAA adsorption
capacities of bi-functional grafted HMSs were significantly affected by pH depending on pHzpc of
adsorbents. Adsorption capacities of each HAAS on bi-functional groups modified HMS did not relate to
molecular structure of HAAS5. Moreover, electrolytes in tap water can slightly affect to HAAS

adsorption capacities and adsorption selectivity of bi-functional groups grafted HMS.

11



Acknowledgements

The authors express gratitude to the 90th Anniversary of Chulalongkorn University Fund

(Ratchadphiseksomphot Endowment Fund) and the Thailand Research Fund, Thailand under grant no.

MRG5080177 for financial support. The support by Center of Excellence for Petroleum, Petrochemicals

and Advanced Materials is also acknowledged.

References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

K.G. Lee, B.H. Kim, J.E. Hong, H.S. Pyo, S.J. Park and D.W. Lee, 4 Study on the distribution of
chlorination by-products (CBPs) in treated water in korea, Water Res. 35 (2001), pp. 2861-2872.
D. Martinez, F. Borrull and M. Calull, Comparative study of solid-phase extraction system
coupled to capillary electrophoresis in the determination of haloacetic compounds in tap water, J.
Chromatogr., A 827 (1998), pp. 105-112.

M.N. Sarrién, F.J. Santos and M.T. Galceran, In situ derivatization/solid-phase microextraction
for the determination of haloacetic acids in water, Anal. Chem. 72 (2000), pp. 4865- 4873.

T.K. Nissinen, I.T. Miettiene, P.J. Martikainen and T. Vartiainen, Disinfection by-products in
finnish drinking water, Chemosphere 48 (2002), pp. 9-20.

U.S. Environmental Protection Agency, Controlling disinfection by-products and microbial
contaminants in drinking water, Washington, D.C., Office of Research and Development, 2001
L.A. Rossman, R.A. Brown, P.C. Singer and J.R. Nuckols, DBP formation kinetics in a simulated
distribution system, Water Res. 35(14) (2001), pp. 3483-3489.

M.J. Rodriquez, J.B. Serodes and P. Levallois, Behavior of trihalomethanes and haloacetic acids
in drinking water distribution system, Water Res. 38 (2004), pp. 4367-4382.

S.W. Krasner and M.D. Jenson, The effect of boiling water on disinfection by-product exposure,

Water Res. 39 (2005), pp. 855-864.

12



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

G.V. Korshin and M.D. Jenson, Electrochemical reduction of haloacetic acids and exploration
their removal by electrochemical treatment, Electrochim. Acta 47 (2001), pp. 747-751.
H.H.Tung, R.F.Unz and Y.F. Xie, HAA4 removal by GAC adsorption, J.-Am. Water Works Assoc.
98 (6) (2006), pp. 107-112.

Y.F.F. Xie and H.J. Zhou, Use of BAC for HAA removal-Part 2, column study, J-Am Water
Works Assoc. 94 (5) (2002), pp.126-134.

H.W. Wu and Y.F.F. Xie, Effect of EBCT and water temperature on HAA removal using BAC,
J.-Am. Water Works Assoc. 97 (11) (2005), pp. 94-101.
P. Punyapalakul and S. Takizawa, Effect of Organic Grafting Modification of Hexagonal

Mesoporous Silicate on Haloacetic Acid Removal, Environmental Engineering Forum 44 (2004),
pp. 247-256.

P.T. Tanev and T.J. Pinnavaia, Mesoporous Silica Molecular Sieves Prepared by Ilonic and
Neutral Surfactant Templating: A Comparison of Physical Properties, Chem. Mater. 8 (1996), pp.
2068-2079.

B.H. Lee, Y.H. Kim, H.J. Lee and J.H. Yi, Synthesis of functionalized porous silicas via
templating method as heavy metal ion adsorbents: the introduction of surface hydrophilicity onto
the surface of adsorbents, Microporous Mesoporous Mater. 50 (1) (2001), pp. 77-90.

Q. Yu, S. Deng and G. Yu, Selective removal of perfluorooctane sulfonate from awueous solution
using chitosan-based molecularly imprinted polymer adsorbents, Water Res. 42 (2008), pp.3089-

3097.

13



Table 1. Molar ratio of 3-aminopropyltriethoxy and 3-mercaptopropyltrimethoxy groups

Functional groups A-HMS ATM3-HMS | ASMS5S-HMS | A3M7-HMS M-HMS
3-aminopropyltriethoxy 0.25 0.175 0.125 0.075 -
3-mercaptopropyltrimethoxy - 0.075 0.125 0.175 0.25

Table 2. Physical characteristics of HMS, A-HMS, M-HMS, bi-functional grafted HMSs and PAC

3
Pore S;;‘Ef;ce area (m’/g) Pore Surface .
Adsorbents | diameter Surf External volume functional £rouns pHizrc
(nm) uriace area (mm’/g) Brotp
area
HMS 2.60 712 42 773 Silanol 4.5-5.5
A-HMS 3.95 262 17 147 Amino, silanol 9.5
M-HMS 2.48 912 53 433 Mercapto, silanol 6.2
A3M7-HMS | 2.58 483 32 152 Amino, Mercapto | ¢
and silanol
ASMS-HMS | 2.60 426 25 220 Amino, Mercapto | ¢ ¢
and silanol
ATM3-HMS | 3.58 200 20 187 Amino, Mercapto | ¢
and silanol
Carboxyl,
PAC 1.90 980 59 276 Phenyl
9.5
and others
Table 3. Kinetics values calculated for DCAA adsorption onto PAC, HMS, A-HMS,
M-HMS and bi-functional grafted HMSs.
Pseudo First- Pseudo Second-
Adsorbent order order
R? k; R? k; Calculated Experimental h*
() (g/ng h) q. (ng/g) q. (ng/g) (ng/g h)
PAC 0.721 1.997 1.000 0.094 38.760 38.605 141.220
HMS 0.723 0.159 0.986 0.073 12.438 12.141 11.293
A-HMS 0.874 1.649 1.000 0.523 5.924 5.801 18.354
M-HMS 0.982 0.596 0.996 0.210 8.418 7.692 14.881
A3M7 0.657 0.102 0.991 0.332 10.741 10.357 38.303
ASM5S 0.674 0.095 0.995 0.612 6.423 7.139 25.248
ATM3 0.454 0.180 0.965 0.133 11.682 8.415 18.150

*h = Initial adsorption rate (ug/g h) calculated from 4 = k,q’



Table 4. Parameters of Langmuir and Freundlich isotherm for DCAA adsorption on PAC,
HMS, A-HMS, M-HMS, bi-functional grafted HMSs and PAC atpH 5, 7 and 9

Adsorbent Langmuir Freundlich
pH dm Ky R’ Kr n R®
PAC
5 322 0.0086 0.987 1.102 0.820 0.980
7 294 0.0040 0.996 0.991 1.000 0.994
9 7.8 0.0415 0.935 0.928 2.587 0.865
HMS
5 250 0.0006 0.994 0.157 1.055 0.987
7 256 0.0010 0.986 0.904 1.420 0.886
9 212 0.0003 0.987 0.024 0.820 0.950
A-HMS
5 322 0.0004 0.991 0.158 1.104 0.983
7 312 0.0003 0.980 0.091 0.980 0.976
9 285 0.0001 0.993 0.024 0.878 0.922
M-HMS
5 243 0.0013 0.997 0.397 1.152 0.988
7 238 0.0011 0.994 0.175 0.949 0.994
9 185 0.0001 0.984 0.004 0.652 0.976
A3M7
5 303 0.0010 0.972 0.424 1.282 0.962
7 294 0.0002 0.998 0.056 0.933 0.990
9 285 0.0001 0.991 0.003 0.673 0.955
ASMS5
5 344 0.0003 0.999 0.101 0.984 0.991
7 357 0.0003 0.960 0.045 0.855 0.970
9 294 0.0001 0.981 0.010 0.731 0.996
ATM3
5 227 0.0005 0.999 0.092 0.932 0.997
7 232 0.0009 0.965 0.093 0.887 0.994

9 196 0.0003 0.993 0.052 0973 0934
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EXTENDED ABSTRACT

The control of haloacetic acids (HAAs) is a challenge and a necessity because of the uncertainty
over the mechanisms of their generation upon the halogenation of NOM in drinking water, high
hydrophilicity, high yield at pH<7 and health effects putatively associated with them. The U.S.
Environmental Protection Agency has regulated the total maximum contaminant level (MCL) in
drinking water of five HAAs (HAAs) including monochloro-, dichloro-, trichloro-, monobromo- and
dibromoacetic acid (MCAA, DCAA, TCAA, MBAA and DBAA) to be less than 60 ug/l in stage 1
and less than 30 pg/l in stage 2. The USEPA classified DCAA as a probable human carcinogen
(Group B2) and TCAA as a possible human carcinogen (Group C). Since accepted treatment
technologies (e.g., adsorption on granular activated carbon or biologically activated carbon) may
not perform well with HAAs due to their very high hydrophilicity ( Xie et al., 2002), it is necessary
to evaluate alternative adsorbents that decrease the concentration of these compounds in
drinking water. According to their limitations and among inherent disadvantages of activated
carbon, the recent discovery of silica coated superparamagnetic nanoparticle (SCP) has
simulated a renewed interest in adsorbent and catalyst design. SCP is based on the formation of
magnetic iron oxide nanoparticles embedded in silica matrix. They have high mechanical rigidity,
resistance to solvents, long shelf life and removable by using low energy magnetic filed.
Moreover, these magnetic supports, including functional groups modified surface, might enhance
covalently interaction with affinity ligands of HAAs. Nanosize magnetite (Fe;O,) was synthesized
by co-precipitation method between ferrous and ferric salt (Fe2+ and Fe** ) at ratio 1:2 in basic
solution and nitrogen flow to prevent oxidization. Then linolenic acid was applied to prevent
agglomeration and stabilized suspension of superparamagnetic nanoparticle (Ma et al., 2006).

Moreover, hexagonal mesoporous silicates (HMSs), faujasite-type zeolite Y (NaY and HY), and
activated alumina with well-defined pore size and a uniform surface functional group were
hypothesized to have higher surface accessibility and molecular selectivity than powder activated
carbon (PAC). The hydrophilicity of the silanol group on SCP and HMSs, as well as positively
charged zeolite Y surfaces were expected to have a high affinity to high hydrophilic molecules
such as HAAs.

This study evaluates the effects of surface functional groups, crystalline structures and the
physico-chemical characteristics of functionalized SCPs comparing with silicate-based
adsorbents on the adsorption efficiency of two different types of HAAs; dichloroacetic acid
(DCAA) and dibromoacetic acid (DBAA) at low level concentrations (0-300 ug/L). Batch
adsorption experiments were carried out with three types of surface functionalized SCPs (i.e., the
silanol, 3-aminopropyltriethoxy- and 3-mercaptopropyl-groups) (SCP, A-SCP and M-SCP,
respectively) to investigate the effects of the surface functional groups, including the effects of
micro- and meso-porous silicate adsorbents on internal surfaces accessibility of above surface
functional groups. Moreover, aluminium substitution in microporous silicate structures of zeolite
NaY and HY were also compared. Crystalline structures, particle shape and size, surface area,



pore size, surface functional groups, and the surface charges of these materials were measured
by XRD, SEM, nitrogen adsorption isotherm, FT-IR, acid-base titration, etc. We evaluated the
adsorption isotherm, adsorption kinetic, effect of pH (5, 7 and 9), together with a theoretical
evaluation of the surface properties of the adsorbents and adsorbate to elucidate the adsorption
capacities and mechanisms of superparamagnetic particle and porous silicate adsorbents
comparing with PAC.

Grafted organic functional groups on SCP didn’t affect to surface area, particle size and surface
charge of SCP and M-SCP and A-SCP significantly, comparing with porous silicate. The
presence of organo-functional groups on all functionalized HMS (A-HMS and M-HMS) affects
average pore size; in particular, the hexagonal mesostructure of pores in the 3-
aminopropyltriethoxy-groups may deform and increase pore size.

Adsorption kinetics followed the pseudo-second-order model for both DCAA and DBAA
adsorption on all adsorbents, indicating that the adsorption step involved chemisorption. The
correlation coefficients of the Langmuir and Freundlich isotherms calculated by linear regression
did not differ significantly. Chloroacetic acids (DCAA) can be adsorbed higher than bromoacetic
acids (DBAA). Adsorption capacities of pristine and functionalized SCPs were higher than micro-
and meso-porous silicate. It was suggested that diffusion to internal surfaces of porous
adsorbents were limiting factor for HAAs adsorption. The results showed that silanol groups on
pristine SCP and HMS, as well as un-grafted silanol groups of M-HMS had higher DCAA and
DBAA adsorption capacities than 3-aminopropyltriethoxy-groups of A-SCP and A-HMS.
Hydrogen bonding between silanol groups (Si-OH) of surfaces and HAAs played a more
important role than the electrostatic attraction force caused by surface functional groups. HAAs
adsorption on A-HMS was limited by lower surface area and hydrogen bonding between grafted
3-aminopropyltriethoxy-groups and residual silanol groups, proved by the FT-IR broad peak at
3647 cm-1. NaY and HY zeolites had less silanol groups as the main functional group on the
surface to adsorb HAAs than HMS because of the substitution of aluminum, as well as a lower
accessibility of hydrated HAAs molecules to the zeolite micropore structures.

At low level concentration of HAAs, polar surface will undergo hydrogen bonding with water rather
than attract a polar molecule that is dissolved in water. Therefore, removal of polar HAAs by polar
adsorbents might be affected by water, comparing with high concentration of HAAs.

SCPs and HMSs are favorable for use as adsorbent for removal HAAs from disinfection process
of water supply system, because of high adsorption efficiency and specific molecular selectivity In
addition, separation of SCPs from water can easily be enhanced and controlled direction by
adding low energy magnetic field.

KEYWORDS: Haloacetic acids (HAAs), Superparamagnetic Nanoparticle, Hexagonal
Mesoporous Silicate, Zeolite Y, Surface functional groups, Adsorption
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Abstract

In this study, adsorption of haloacetic Acids (HAAS5), disinfection by-products (DBPs), by using modified
superparamagnetic magnetite nanoparticles. Superparamagnetic magnetite nanoparticles were synthesized and modified
surface by silica coating (SCP) and organic functional groups grafting. 3-aminopropyltriethoxy- and 3-mercaptopropyl-
functional groups were grafted on SCP surface by single and bi-functional groups (1:1 ratio) grafting method. From the
obtained results, it was found that the adsorption of HAAS on each adsorbents can reach equilibrium time at 24 hr. The
hydrophilic adsorbents (SCP, A-SCP and AM-SCP) had higher adsorption capacity than hydrophobic one (M-SCP).
Furthermore, the different types of halogen atom and density of chlorine and bromine atom in the HAAS molecular structures
could directly affect to adsorption capacities of HAAS. Low density of halogen atom in molecular structure of HAAS had
higher adsorption capacity comparing with higher density of halogen atom. However, the presence of chlorine atom in the
structures of HAAS could enhance adsorption capacity comparing with bromine atom. Moreover, surface charge, surface

functional group, hydrophobicity of each superparamagnetic particles could affect to adsorption capacity of HAAS.

Keywords : Haloacetic acids; Superparamegnetic Particles; Functional group; Seperation; Adsorption
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Abstract

Hexagonal mesoporous silicates (HMSs) were synthesized and modified by surface functional groups grafting with
3-aminopropyltriethoxy- and 3-mercaptopropyl- groups, including titanium substitution in crystalline structure. Adsorption
efficiencies of 5 types of haloacetic acid (HAA,) at low concentration were investigated including, effect of pH on adsorption
mechanism. The results showed that, 3-aminopropyltriethoxy- grafted HMS had highest adsorption capacities by comparing
with specific surface area due to positive surface charge. HMS had high capacities because of hydrogen bonding of silanol
group. Furthermore, adsorption capacities of HAA, were significantly affected by surface charges caused by changing pH.

Adsorption efficiencies of each types of HAA, strongly depend on pKa and amount of halogen atom in molecule structures.
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