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## 5072267523 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE

KEYWORD : MCM-41/3-MERCAPTOPROPYL / ADSORPTION / MERCURY REMOVAL
NATTIDA SIRIWONG : SYNTHESIS AND USE OF 3-MERCAPTOPROPYL
MODIFIED MCM-41 FOR MERCURY REMOVAL FROM WASTEWATER.

THESIS ADVISOR : ASST.PROF. FUANGEFA, UNOB, Ph.D, 124 pp.

MCM-41 was synthesized and modified with#Sulfurscontaining functional group (3-
mercaptopropyltrimethoxysilane, MPTMS) which has a good affinity towards mercury ions.
Three synthesis methods.were studicd; (i) Conventional hydrothermal templated sol-gel method
(Con), (i) Original stepped*template sol-gel method (Step), and (i) Grafting method that was
divided into grafting methed using MCM#41 prepared by conventional hydrothermal templated
sol-gel method (Graft-con) and by original Stepped template sol-gel method (Graft-step). The
amount of MPTMS waswariediin the synthesis. The efticiency of the method in ligand loading on
the adsorbents was evaluated and compared: The;-lig;l‘ﬁd loading efficiency followed the order:
Con method > Graft-step method > Step.method >“:-Grlafffc0n method. The adsorption efficiency
for mercury ions of the obtained products (MP-MCM—%H)'was evaluated and compared. The order
adsorption efficiency of products followed MP-MC-.Il\i/I:LI_lj.'(Graft-Step) > MP-MCM-41 (Graft-
con) > MP-MCM-41 (Step) > MP-MEM-41 (Con). Thﬁérizft—step method was the most suitable
method despite of fairly good ligand lcading efﬂéiéhbﬁdompared to other methods. All the
obtained adsorbents were characterized by XRD, ET-IR, surface area analysis and thermal
analysis. The factors that affect mercury(ID) ions adsorption by MP-MCM-44 were studied i.e. the
pH of solution, contact time, interfering ions. The suitable pH for adsorption was 5 — 8.
Adsorption reached the equilibrium within 20 min. The presence of chloride ions (0.1 and 1.0 M)
reduced the=r€émoval efficiency up to 24 =44 %. The adsorptiony behavior, ofsmercury on MP-
MCM-41 at equilibrium’ followed Langmuir isotherm and| .the maximum (mercury(Il) ions
adsorption capacity was 1.25 mmol/g. Thissmaterial could be reused at least 4 cycies and it could

remove mercurydn real wastewater from refinery processes.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the problem

The industries in Thailand that use mescusy in production are divided into six
types such as petroleum industry, chlorine and' caustic soda industry, metal fused
industry, pharmaceutical products industry, papei and pulp-industry, paint industry and
plastic industry. Theseandustrics.arc.important for the economy of the country but they
could also cause enviroamental'probleras especially water pellution. The contamination
of heavy metals, in partieularmercury in water is one of the problems concerned [1].
These heavy metals in water argtharmiful towards human life, animals and plant.

Mercury is a highly toxi¢ substance a:nd the major effects of mercury poisoning
manifest as neurologicalsand renal disturbaﬁges‘ ‘as it can easily pass the blood—brain
barrier and affect the foectal brain. High conlce_ntration of Hg(Il) causes impairment of
pulmonary function and kidney, chjestjpain anciic&sﬁnousea [2]. Minamata disease caused
by mercury can cause brain damage and de"a{!h.-' The previous research reported the
contamination of mercury in seawater in Thai g-ilitfzr’ggion [3]. Eastern Marine Fisheries
Research and Development Center,. Department ;f,_f_iél_lqries, reported that the amount of
mercury in seawatcr, in the easte;m of Thai gulf k;et\-;veen 1990-1999 at Rayong to Trad
province containgd=0:001=0:02 g/ fercury in average, in particular at Mabtapud
industrial park (0.001-0.07 mg/L) and at the middle of Thai gulf€0.001-0.07 mg/L). Since
1996, petroleum development project assigned that in the expleration, drilling oil and
natural gas, the release @nd.contamination of heayy metals, especially mercury is to be
monitored imallthree processes iiei exploration,drilling and production [4]. Furthermore,
all six industries that use mercury in production have to follow after the quality audition
for contamination of mercury in seawater and accumulative toxin in aquatic animals.

To prevent a human from the danger of the contaminated mereury and the
accumulation of mercury in an environment, the government released the law to control
the mercury quantity in wastewater. In USA, the standard of USA’s Environmental
Protection Agency (USEPA) states that wastewater from petroleum production activities
must not have the contaminated mercury higher than 1.8 mg/L. The industrial factory in

Thailand must have criterion to remove mercury in wastewater from the factory before
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direct releasing to a river or the ocean. The Ministry of Industry of Thailand announced
the regulation for controlling of toxicity of the treated waste. The level of mercury has to
be controlled must not be more than 5 pg/L for wastewater and 1 pg/L for drink water
[5,6]. If the concentration of mercury from the wastewater has higher than the regulatory
level, the waste will be categorized as the hazard wastewater which must retreat before
the disposal. The method widely used for the detezmination of mercury concentrations is
cold vapor atomic absorption spectrometry (CVAAS), due to its good accuracy and
precision, high sensitivity _and good selectivity” [/} This method is often chosen for
comparing of the mercury concentration before and after treating the samples with
wastewater.

Several methods havesbecn used to remove heavy metals from wastewater, such
as ion exchange, coagulation, ehemical precilpitation, solvent extraction and adsorption on
various adsorbents [8]. Oné ofiwhich, adsorption is an efficient method and widely used
to remove metals from effluent. In"recent years, various adsorbents have been
investigated, e.g. zeolitgs, silica gel, polymér 1tJ)-ead, and clay minerals [8-14]. Many
adsorbents for mercury 1ons showed several dfé_\ybglpks like low mechanical and thermal
stability and weak chemigal affinity [8,14]. Mol_aij nystalline Material-41 (MCM-41) has
drawn a lot of interest due to its uniformn structl_llr_-e‘ é_mc_l high surface area and the surface
can be easily modified. Three methods of functai@n:a.jlfi-zation were used: (i) conventional
hydrothermal templated sol-gel-method, (i) origiﬁa{ stepped template sol-gel method and
(i) grafting method [15-18]. The attaching of ligand to MCM-41 jis functionalization
which is the ligand-MCM-41chemically bonded by attachment of silicane group with
Si-O group, Si-O-Si group or =OH group of MCM-41. The ligand part is important for
the extraction or chelation with the metal ions. It provides the binding site to form a
complex with.a metal ion. The affinity of mercury“and ligand can be attributed to the type
of donor atoms (hard or soft), oxidation state of.the metal“ion, the amounts of ligand and
the metal atom, and pH of the solvent system. Sulfur-containing functional group (e.g. 3-
mercaptopropyltrimethoxysilane, MPTMS), was chosen” for. surface. modification to
improve the affinity towards mercury ions [19].

This research focuses on the synthesis and characterization of 3-mercaptopropyl
functionalized MCM-41 using three synthesis methods; the conventional hydrothermal

templated sol-gel technology, the original stepped template sol-gel technology and the
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grafting method followed by the studies of the effect of various parameters that operated

in the process of quantitative adsorption of mercury.
1.2 Objectives of the thesis

The objectives of thesis can be summarized as following:
1. To synthesize and characterize 3-mercaptopropyl functionalized MCM-41.
2. To study mercury removal performance of.the 3-mercaptopropyl functionalized

MCM-41 synthesized by the optimum method.

1.3 Scope of the thesis

The scope #of this gesgarch -was _;lﬁrstly synthesis of 3-mercaptopropyl
functionalized MCM-41 using three synthesis methods; (i) conventional hydrothermal
templated sol-gel methody (i1) Original steppe template sol-gel method and (ii1) grafting
method (normal MCM=41 prepared from (i) ;apd (i1)). In the synthesis of 3-mercapto
propyl functionalized MECM-41, the optimum adding amount of 3-mercaptopropyl
trimethoxysilane was determined by varying thé":atmount of MPTS added in the synthesis
(i.e. 0 — 20 %mol of MPTMS./ - MPTMS + Tﬁés-‘for the conventional hydrothermal
templated sol-gel method and the original stepp}}l;témplate sol-gel method and 0 — 20
mmol/g MCM-41%for grafting method). Secc-)nzaly; the obtained products were
characterized by X-taydiffraction (XRD); fourter transtormrintrared spectroscopy (FTIR)
and surface area analysis (Brunauer-Emmett-Teller analyzer, BET). In addition, the
attached amount of. 3-mercaptopropyl on the adsorbents were measured by thermo
gravimetric analysis (T@A).to compare the adding efficiency of functional group from
three synthesis methads, to ¢valuate the ‘adding.amount of 3-meteaptopropyltrimethoxy
silane for preparing ‘materials ‘which~have"the” equal amount’ of functional group on
adsorbents, and to choose the best condition for the next.synthesis.

In the next step, the mercury ion adsorption efficiency of MCM-4d| before and
after surface modification was determined to find out the most appropriate conditions for
synthesis. The amounts of mercury in solutions were measured by cold vapor atomic
absorption spectrometry (CVAAS). The influence and factor effecting to the mercury ion
absorption of functionalized MCM-41 were studied by using of the best obtained product
from the best synthesis method. The factors that affect the adsorption were studied with
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batch system i.e. the pH of solution, stirring time, the presence of foreign ions (NOs',
SO4*, CI)). The adsorption isotherms (Langmuir and Freundlich isotherm) were also
studied. Finally, the reuse of 3-mercaptopropyl functionalized MCM-41 and the removal

of mercury ion from refinery process wastewater were investigated.

To obtain suitable synthesis m @pyl functionalized MCM-41

and the adsorbents that couldbe used for rémova '--.._.a;_‘__.:_, ) ions in wastewater.

¥
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CHAPTERII

THEORY AND LITERATURE REVIEWS

2.1 Mobile crystalline material-41 (MCM-41)

In 1992, scientists from Mobil Oil €ogporation first synthesized ordered
mesoporous materials of the M41s family, one ofwhichwas MCM-41 [15, 20]. Mobile
Crystalline Material-41 (MCM-41) is a silicate obtained by a templating mechanism. This
material occupies a porous compesite consisting of hexagenal arranged channels with
diameters varied from 1.5¢t0 10mm: The walls of the channels are amorphous SiO; [21].
MCM-41 has been usedsas adsorbents or catalysts in the varieties of processes. By
changing the length of the template molecule; thl.e width of the channels can be controlled
to be within 2 to 10 nm: MCM-41 has attract;e_d the attention because of its high specific
surface area, high thermal and hydrothermal -‘?tab'ility, possibility of controlling its pore
size and its hydrophobicity and acidity. These characteristics have made MCM-41 a
promising material as adsorbent, catalyst andk;o'f"sﬁ-})port for use in industrial processes
(e.g. adsorption, ion exchange) and environméﬂ;a-l,control [22]. MCM-41 1is one of the
members of mesoporous sicves which is one t&’fﬁe; ’d'f zeolite molecular sieves. In this
study, MCM-41 was synthesized and modiﬁ_;f _w'_it_h_ functional group for using as
adsorbent for mereury. The clé;siﬁcation or Soﬁr-c-!e of zeolite smolecular sieves and

background information-of mesoporous materials should-be'studied before its application.

2.1.1 Zeolite molecular sieves [23, 24]

Zeolites, a type of molecular sieves, are crystalline aluminosilicates of alkali and
alkaline earth metals.i They occur in mature/and-can also 'be obtained|ffom synthesis. The
properties of.zeolites T:€. high surfacearea, high“sorption,ion exchange,and high acidity
have been exploited for their applications such as oil refining (as adsorbents and cracking
catalysts), petrochemical industry, and synthesis of chemicals.

Molecular sieves are porous materials that exhibit selective adsorption properties
and are classified on the [IUPAC definitions into three main types depending on their pore
sizes, microporous material, mesoporous materials, and macroporous materials.

Properties and examples of these materials are shown in Table 2.1.



Table 2.1 IUPAC Classification of porous materials

Type of materials Pore size (nm) Examples
microporous materials <2 zeolites, activated carbon
mesoporous materials 2-50 M4ls, SBA-15, pillared clays
macroporous materials > 50 glasses

2.1.2 Mesoporous materials [24-26]

Mesoporous materials are a type of molecular sicves, such as silica, or modified
layered materials such as pillared clays and silicates " The discovery of the hexagonal
MCM-41 gave rise to analogous mesoporous structures with different pore orientations
such as MCM-48 (eubic) and MCM-50 (lamellar). The slightly different forms of
mesoporous silica are ESM and HMS, both I‘of which are hexagonal arrayed mesoporous
silicates. In general, all €ompounds are referred to as M41s materials. MCM-41 has
proven to be more stable and easier to Synthesize than the cubie, lamellar structures and
other forms [25]. It has gniform poré sizes ra‘nge‘é-l from 2 to 50 nm and has found great
utility as catalysts and sorption media. because-_:o_f the regular arrays of uniform channels.
Large surface area is desirable for enhanc;i_njg t.he reactions. A typical feature of
mesoporous materials is extremely hlgh surfa;:é‘;r;ea because of their porosity and the
surface area of mesoporous matéria{s are in ra%éfgﬂf 200 — 1000 m*/g. In the case of

MCM-41, it has surface area above 700 m’/g [15]?'_"--4 —

2.1.2.1 Clasjsiﬁcation of mesoporous materials
Mesoporous materials can be classified by different synthetic procedures into

three categories as described in Table 2.2.

Table 2.2 Classification of mesoporots materials by synthesisptocedure

Assembly Template Media Material
(a) Electrostatic ~ quaternary ammonium salt base or acid MCM-41
(b) H-bending *.., | primary lafmne neutral HMS

(c)H-bonding “ “amphiphilictriblock copolymer * acid (pH<2) SBA-15

2.1.2.2 Synthetic strategies of mesoporous materials [26]
In general, the synthesis of MCM-41 involves the use of a surfactant in aqueous

solution. MCM-41 is generally obtained by hydrothermal crystallization. The surfactant is
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used as a template around which a framework will form. The gel reaction of mesoporous
materials usually contains cation (e.g. Si*" of silicate materials, Al’" of aluminate
materials) to form the framework; anionic species (e.g. OH or F); organic template and
solvent (generally water). Typically, the nature of template can be considered into two
parts that are hydrophobic tail on the alkyl chain side and hydrophilic head on the other
side. The examples of template used are primary, secondary, tertiary and quaternary
amines, alcohols, crown or linear ethers, and polymer..An understanding of how organic
molecules interact with each other and with the‘inerganic frameworks will increase the
ability to design rational routes of synthe§{s of molecular sicve materials. The organic
templates are frequently occluded in'the pores of the synthesized material, contributing to
the stability of mineral*backboncs After thait, the organic templates can be removed by

. . . |
extraction or calcinatiomn: .

2.1.2.3 The behavior of surfactant melecules in an aqueous solution
In a simple binary system of Water—surfactént, surfactant molecules, at a particular
concentration can aggregate to form micelle!s_ibf various types. The shapes of micelle

strongly depend on the concentrationsjas shown nl;; F1g 2N
. .'J"f_!

Ve 3V
A k'l
O —
N
NeGITR T Ave

(d)

Figure 2.1 Phase sequence of the surfactant-water binary system (a) spheri¢al mieelle, (b)

rodsshaped micelle, (c) reverse micelle, (d) lamellar phase, and (e) hexagonal phase.

At low concentration, they energetically exist as isolated molecules. With
increasing concentration, surfactant aggregate together to form isotropic spherical and rod

shaped micelles by directing the hydrophobic tails inside and turning the hydrophilic
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heads outside in order to decrease the system entropy. The initial concentration threshold
at which those molecules aggregate to form isotropic micelle is called critical micelle
concentration (CMC). The CMC determines thermodynamic stability of the micelles.
When the concentration is continuously increased, the micellar shape changes from
spherical or rod shape to hexagonal, lamellar, and inverse micelles. The particular phase
present in a surfactant aqueous solution depends not only on the concentrations but also
on the nature of surfactant molecules such:/as® hydrophobic carbon chain length,
hydrophilic head group, and counter ion. Moreover the ionic strength, pH value, and
temperature including other additives ar¢ also the factors determining the shape of

micelles.

2.1.2.4 Interaction between inorganic species and surfactant micelles [23, 27]
The major eomponents ot/ framework structure, mainly silicate, are present in
aqueous solution as imorganic /Species. To:acquire the desired structure, firstly the
template forms the proper shape, and then thélino'rganic soluble species interact with the
surfactant as shown in Table 2.3. The hybI:id solids formed strongly depend on the

interaction between surfactants and the inorganie precursors.

: F

Table 2.3 Examples of interactions. between the sj,lrfactant and the inorganic soluble

species
Surfactant Inorganic type lnteractid:n'-fjf‘p’e' Example materials
type
Cationic (S") I ST MCM=4¥, MCM-48
I'X S SBA-1, SBA-2, zinc phosphate
I°F S'F1° silica
Anionic ($%) I Sk Al Mg Mn,Ga
™ SM'T alumina, zincfoxide,
Neutral 8° or'N’ I° SI’or NI°  HMS, MSU-X, alyminum oxide
D€ 36 SBA: 15
S*or N*  : surfactant with charge of x F~ : fluoride anion
I : inorganic species with charge of x M"™ . with charge of n

X : halogenide anions
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In the case of ionic surfactant (S” and S), the hydrophilic head mainly binds with
inorganic species through electrostatic interaction. There are two possible formation
routes. Firstly, direct pathway: surfactant and inorganic species of which charges are
opposite interact together directly (ST and ST'). Another is the indirect pathway,
occurring when the charges of surfactant and inorganic species are the same. The counter
: sating species such as the S'XT" path
/} logenide anions (X = CI or Br)
- ot \ \ﬁ media, in the presence of
alkaline cation (M" =w. 2.&how@ybrid inorganic-organic
interfaces. | - o,

AN,

L e

7 /R0
==\ h

X ':;_ib:’_ ¥ :l : "-.?I'.
/ 2 féfa;‘ . ’ 3
7 /M o s ;';’ . ®
% N

il .
o\l Vg

H

ﬂﬂﬂ?ﬂﬂﬂ‘iwmﬂ‘i

Flgure 2.2 ematlc representation of the different types of silica- surfactant interfaces.

ed e corres onds to H- bondmgfnteractlons L217]

1norgamc species is hydrogen bonding or dlpolar, which is called neutral path i.e. SOI0 and
S°XT". Nowadays, non-ionic surfactants give important commercial advantages in
comparison to ionic surfactants because they are easily removed, biodegradable,

nontoxic, and relatively cheap.



10

2.1.2.5 Media for gel formation of mesoporous materials [28]

From classification of mesoporous materials by synthesis procedure in Table 2.2,
gelation of MCM-41 could be prepared in base or acidic media. The formation of
crystalline materials occurs by gel formation as following:

In the gelation step, alkoxide gel precursors in aqueous solution are hydrolyzed,

=§—-0R + H0 & =H-OH } EOH (2.1)
and polymerized through alcohol or water producing¢ondensations:

=8-0R 4+ 0H-8Si= & =8l-0-8i= +ROH (2.2)

=81—0F + QH-S= w =8-0-51="+H0 (2.3)

The gel morphology«is-influenced by temperature, the concentrations of each species
(such as functional group of ROH; the water/l'alkoxide molar ratio), and especially acidity:

- Acid product generally produces wéal%-ly-crosslinked gels which compact easily
under drying conditions, yiglding low-po’rosity“ microporous structures with pore diameter
smaller than 2 nm. 7-. IJ .

- Using of neufral to'base pH qonditiorig'gﬁzsglts in relatively mesoporous structure
after drying, as rigid clusters by a few jnanometgr’g_ac-ross pack to form mesopores.

The synthesis in this thesis,v;ésm perforn&ec{i-_-fl;si;:g base solution because of the best

gel formation [29]. . —

2.1.2.6 Fon_‘ngation mechanism of mesoporous materials [1 5,, 23,25, 27]

Mechanism ‘c_)'f mesoporous materials formation can be cléésiﬁed into three types
based on the synthesis route (Fig. 2.3): '

(a) Liquid crys)’tél templating mechanism:

An example of the'materials formed by this mechanism is MCM-41. From Fig.
2.3 (a), there are two main pathways. In the first' pathway, liquid crystal phase is formed
before silicaté species are added (1) or another pathway is the addition of the silicate with
surfactant resulting in_the ordering of the subsequent silicate encased surfactant micelles
(2).

(b) Folding sheet formation

An example of this mechanism is the formation of FSM-16 (see Fig. 2.3(b)).
Ammonium surfactant intercalates into hydrate sodium silicate, which composes of single

layered silica sheets called “kanemite” (ideal composition NaHSi,05.3H,0) to produce
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the lamellar-to-hexagonal phase in FSM-16. After the surfactants are ion exchanged into
layered structure, the silicate sheets are thought to fold around the surfactants and
condense into a hexagonal structure.

(c) Hydrogen-bonding interaction

HMS is one of the examples of mesoporous materials formed by this mechanism.

Surfactant
Miceiie

(a)
Surfactants
+
(b)
Kanemite As-svnthcmzcd mcsoporou'i
molccular sieves
()

i ’mﬁm v Rl
formation, eet fo and ding interaction in HMS

formatlon[IS 23,27, 30]

‘qq For'h]u@rystal te Emg (! ;]mma;]mg az;lmg!o:u]on a ;uaactant

will form spherical micelles at small concentration. When the concentration of the
surfactant increases, micellar rods are formed. This formation can use in a variety of
orientations depending on the stacking ability of the surfactant due to their charge and

shape [30].
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The two pathways in Fig.2.3(a) can be explained in detail as following [15, 23]:

1.) A surfactant control mechanism.

In this route, inorganic material replaces the solvent (water) to create inorganic
walls between the surfactant cylinders as surfactant arrays. The encapsulation of micelles
by anionic silicate species occurs via electrostatic interaction with the cationic
hydrophilic surfaces of the micelles.

2.) A silicate control mechanism. / f

In this second pathway, silicate species cc')-nde'ﬁ"s'g;continuously around micelles.
After that, they form rods and pack 1nﬁ§ a hexagonal structure. This pathway was
unclearly postulated aia;'é-g/SZerat' € self elssembly of the ammonium surfactant and the

Thi

silicate precursor spee S the generagy favored pathway [23].

From Fig. 2.3'(a),

nonporous solid is formed. surfactant te@late must be removed from the framework

( vjqu_ will Jqondense around the micellar rods and a
-l

to produce the mesoporous materjals. The method for template removal will depend on
the desired morpholo
surfactant template in the fra ewbrk t‘an LS féindved by calcination. The synthesized
products are heated to burn out the Q];gﬁnlc phasﬁmesultmg in the mesoporous framework
[30]. The template can also be remoaved by extragt-wf}fwnh solvents. Some of the effective
solvents are ethanol or methanol Wlth 10% ]ﬁmchlorlc acid [31]. Commonly used

I']'-

solvents are dlchloroinethane (D@M) and methanof [32]

Other type of stiuctuial-oiicatation-can-be-forimed-via-the. mechanism in Fig.2.3
(a). The surfactani"t{ﬁq and concentration can be adjusted to yii['d‘ cubic pore structures
(MCM-48) or lamellar/pore structurcs (MCM-50) but their structures are less stable and
harder to synthesize, compared to MCM-41 [25],

MCM:-41 has @ Hon€ycomb structtre whichis the résult, of hexagonal packing of

unidimensional cylindeical pores as shown'in'Fig.2.4.

Figure 2.4 Hexagonal mesoporous structure.
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Although some of mesoporous materials described above have the same
hexagonal structure, they are different in the properties as shown in Table 2.4. The
thermal and hydrothermal stability of material are based on the wall thickness. Therefore,
MCM-41 possesses significantly higher surface area and exhibits higher thermal and
hydrothermal stability than other materials. Furthermore, its pore size distribution is

narrow.

Table 2.4 Properties of some hexagonal mesoporous materials [29]

Material Pore size (A) Wall thickness BET specific surface
(nm) Area (mz/g)
MCM-41 15,400 1-1:5 >1000
HMS 2941 1-2 640-1000
FSM-16 50-300 no report 680-1000
SBA-15 15-32 3.6 630-1000

Table 2.5 Comparison of two well-known mesoporous materials, MCM-41 and SBA-15

in their characteristic properties [ 15, 33|

Properties MCME41 SBA-15
Pore size (A) 15-100 46-300
Pore volume (ml/g) 2P 0.8-1.23
Surface area (m°/g) >1000 690-1040
wall thigkness (A) 10-15 J1-64

According to the properties listed in Table 2.5, MCM-41 shows a better
performance_than SBA-15 and M41s in_most of properties such as high surface area,

narrow pore size distribution.and high pore volume.

MCM-41 is the most studied ‘with an increasesprogression in both! theory and
application. The synthesis of MCM-41 can be performed by various synthesis pathways
using the surfactant templating method. MCM-41 has a uniform structure and specific
surface area up to 1000 m*/g. The pore diameter varies from 2 to 10 nm. It is used in
different applications and it is a promising material regarding economic and
environmental friendly processes.In present, surface modification is performed for

various application such as adsorbent, catalytic support, and ion-exchange [15, 16].
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The main structure of MCM-41 consists of Si-O bonds and surface silanol (Si-
OH) species. There are several method to modify MCM-41 with functional groups. In
previous research, the synthesis of modified MCM-41 was performed by mixing a variety
of functional groups with the starting substance to add the desired molecule on the
product by co-condensation. Some research found that a variety of functional groups
should be added after crystalline structute formation to gain the desired functionalized
product. The grafting of functional group on the surface of MCM-41 could be done via
reactions with surface silanol  species. However. surface modifications and the

functionality will depend on the applications [30, 34, 35].

2.1.3 Synthesis method'of MEM-41and functionalized MCM=41 [9,15-18, 36-38]

The developmeatin the synthesis of MCM-41 for using as heavy metal adsorbents
is the continuous research. The synthesis methods can be divided into three different
methods: i

1. Conventional hydrethermal templ:ateJ(i sol-gel method.

In this method, cetyltrimethyl ammar_ljup_l bromide (CTAB) and tetraethyl
orthosilicate (TEOS) as initial substance; and 0rglani&: silicane (R-trimethyloxysilanes) are
added to a base solution (aqueous ammonia or- -soalum hydroxide). The gel is form after
stirring and the precipitate 1s obtained by heating%f:':ﬁ.e gel in Teflon-lined stainless steel
autoclave. Then, crystalline formation -occurs by -"c_ohﬁnuous heating about 72-144 h. The
crystallization time depends on the type of silicanes. The removal of template from
obtained product 1§ ﬁﬁally performed. 7

Removal of template®: The solid product is recovered by filtration, washed with

deionized water until” the pH of the filtrate is neutral, and finally dried. The CTAB
template can be removed by extraction with mixed solution of methanol and hydrochloric
acid under reflux [31]."Final product is separated by centrifugation, washed with ethanol,

dichloromethane, and finally dried.

2. Original stepped templated sol-gel method

CTAB is first dissolved in deionized water. Under continuous stirring, TEOS and
base source (aqueous ammonia or sodium hydroxide) are added into the solution
dropwise to produce a gel. Then, gel is transferred into a Teflon-lined stainless steel
autoclave and heated about 30 h for hexagonal structure form crystallization. The organic

silicane (R-trimethyloxysilanes) is added. The mixture is continuously stirred and heated
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for 1 h before being further heated at the beginning temperature for 24 h. The removal of
template from obtained product is achieved by solvent extraction as described previously.
From topic 2.1.2.5, gelation can be prepared in base or acid media. This synthesis

method 1 and 2 is performed by using base solution because of the best gel formation

[28].

3. Grafting method

This method is to attach the functional group omnormal MCM-41 obtained from
method 1 or 2. The normal MCM-41 from.method 1 or 2 is synthesized by using solely
TEOS. Grafting methodis divaided into homeogeneous and heterogeneous types.
Homogeneous synthesisstype 48 performed by attachment of the desired functional
organic silicane (R-trimethyloxysilancs) on MCM-41. Heterogeneous type synthesis is
carried out by first adding the starting - orlganic silicane on MCM-41 and then
functionalizing the attaghed starting organic g},oup with the other function groups step by
step to finally obtain the desired organic funct}lpnal group. A higher metal adsorption
capacity was observediwhen the adsorbents wete synthesized by homogeneous synthesis
type, compared to heterogéneous synthesis type [10, 11].

From previous research, the synthesis me-:’ti.léd:é for functionalized MCM-41 were
proposed but there is no comparison and concl@n on the best performance method in
the preparation of modified MCM-41 for the use of ac-lsorbents $0 far. Functionalized
MCM-41 in this thesis=is-synthesized using three-methods; characterized, and evaluated
for the adsorption capacity for mercury ions. The results are_compared and the most

suitable method of synthesis is finally chosen.

2.2 Information of mercury

2.2.1 Mercury compounds

Mercury,which has several.chemical forms, 1s a trace component of-all fossil fuel
source materials including coal, petroleum, oil shale, natural gas, gas condensates, and
bitumen [39]. Mercury compounds are found in various forms. From a toxicological and
environmental point of view, the most useful and commonly accepted classification is
metallic mercury (liquid and vapor), inorganic salts (sulfides, chlorides, nitrates, and

oxides), alkyl compounds such as those containing an ethyl or methyl group, alkoxyalkyl
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compounds, aryl compounds in particular the diphenylmercury. The various chemical

forms of mercury exhibit significantly different chemicals and physical behavior [40].

Mercury is the only metallic element that is liquid at room temperatures. It also
called quicksilver or hydrargyrum. The characteristics of mercury are atomic number of
80, atomic weight of 200.59, melting point of -38.8 °C, specific gravity of 13.55 g/cm,
vapor pressure of 1.22 x 10° mmHg at 20 JC jand the oxidation states of Hg’, Hg"
(mercurous) and Hg®™ (mercuric). Its valencies are?of lrand 2 [41]. Mercury capably
forms hundreds of compounds-depending, on its-ewn chemical properties. Mercury
rapidly forms alloys known as-amalgams with practieally all metals except iron. Dental
fillings are essentially amalgams«of mercury and silver. And the importance is that all
mercury compounds are yeolatile and vsually decomposed to mercury. Mercury has a
relatively high vapor.pressuse at.room temperatures and the rate of vaporization increases

with increasing of tempgrature [42].

2.2.2 Mercury in petroleum

Mercury is a metallic compound found in'a wide range of petroleum industry such
as in crude oil, condensate, natural‘gas, wastévf}’ater and soil around platform. Mercury
compounds are found in variousfofins such as elinér‘l-t'al, 1onic and organometallic forms.
Form and quantities of mercury depend on the sqﬁ{qé.’Eor example, amounts of mercury
in natural gas and condensate afe generally 10-3606 ppb [43], 045-10 ppb in crude oil
[44], and 3-4 ppb in-erudeoilprocessed by United State refineries-in 2004 [45].

Elemental mercury 1s highly adsorptive and it adsorbs on metallic surface and on
solid materials suspended in liquids. Elemental mercury can precipitate as mercury
(sulfur) complexes (HgX where X is an organic-sulfide, thiol, thiophene or mercaptan)
occurring in' some. cride oils and condensates.. Boiling points 'of Hg’ in distillation of

crude oil is 357 °C [46].

The' ptesciice 'of ‘mercury “from petroleuin ‘drilling in /neighboring/waters would
affect ‘marine" lives. In the Gulf*of ‘Thailand, mercury substanee¢ was first found in
petroleum drilled from the Gulf many years ago and the offshore gas production units
have discharged mercury-contaminated water into the sea resulting in the increasing

amount of this heavy metal in aquatic animals around platforms.
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2.2.3 Disadvantages of mercury compounds in petroleum

1. Effects of mercury on processing [46]

Mercury has several detrimental impacts on processing operation.

1) Equipment may be damaged because mercury accumulates in equipment
constructed of various metals, especially aluminum, by forming an amalgam with the
metal, for example, in the ethylene production [47]. The failures occur, at the LNG plant
at Skikda, Algeria, from tube corrosion in the exchangers [48].

2) Mercury in gas plant products may affcct'downstream processes. The risk of
mercury contamination 0eeurs in process feed especially gas plant process that used for
chemical manufacture (such as.elefins, ethylene, aromatics and MTBE).

3) Mercury contaminates treatment processes such as meolecular sieve and glycol
dehydration units, and amine acid gas removal system. Spent molecular sieve adsorbent
and contaminated treatment liquids are difficult'to eliminate and regenerate.

4) Mercury deposition in equipment is a threat for health and safety of workers
involved in maintenance oOr inspection activities.J-Sludge containing mercury from water
treatment system, desalters Separators, and heat exchangers is a toxic waste that is needed
special treatment and disposal. ’ .

5) Wastewater streams which contain hIgﬁ levels of mercury must be treated to
remove mercury before discharging. Thus, the pla;gt éjf;erational expense increases.

2. Catalyst deactivation [30, 49]

Catalytic procéss such as hydrogenation can be deactivated by mercury poisoning.
Poisoning is catalyst deactivation due to the adsorption of impurities from the feed
stream, such as nitrog€n, sulfur, oxygen, and metal. The metal inipurities can permanently
deposit on the active sites‘of the catalyst and cause a loss of catalytic activity. Several
researchers studied an-effect of mercury on catalyst deactivation, Mercury poisoning of

catalysts reduces the catalyst life.

3. Health and,safety risk [S0]

Mercury compounds are extremely toxic to human and animals, especially its
organic compounds. They damage nervous system on inhalation or ingestion of ionic
mercury and absorption of them. Mercury in oil and condensate can be emitted in air
upon combustion, causing air pollution, wastewater and soil. Mercury and it compounds

are neurotoxins or neurological dysfunction. The period of time between exposure and
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exhibition of symptoms varies depending on the type of mercury species and content of
exposure. Hg' is readily absorbed into the blood stream via the lungs.

The major mercury specific considerations for health and safety of workers in
petroleum processing are revealed by oil field manufacturer. Estimation of the potential
risk to oil field workers due to mercury compounds in petroleum liquids is uncertain

because of the lack of data or uncompleted data reported by the manufacturer.

2.2.4 Control of mercury in the environment [5;6]

Hazardous wastewater-is-a waste~that is-harmful-te human, animal, or living
organisms in environment such asWwater containing pesticides from agricultural activities,
the by-products of manufacture; and heavy metal contaminated water. The contamination
of heavy metals in water.@8pecially mercury is a eritical environmental problem [51]. This
research emphasizes on the removal off mercury from wastewater before releasing to the
environment. In Thailand, the residual concentration of mercury in released water has to
be within the limit of the regulations of thé:,PoTlution Control Department, PCD. The
acceptable maximum' congentration Of mercury in drinking water and industrial

wastewater is 0.001 mg/ Lband 0.005 ﬁqg/L, resﬁééti\}ely B, 68
v ,-!

Ml 4 il

do 2 Ao

2.3 Removal of mercury
2.3.1 Background information of rmercury rel-n.o'\;él_' i

Mercury canbe-icimoved-by-difiCicat-mecthods-depending on its form. Elemental
mercury is eliminatéd by using sulfur supported on solid material and ionic or inorganic
mercury can be removed by ion-exchange or reduced to elemental Hg using a reducing
reagent such as Sn(II). However, ion-exchange_cannot remove elemental mercury. The
removal of"all merCuty species ffom wastewater i§ mone) complicated;-especially in the
presence of organometallic ‘compounds. Organometallic mercury ‘canndi be removed by
ion-exchange because of the covalent mature of Hg-C bonds. One method is adsorption
onto an'ion-exchinge resin éontaining chemically bound active ~SH' groups [52]. The

removal of mercury oceurs via ‘chelation mechanism.

The chelation mechanism concerns coordination of the electron donor atoms or
the ligands and metal electron acceptor. The examples of electron donor atoms in
chelating ligands are sulfur (e.g. S in thiols, thiocarbamates and thioethers), nitrogen (e.g.

N in azo groups, nitriles, imino and amines groups) and oxygen (e.g. O in hydroxyl, ether,
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phenolic, carboxylic and carbonyl groups). The chelating ligands can coordinate with
different metal ions with different affinity. It can be explained by the hard-soft acid-base
principle (HSAB). Pearson proposed that “hard acids bind strongly to hard bases and soft
acids bind strongly to soft bases” [53]. The interaction between hard acid and hard base
occurs via electrostatic interactions while interaction of soft acids and soft bases occurs
via covalent bonds. In the case of the borderline acids, which have intermediate
characteristics, they show an affinity for both/hard and soft bases. The selectivity of
chelating ligand toward metal ion corresponds to.the HSAB principle. The relation of

hard-soft acids and hard-soft base are shown in Table 2.6.

Table 2.6 The classifieation ofhaud-soft acids and hard-soft bases [53]

Acids Bases

Hard . &

H',Li", Na', K'(Rb", G§") & NH;, RNH,, N,H,

Be", Be(CHs),, Mg, Ca’l, Sif (Ba®") 4 H,0, OH, O*, ROH, RO

Se’*, La’", Ce™, Gd’", L', Th*, U, UO2 4 Put" | RO
Ti*, 26" HE", VO flr dCr'f MoOt, WOE,  CHYCOO-, COY N0, PO,

Mn2+,M 7 Fe, Co % SOTCIO;
BF5, BCls, B(OR)s, AP JAI(CH;)3, AlCs, Ale,:. F(CI)
G 3+ I 3+ 5l

COz, RCO", NC", Si*", Sn'fl CH3Si’ " (CH: 80"
N**,RPO;,ROPO;, As> —
SO;, RSO, ROSO}
crt, ™, 1t
HX (hydrogen-bonding molecules
Borderline 7
Fe*', Co®", Ni*", Cu=y Zn" CeHsNHa; CsHsN, N3, N,
RbE*, 1P, Ru™, Os” _ ]
’ ’ D NO SO 2
B(CH3)3, GAH; B 2> Ot
RsC', CeH !, Sn*', Pb! f
NO', Sb* [ Bi’"
SO,
Soft
Co(CN)I, Pd*", Pt*", Pt* H- _
Cu+, Ag+, Au+, Cd2+, Hgi,ﬂgﬁ CH3ﬂgi 15(,)C2H4, CgHe,EN #RNE,
BH;, €a(CH3)4,GaCls, GaBrsgGals, 31 ¢ EI(CH3); )
CHb, carbenes SCN’, R3P,(RO);P, R3As

T acceptors: trinitrobenzene, chloroanil, etc. R;S,RSH, RS, §;,0 57
HO",RO", RS", RSe”, Te"", Rte” I
Br, Br', I, I, ICN, etc.
0O, CL, Br, I, N, RO, RO,
M? (metal atoms) and bulk metals
R refers to hydrocarbon compounds.
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Furthermore, the binding ability between the chelating ligands attached onto the
solid support and the metal ions in solution also depends on many factors as followings:
- Charge, size, and nature of the metal ions
- Nature of the donor atoms present in the ligand
- Nature of the solid support (e.g. hydrophlilicity of adsorbent should be
considered in case of the exfraction in the aqueous solution.)

- The pH of solution

Many researches showthat the sulfur atoms-in chelating ligands have higher

affinity toward mercury ions.than nitrogen and oxygen atoms [13, 54]. The selectivity of

sulfur atoms in chelating ligands«(Such as R>S , RSH , RS, S,02") toward mercury ions

(Hg', Hg*", CH;Hg") cansbe cxplained by the HSAB prineiple. In previous research, it
was found that elemental mercury could be r_zllpidly captured on sulfur-based trapping
masses in the gas phase[43 ). This technique:i,s not easily adapted to liquid applications
because of the low solubility of elemental éulfﬂr in the aqueous solution. Then, the
trapping agent must be anchored to ‘the supported material. Consequently, a ligand
containing sulfur atom is modified onto the sﬁ;r'f'écé'- of material and/or strongly attached

i
on the supported material. ‘i

e
2.3.2 Methods of mercury remoyal [55] T
Several mcthods have bgen proposed for -;ner-cury removal from wastewater
around platform. Theycanrbe-ciassified-mtotwo-methods-as=toiiowed.
1. Chemical treatment
- Precipitation
- Coagulation treatment
-'Reduetion’processes
2. Adsorption
- Adsorption by adsorbent

- Jen exchange

2.3.2.1 Chemical treatment
Chemical treatment concerns the use of chemicals to convert mercury compounds

in petroleum to the form which is easy to remove from sample. The chemical substance
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used is usually a sulfur compound. The reaction between mercury and sulfur compounds

is shown below.

Hg + S,* - HgS + Sy.i” ; where x =3-6 (2.4)

Mercuric sulfide (HgS) precipitates can be removed easily by solid-liquid
separation. The disadvantage of chemical treatment method is the contamination of the
treated product or water with the chemicals used/{561.

Precipitation method 4

The addition of sulfidesto.precipitate highly insoluble mercury sulfide is the
common precipitationtreatment reported. The effective of preeipitation, with minimizing
sulfide dosage, occurs ia'the néar-ncutral pHI‘range. Optimum pH of 8.5 is suggested [57].
By using this method, thé user may ‘encounter certain difficulties. The formation of
insoluble mercury sulfide gomplexes occurs at high levels of excess sulfide with the
difficulty of monitoring excess sulfide levels %md"i:he problem of toxic sulfide residual in
the treated effluent. This method requires preéi‘RiFa§¢ separation by filtration or activated

carbon polishing treatment [58]. '
o

Py i’j‘.,l

Coagulation treatment ~ : —
Coagulation has been -repotied useﬁﬂ:-" -fe'r_.; a variety of mercury contained
wastewater by usinglaluminum sulfate (alum), iron sates and lime.. The concentration of
mercury in efﬂuent;aéhieved by alum treatment can be in a rang¢ of 1.5-102 pg/L, and
0.5-12.8 pg/L by iron treatment. This method requires scparafion unit to remove the

precipitates.

Reduction processes

Inorganic mercury can be converted to the metallic form by reduction, and
separated by filtration or other solids separation techniquies: Reducing agents available are
aluminum, zinc,, hydrazine, stannous chloride and sodium borohydride:. Reéduction
proeesses cannot effectively reduce the mercury levels to below 100 pg/L. The operating
costs are high due to the cost of reducing agents and the second stage polishing by the

rigorous treatment methods.
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2.3.2.2 Adsorption

Adsorption is a phenomena of the sorption that occurs between solid phase and
the liquid or gas phase. The removal of mercury by adsorption does not contaminate the
effluent with other chemicals compared to chemical treatment. Then, this method appears
to be suitable method for refinery wastewater treatment and it is chosen to study in this
research. Among the more common type of adserption methods is the adsorption by

adsorbents and ion exchangers.

Adsorption by adsorbent

Many adsorbents were.uscd for mercury adsorption such as activated carbon,
zeolite, silica, clay, pelymer beadsand ctc. Activated carbon 1S widely used as adsorbent
for mercury removal but its €ost is high: The effectiveness of adsorption depends on
initial form and concentration/of/mercury, dosage and type of adsorbents, and contact
time between adsorbent and mercury contained wastewater. Increasing adsorbent dosage
and increasing contact gimes improve remox}ral Jéfﬂciency. The result from adsorption

indicated that crystalline materials showed godfi- adserption efficiency [9 - 11].

}

Ion exchange J- "

This treatment of inorgamic rmercury méaol:fz:s the formation of a negatively
charged mercuric chloride complex by addition-df_'éhierine or chloride salts, followed by
the removal of the.mercuric chloride complex on an anion exchange resin. In wastes
where the amount Qf chloride is not high, cation exchange resins are more effective.
Common used resins contain mercapto group (R-SH), for example, polythiolstyrene
resins are highly spe€ific for mercuric ion [59]. This method Tequires pretreatment of

mercurous and organic mercury. The operating costs were reported as very high.

Amonig the processes shown, the adsorption by using adsorbents have the
capability to reduce mercury to the concentration range-of 0.25 — 20 pg/L “as shown in

Table 2/7.
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Table 2.7 The summary of treatment technology for mercury [55]

Treatment methods Lower limit of treatment capability Hg (pg/L)
1. Chemical treatment
- Sulfide precipitation 10-20
- Alum coagulation treatment 1-10
- Iron coagulation treatment 0.5-5

2. Adsorption

- Adsorption by adsorbent
- High initial Hg 20
- Moderate initial Hg 2.0
- Low initial Hg 0.25
- Ion exchange _ 1-5

The effectiveness and the operating cost of each type of methods depend on the
chemical nature and inigial concentrationi of mercury, the presence of other constituents in
the wastewater that may interfete the speciﬁ;: tréatment and the degree of mercury
removal that must be achicved.

In this research, the adsorption method using crystalline material for mercury

removal is studied.

2.4 Adsorption [60]

The removal of mercury by adsorption provides a high efficiency of mercury
removal and easily applies to the large scale treatment. The adsorption method depends
on type of adsorbent.and condition used.. Then, behavior and.mechanism of adsorption
should be understood beforeusing the adsorbentfor mercury removal: The adsorption can

occur via physisorption or chemisorption.

Physisorption

Physisorption (or physical adsorption) occur when the attraction between
adsorbates (liquid or gas phase) and adsorbents is van der Waals force, generating from
the electrostatic force and London dispersion force. It does not involve a significant

change in the electronic orbital patterns of the species involved. When the concentration
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of adsorbates increases, the multilayer sorption on the adsorbent surface can be obtained.
The reaction is called outer-sphere surface reaction or non-specific (Fig. 2.5(a)). The
analytes independently adsorb on the adsorbents surface and the adsorption is reversible.
The reversibility of reaction depends on the attraction forces of analytes with adsorbent,

temperature, and the concentration of analytes

Chemisorption

Chemisorption (or ¢ e covalent or chemical bonds
between adsorbent an Van der Waals force in
physisorption. The m adsorbents has active sites
specific for analytes. T 4 e urs in the monolayer regime and the
reaction is irreversible.

2.5(b)).
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to occur The rate determining step of mass transfer at equilibrium is the slowest step of

b sur_@e reaction [60].

the adsorption mechanism. Each steps of adsorption are shown in Fig. 2.6.
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Figure 2.6 The s ce [61].
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This step is t - Tt occurs whe s move from the bulk

Fig: from adsorbent

. wiq]“_f}e active sites.
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adsorbent suﬂlce The adsorption 1s0t§9rm is cons1dered in the relation of the amount of

N TSI T e

Freﬂndhch models as shown in Fig. 2.7 and 2.8.

surface to the inside ﬂnto the p

2.4.2.1 Langmuir isotherm
The Langmuir model derived for adsorption is initially based on the assumptions:

(1) the adsorption takes place at specific sites of adsorbent and no further adsorption can
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occur at that sites (ii) the energy of adsorption is constant and independent of the extent of
homogeneous surface, and (iii) the phenomena of adsorption is the monolayer and the
maximum adsorption capacity of the adsorbent for that analyte at equilibrium can be

predicted. The common form of the Langmuir relation was shown in equation 2.5 [63].

A / (2.5)

In gas/solid interface Lan mui @ on an equilibrium between
condensation and evapora 1 , considering a monomolecular
adsorption layer. The equa gan be rearranged into the of linear equation, as
shown in equation ( ‘

(2.6)

: i queous solution

(mg/g or mol/g)
ion adsorbent (mg/g or mol/g)
b = Langmuir. :ﬁ;%- rel .-'*‘1 ity of bining sites

-
-

s

A relation pl t

wg b aig -me with a slope of 1/gm
as shown in Fig. 2.%) .

3
ARNENTUNN

and intercept of 1/b

Figure 2.7 The shape (a) and the linear plot (b) of Langmuir adsorption isotherm [64].



27

2.4.2.2 Freundlich isotherm
The Freundlich model was derived theoretically by assuming the adsorption of
analytes on heterogeneous surface or surface active sites of varied affinities. The general

form of the Freundlich equation is shown in equation 2.7.

9=KC " @.7)
The linear equation of { ) logarithmic form, as shown in
equation 2.8. e —
-
(2.8)
where K¢
n
A relation plotti lope of 1 and intercept of

n

log @

logC,

e S B VAT R oms
TRININTAHRIING 1Y

X-ray powder diffraction (XRD) is a reliable technique that can be used to

(a) b

identify mesoporous structure. Typically, the XRD pattern of hexagonal symmetry show
five well-resolved peaks that can be indexed to the corresponding lattice planes of miller

indices (100), (110), (200), (210), and (300). These XRD peaks appear at small angle (20
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angle between 2 and 5 degree) because the materials are not crystalline at atomic level,
therefore diffraction at higher angles are not observed. Fig. 2.9 shows that a
monochromatic beam of X-ray incident on the surface of crystal at an angle, 6. The

scattered intensity can be measured as a function of scattering angle 26.

Figure 2.9 Diffraction ¢ by regular planes of atoms.

The resulting XRD pattern efficiently i ates the different phases present in the

sample structure. Using this me od, Bragg’siaw is able termine the inter planar

(2.9)

When n is the orde is the wavelength; d is the inter
planar distance of th

and these planes. v; ,

een the incident beam

2.5.2 Nitrogen adsorption-desorption technique [66, Q

sed t e the physical
properties w@cﬁrﬁ% volume, pore

diameter an pore-size dlstrlbutlon of solid. Adsorptlon of gas by a porous material is

terms of pore sizes derlved from gas adsorption data. The IUPAC class1ﬁcat10n of

adsorption isotherms is shown in Fig.2.10.
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Amount of gas adsorbed

erm [66].

Types of adsorption isotherms are-deseril | in Ta 8 based on the strength of
the interaction between the s surfa the adsorbate. Pore size distribution is
measured by using nittoge t relative pressures (P/P,)

[)
*ﬂ. P/P, indicates the filling of

ranging from 0.05—0.1. The large  of nitroge “;}
the micropores (<20 A) in the Iso e ’:i e linear po of the curve represents

multilayer adsorption of nitroger, o ::‘; C ,S_lf e sample, and the concave upward
portion of the curve represents the - illing of mesoporous and macropores. The multipoint

Brunauer Emmett and Te ed to_measure total surface

area. . -
_, ’ X

'[(P/P)—l] we wcl ) m

(2.10)

ﬂ 1 1EN 330 1R | Ve e Wit
to give monol 11 gm onstant ﬁ rption. A slope

and 1ntercep re used to determine tl? quantity of nltrogen adsorbed in th&jlonolayer

?Q“WJ AL Y I LTS

sur ace area. The surface area reported depends on the method used, as well as the partial

pressures. The data are summarized in Table 2.8.
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Table 2.8 Features of adsorption isotherms

Type Interaction between sample Porosity Example of sample-
surface and gas adsorbate adsorbate

I relatively strong Micropores activated carbon-N,

II relatively strong Non porous oxide-N;

11 weak Nou‘porous carbon-water vapor

v relatively strong Mesopore silica-N,

A% weak 3 Micropores oxide-Ar, carbon-Ar,

oxide-N,, carbon-N,

Mesopore activated carbon-

water vapor

VI relatively strong sample surface .Non porous graphite-Kr

has an even distribution of energy

4

2.5.3 Fourier transforms infrared spectroscopy (ETIR) [68]
A

FTIR is a powerful tool foridentifying t‘}'/p'és of chemical bonds in a molecule by
producing an infrequency in the infrared absorp,tign; éi;ectrum. The vibration of bond can
occur due to the interaction of infrared radiat'i(_)fl_ _.;Wi.th a sample molecule. Infrared
spectrometry finds_its widest application in the analysis of organic and polymeric
materials, but it s also useful for molecular sieves and organbmetallic compound
characterization. Saﬁples for FTIR can be prepared in many ways. For liquid samples,
the easiest way is to"place one drop of sample between two plates of sodium chloride
(salt). Salt is transparent torinfrared light. The diop forms a thin film between the plates.
Solid samples can be milled with potassium bromide (KBr) to form a very fine powder.
This powdenis then compressed into a thin pellet and analyzed. KBr 1s also transparent in
FTIR [68]. The IR band of mesoporous materials correspond to O—H stretching of the
sutface silanol | groups, | stretching ' vibrations: of siloxane (—Si=0-Si-), ' Si—O bond
stretching of the silanol groups, deformation vibrations of adsorbed water molecules and
the remaining adsorbed water molecules. The attachment of functional group onto

mesoporous materials could be confirmed by FTIR [69, 70].
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2.5.4 Thermogravimetric analysis (TGA) [71]

TGA is a simple analytical technique that measures the weight loss (or weight
gain) of a material as a function of temperature. The material testing was performed by
placing mesoporous materials into an alumina cup that is supported on, or suspended
from an analytical balance located outside the furnace chamber. The sample cup is heated
according to a predetermined thermal cycle. After materials are heated, they can loose
weight due to a simple process such as drying, or {som chemical reactions that liberate
gasses. Some materials can gain. weight by_ reactifig.with the atmosphere in the testing
environment. Using TGA signalythe TGA gcurve can be plotted between percent weight
change on the Y-axis against'thcreference material temperature on the X-axis [71, 72].
For the characterization of functionalized MCM-41, TGA have two main utilities. Firstly,
it is employed to study of thermal decomposition of MCM-41 and the hydrophilicity of
synthesized materials by dosing of water molec{f.le at temperature about 100 °C. Secondly,
the amount of functional group on adsorbent?:aq_be determined by calculating from the

percent weight loss of TGA curve [19].

: F

2.6 Literature reviews on removal of mercury by hilsorption

The removal, of mercufy has been investi-gé-t;a—d’ for many years. Many adsorbents
have been developed forremeoval-of-mercury-1ons-irom-wastewaict i petroleum industry.
The improvement of adsorption efficiency of the adsorbents has also been reported.

Regarding the selectivity of adsorbents toward mercury, elemental mercury is
readily captured on sulfur-based trapping masses in the gas phase [43]. This technique is
not easily applied to liquid/applicationis because-of the solubility of elemental sulfur in the
aqueous solution. Therefore,the trapping agent must be anehored to a'support material for
capture of elemental mercury. Moreovet, the other substrates (e.g. clay, activated carbon,
polymer, and! sili¢a, 'gel)» weére, also modified (for remaval ! of mercury(il) ions. The
functional groups of the modification reagent must ‘contain the ‘sulfur, nitrogen and/or
oxygen atoms such as 2-mercaptobenzothiazole [73], procion brown MX 5BR [14],
diethanolamine (EDA) [74], dithizone [12], 2-mercaptobenzimidazole (MBI) [8, 13], and
3-mercaptopropyltrimethoxy silane (MPTMS) [75 - 80]. The modified materials and their

adsorption capacity for mercury ions are listed in Table 2.9.
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Table 2.9 The adsorption capacity of the other modified materials (e.g. clay, activated

carbon, polymer, and silica gel) for mercury(II) ions removal

Adsorbents Type of organofunctionalized Adsorption condition Ref.
pH Time | Adsorption
(min) capacity
(mmol/g)
Clay 2-mercaptobenzothiazole (MBT) 3-6 30 0.0135 [73]
Montmorillonite 3-mercaptopropyltrimethoxysilane Not Not 0.325 [75]
clay (MPTMS) shown | shown
Fluorohectorite 3-mercaptopropyltrimethox‘;/silane Not 11,080 0.74 [76]
clay (MEBNLS) shown
Clay 2-meftcaptobénzimidazole (MBI) 4-8 360 0.145-0.178 | [8]
|
Smectite clay 3-mefeaptopropyltrimethoxysilane 2:-9 17 Not 0.60 [77]
(MPTMS) T shown
Activated Sulphuzised = 6 240 1.137 [81]
carbon 4
Furfural L J 5.5 60 0.87 [82]
activated carbon —
Furfural-based — o, 2-5 Not 0.87 [83]
activated carbon J_' = shown
g s
Polymer procion brownMX 5BR- 1 2 - 6 45 0.34 [14]
membranes el =8
Polymer bead - polyethyleneimine (PEI) 5 60 1.67 [84]
Polymer bead diethanolamine (EDA) 5.4 420 1.10 [74]
Silica gel 3-mercaptopropyltrimethoxysilane 7 480 0.70 [78]
(MPTMS)
Silica gel . . Not Not 0.40 [79]
3-mercaptopropyltrimethoxysilane shown. | ..shown
(MPTMS)
Silica gel dithizone 6 30 0.32 [12]
Silica gel 1,5 diphenylcarbazide (DPC) 6 30 0:028 [85]
Silica/gel 2-mer¢aptobenzimidazole (MBI) Not Not | | (Homo) 142 | [13]
shown || shown (Hetero) 1435
Silica gel 2-(3-(2-aminoethylthio)propylthio) 3 60 (Hetero) 0.79 | [17]
ethanamine (AEPE)
Organoceramic | 3-mercaptopropyltrimethoxysilane 3-5 Not 3.63 [80]
shown

(MPTMS)

Homo = Synthesis by Graft method (homogeneous type) Hetero = Synthesis by Graft method (heterogeneous type)
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From the comparison of previous results, some researchers found that sulfur atoms
have the lone pair electrons that can be used in the binding with mercury ions according
to the hard-soft acid-base principle [53] and have higher affinity toward mercury ions

than nitrogen and oxygen atom.

Many materials have been developed for mercury removal from wastewater in
petroleum industry but the adsorption efficiencyiofthose materials were not high enough.
Many adsorbents for mercury removal showed several problems like low mechanical and
thermal stability and weak chemical affinity. To increase adsorption efficiency, the
modified materials should have high surface area and the ordered structure such as
zeolite. Some researchegroupsarc intercsted in the synthesis of zeolite such as MCM-41,
SBA-15, HMS and M4is. Reeently, MCM-LIH has drawn a lot of interest due to its high
surface area, uniform strueturg'and the'surface can be easily modified. Zeolite materials
can be used as adsosbent and could be synthesized or modified the surface by three
methods; (i) conventional hydrothermal temﬁlatéa sol-gel method, (ii) original stepped
template sol-gel method and'(ii1) grafting meth(:)-(_i.. J

1. Conventional hydrothermat templated sot gel method (Con)

MCM-41 can be prepared by Con meth@d Beck et al. (1992) [15] synthesized,
characterized, and proposed- ‘mechanism  of _-fqrmatlon of a new family of
silicate/aluminosilicate mesoporous molecular sieves designated as M41s. MCM-41, one
member of this family, exhibits a hexagonal arrangement of unifonﬁ mesopores. Chen et
al. (2002) [18] prepared MCM-41 by the conventional hydrothermal templated sol-gel
method and studied the property of MCM-41 by XRD and BET. The obtained materials
retained ordered channelsfand large BET surface area even after thermal treatment at
1000 °C for'l h 1n air.

The todification of zeolite with functional group can also performed by Con
method. Huang et al. (2004) [38] synthesized MCM-4 1'modified with cationi¢ silane, tri
methoxysilypropyl-Ny N, N-trimethoxyl ammonium chloride by the conventional [hydro
thermal templated sol-gel method and used it as adsorbent for removal of benzoic acid
and toluene. The obtained material was characterized by XRD, FTIR and BET. The
adsorption capacity of benzoic acid and toluene were 0.20 and 0.21 mmol/g, respectively.
Evangelista et al. (2007) [86] synthesized HMS modified with 2-mercaptothiazoline

using the conventional hydrothermal templated sol-gel method and used it for Hg(II) ions
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adsorption. The obtained material contained 0.89 mmol of active 2-mercaptothaiazoline

groups per gram of silica and was able to adsorb mercury 2.34 mmol/g at pH 5.

2. Original stepped template sol-gel method (Step)

The Step method was proposed later for the modification of zeolite with organic
functional groups. Nei et al. (2005) [19] synthesized and studied the property of 3-
mercaptopropyl functionalized SBA-15 prepated by eriginal stepped template sol-gel
method. They reported that the surface area and peré volume of the obtained materials
decreased by increasing the adding amount of 3-mercaptopropyltrimethoxysilane from 5
to 20 % mol ratio. Furthermoreysusface area and pore volume decreased up to 76% at 20

% mol ratio.

3. Grafting methad (Graft)

Grafting methed has been widely used in the modification of inorganic materials,
including zeolite. Antochshuk et al. (2003){9] }s-ynthesized I-benzoyl-3-propylthiourea
functionalized MCM-41 by heterogeneous grdft@ng_ method for mercury removal. This
material was prepared yia a two step modiﬁcafion by attachment of aminopropyl
functional group and subsequent conversion into. a thlourea ligand. It had a surface area of
380 m*/g and mesopores diaméter of 3.0 nm. The maximum Hg(II) ions adsorption
capacity of this material was 5.0 mmol/g. The adsorbent regeneration was performed by
using slightly acidified aqueous thiourea solution.

Sierra et al. (2006) [10] prepared MCM-41 and SBA-15 modified by 2-mercapto
pyridine for mercury removal from wastewater. Two grafting methods were used;
homogeneous method by grafting mercaptopyridine functional "group on MCM-41 and
SBA-15 and heterogeneous*method by grafting«the starting functional group first on
MCM-41 and SBA-15 before adding the other functional groups step by step until
mercaptopyridine was obtained. The modified materials were characterized and tested for
Hg(Il) ions adsorption. Mercury(Il) ions adsorption capa¢ity was 0.12 and 0:16 mmol/g
forimoditied MCM-41 and SBA-15 prepared by homaogeneous synthesis method;and 0.09
and® 0.08 mmol/g for modified MCM-41 and SBA-15 prepared by heterogeneous
synthesis method, respectively. The same materials and methods were used in the
modification with 2-mercaptothiazoline by Sierra et al. [11]. Mercury(II) ions adsorption

capacity of MCM-41 and SBA-15 modified with 2-mercaptothiazoline by homogeneous
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synthesis method was 0.70 and 1.10 mmol/g and 0.25 and 0.12 mmol/g by heterogeneous

synthesis method.

In most researches, one synthesis method was chosen to modify the zeolite
materials. There is no finite conclusion on the most suitable synthesis method. The
comparison of these three synthesis. methods was demonstrated by Zhang et al. (2005)
[16]. They prepared the modified MCM-41+ using: the conventional hydrothermal
templated sol-gel method, the original stepped template sol-gel method and the grafting
method. The functional groups for surface modification were phenyl, 3-aminopropyl, 3-
chloropropyl and N-aminocthylaminopropyl. The results showed that modified MCM-41
obtained from the original sicppedtemplate sol-gel method was the best synthesis method
for gas adsorption. Thi§ methods could prc;duce the materials that have high thermal
stability and high attached amount of functional group on surface while it could reduce
the synthesis time. These materials were tested for carbon dioxide adsorption.

However there is no ‘compatison of-: '_:__sygthesis methods for preparation of
adsorbents for adsorption of analytes from solutions. This thesis focused on the synthesis
of functionalized MCM-41 as ad}brbents f{ord ;r’lr-lllercury removal from water. 3-
mercaptopropyl was chosen as funetional group to be modified on MCM-41 and it has
never used to modify on MCM-=44 before. The ﬁfriéﬁéﬁal group for material modification
should have donar atom that have high affinity toward mercury. Regarding the nature of
donor atoms (i.e. suiﬁu, oxygen, and nitrogen), the order of soft Lewis base is S > N > O.
In complexes between mercury(Il) ion and sulfur donor atoms on the functional groups,
mercury is referred to as soft acids and sulfer as soft bases in hard-soft acid-base principle
[53].

In this study, 3-mereaptopropyl functionalized MCM-41 was prepared by three
different methods; (i) conventional hydrothermal templated sol-gel method, (ii) original
stepped templated.sol.gel.methed and (1ii), grafting method. The efficiency of.theanethods
in" ligand loading, was,compared. The' mest'suitable method of synthesis was c¢hosen in
respect to high ligand loading efficiency and high adsorption capacity of the obtained

materials for mercury ions.



CHAPTER I

EXPERIMENTALS

In this study, MCM-41 and saptopropyl functionalized MCM-41 were

prepared and used as adsorben emoval. The experiment was divided

into five steps.

1. Synthesis of M 41 and ercaptopropyl ctionalized MCM-41 (MP-
2.

3.

4. \

5. ' a{; process.

The detail of the experime llowing:

3.1 Chemicals and instru
3.1.1 Chemicals

The -Q.;}—-----—«—----—---—--—4-:: ;-""* alytical grade and
summarized in Table Th .

Table 3.1 Chemicals.and suppliers

Mercury stand
Hg(NO;), moo mg L™

AW TSI U HBAINHIQ Y

Te*raethyl orthosilicate 98% Merck, Germany / for analysis

(3-Mercaptopropyl)trimethoxysilane | Fluka Chemies A.G., Switzerland / for synthesis

Ammonia solution 25% Merck, Germany / for analysis
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Table 3.1 Chemical and suppliers (continued)

Chemicals Suppliers / Grade
Calcium hydride Fluka Chemies A.G., Switzerland / Assay>95%

(gas-valumetric)

Toluene CARLO ERBA, Italy / GR ACS

Ethanol II"E ferc !l' / A.R.
wWillz/, '

Methanol Vierck, Germaany/ A.R.

Dichloromethane Fisher Cl@and/ A.R.

d / AR

Acetone / Fi
Hydrochloric acid 379 A

Sulfuric acid 95-97%
Nitric acid 65%

Sodium hydroxide ' | crcky Germany \.\ alysis
Sodium chloride ' : for analysis
Sodium sulfate ~ FMerck any / for analysis
‘\i

, Italy / RPE-ACS

Sodium nitrate

Switzerland / purum p.a.

Tin (II) chloride dihydrate

Potassium bromide y / for IR spectroscopy

Potassium permanga | Mer nal§si

e e -

Potassium persul ‘r’.— Merck, G ’ :: SIS
Hydroxylammoniuri-¢hle analysis
TriethoxyoctylsilarB Merck, Germany / for s 'LE hesis

a2 DLJ 1) 3w L1 R
AWAAINIUNRAINYIAY

All equipments, used in the adsorbents preparation were listed as follows in Table

3.2.
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Table 3.2 Equipments for the adsorbents preparation

Equipments Manufacture : Model
Stirrer / Hot plate CORNING : PC-420 and PC-620
Oven Memmert : UM 500
Digital balance Mettler : AT 200
Desiccator r1s DCS6LA

o Centaur 2

: V-700

Centrifuge

Vacuum pump

The analytical i and the measurements

Table 3.3 Analytical instyu

Equipments Purpose

X-ray diffractometer (XRD crystallinity study

functional group and bonds
identification of MCM-41

Fourier transforms infrared

spectrometer (FTIR)

Thermogravimetric analyze >erkin-Elimer : Pyfis measurement of functional
e —— -i--'-if, amounts into adsorbent

H meter . Hanna 1nstruments H211 H measurement
p Fi p

Cold vapor aﬂ ﬂ(ﬂ ﬂ w EE- ry (IT) ion
spectrometer (C | cm mﬁ ’] ftiﬁmmatlon

Surface area analyze surfice area, pore volume,

) [} diameter determination

mmqmmmnwm d

All solutions were prepared by using deionized (DI) water.
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a) Mercury solutions

Mercury standard solution (1000 mg/L) in 2 M HNO; was used to prepare the
mercury solution of required concentrations (40 — 420 mg/L) by dilution with DI water.
The pH value of the mercury solutions were adjusted by sodium hydroxide and nitric acid

solutions.

b) Sodium hydroxi

Sodium hydro:( ; . ». pH adjustment were prepared

Nitric acid soluti v/v), for pH ad nent were prepared daily by

e

Hydrochloric acid solutions :;E';i.\l [ e removal and 3 %v/v for acid

carrier in mercury._d aily. by direct dilution of
. determination by were

the concentrated ﬁyﬁ A ‘

f) Solutions ﬂtaining different salts m
b A G AT e

and 1.0 M, d for the studies of inter erlng ions effect were prepared by dissolving the

W‘fmﬂ"ﬁmwﬁﬁwmﬁfzr

i) Potassium permanganate solutions

Potassium permanganate, mercury-free, solution (5% w/v) was prepared by

dissolving 5 g of potassium permanganate in 100 mL DI water.
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J) Potassium persulfate solutions

Potassium persulfate solution (5% w/v) was prepared by dissolving 5 g of

potassium persulfate in 100 mL DI water.
h) Sodium chloride-hydroxylammonium chloride solution

Sodium chloride-hydroxylammonium ¢hloride” solution was prepared by
dissolving sodium chloride (12 g) and hydroxylammonium chloride (NH,OH)HCI (12 g)
in DI water and dilution to 100smis” (Hydroxylamine sulfate may be used in place of

hydroxylammonium chieride.)

e) Tin (I1) chioride solutions

SnCl, (100 g) were dissolved in 2007nmf4— of 37% (v/v) HCl. The mixture was
stirred continuously until homogeneous solution was obtained. Then, the volume was
adjusted to 1000 mL by DI water. The seolution Spoﬁld be stirred continuously during use

for good homogeneity. )
7l

g) Mercury working standard solutions _ :

Mercury wotking standard solutions were prepared by successive dilutions of the
stock mercury solutiofi to obtain a working standard containing 0:05, 0.1, 0.15, 0.20, 0.25
and 0.30 mg/L Hg. The working standard solutions should be prepared freshly before use.

3.2 Synthesis of MCM-41 and 3-mercaptopropyl functionalized MCM-41 by three

methods

1. Conventional hydrothermal templated sol-gel method (or Con): In this method,
the organic functional molecules are added in the mixture of CTAB, NH; and TEOS at
the beginning before the formation of the main structure of MCM-41.

2. Original stepped template sol-gel method (or Step.): In this method, after the

hexagonal main structure were initially formed, the organic functional molecules are
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added. Then the final product was obtained after letting the mixture to crystallize and
react for certain period of time.

3. Grafting method (or Graft): In this method, the organic functional molecules
are added to the solid MCM-41. It can be divided into two types, depending on the type
of MCM-41 as follows;

- QGrafting the orgamc mo MCM-41 prepared from Con method
(or Graft-con) /

- QGrafting the 1es on prepared from Step method
(or Graft-step)

CTAB#+ NH,
+ TEOS +

HJC%

o’ MPTMS

CTAB + TEOS+ NH;
(dropwise} 110 °C 30 h.

vl
AUE INNS PR

Figure 3.1 Methods of preparation of ?mercaptopropyl'&lctlonahzed MCN&J

A typical synthetic procedure was carried out as described [18]: ammonia (15.39
mL, 0.8 mol) and hexadecyltrimethyl ammonium bromide (CTAB) (2.19 g, 10 mmol)

were dissolved in 102.6 mL deionized water under electromagnetic stirring until
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homogeneous. Then tetraethyl orthosilicate (TEOS) (9.98 mL, 90 mmol) and 3-
mercaptopropyl trimethoxysilane (MPTMS) (0.94 mL, 10 mmol) were added into the
solution. After 2 h of continuous stirring, a gel with a molar composition TEOS:MPTMS:
CTAB:NH4OH:H,O of 0.9:0.1:0.12:8:114 was obtained. In this way, the mole ratio
TEOS:MPTMS was 0.9:0.1 or the quantity of MPTMS added was 10 % mole of the total
number of moles of TEOS and MPTI more MPTMS to the mixture, the

amount of TEOS was reduced propo ally ing amount of MPTMS was varied

in the range of 5 to 20 % mole. Th c. The o obtained g rred into a Teflon bottle and
heated at 110 °C for 9 &ct W by filtration, washed with
as ne ied. Thereafter, template

The procedure of yial | 1-gel method (or Con)

deionized water until ¢

(CTAB) was removed:

CTAB
solution

aa
6. Removed the templé e (CTAB)

‘. 7. Flltr ted and washed with ethanol, CH,Cl,
s 8. Dr1 n air

AU TR NEINT
“MP- 4 (Con)
U
Scheme 3.1 The procedure of convcﬂtlonal hydrothetifial templated sol-gélanethod.

ARIAINIUURIINYTA Y

. MCM-41 and functionalized MCM-41 were prepared by using the original

stepped template sol-gel technology [15, 16]. The normal MCM-41 was synthesized by
using solely TEOS as silica source, while MPTMS was added together with TEOS to
prepare MP-MCM-41.
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2. Original stepped template sol-gel method (Step)

In this method, the synthesis was performed as done in the conventional templated
sol-gel method, but divided into two steps. The molar proportion of the starting materials
used in conventional method was also applied. The adding amount of MPTMS was varied
in the range of 5 to 10 %mol. Firstly, CTAB was dissolved in deionized water until
homogeneous. Under continuous stirring, TEOS and then ammonia were added into the
surfactant solution dropwise to produce a gel in'30.min. The stirring time of 30 min for
gel formation was the most suitable condition to obtain the good order of crystalline
structure of MCM-41 (the results showed in Fig. Al, appendix). The gel was transferred
into a Teflon bottle and heated in oven at 110 °C about 30 h for hexagonal structure
formed crystallization. After the typical MEM-41 hexagonal structure formed, the Teflon
bottle containing the product was cooléd and MPTMS was added. The solution mixture
was electromagnetically stigred for'1 h and subsequently, the solution mixture was let to
crystallize and to react ag 110.°C for 24 h. Thére;ﬁlting solid was recovered by filtration,
washed with deionized water until the pH of fhe filtrate was neutral, and finally dried.
Next step, template (CTAB) was removed. The-;no.rmal MCM-41 was also prepared by

&

this way but using solely TEOS in every step.

s s Wl

Removal of template: =L Y =

The templates-or- CTAB were removed from-the solidproduct obtained from the
conventional hydrothermal templated sol-gel method or the original stepped template sol-
gel method by extraction using the mixture of methanol and hydrochloric acid under
reflux [31, 37-38]. Final' product was separated by centrifugal filtration, washed with

ethanol, dichloromethane, finally dried, and kept«in'a desiecator.

The procedure of original stepped template sol-gel method (or Step) was

concluded in“thessecheme 3:2.
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CTAB solution

Add dropwise
T — TEOS
Add dropwise .
- Ammonia

3 b’#/

1 Transf edt_
ted 1t110°C for'30:k

nplate (CTAB)
1 with ethanol, CH,Cl,

|

Scheme 3.ZE\e proce platﬁl-gel method.
N ﬁthﬁ@rﬁﬁw HAINYINS

rmal MCM-41 synthe81zed by conventional hydrothermal templated sol-gel

ho original ed te _sol-gel met Was_ suspen oiling dry
o T AT
MPTMS : 2.25 g of MCM-41 or 10 mmol MPTMS : 1.12 g MCM-41. The number of
MPTMS moles was varied in the range of 4.46 to 17.86 mmol : 1 g MCM-41. The reflux

lasted for 24 h under nitrogen atmosphere and the solid product was recovered by filtration,

washed orderly with toluene, ethanol and dichloromethane, and finally dried in air.
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The procedure of grafting method was concluded in the scheme 3.3.

Normal MCM-41 4
(from Con and Step )

Dry toluene

v

3 01, CH 2C12

ing method.
The -?---—;-‘-‘—---‘--,— ----------------- = . asured by thermo
v
gravimetric analysis TG . of the three synthesis

methods. Then the #1! ionship between the adding amount a .al he attached amount of

each method was deter@ilg. To test the accugacy of the equations, the preparation of
MP-MCM+#4I' contai , 1 ta ted. t validity of the
equations @1u ﬂeﬁgﬂﬁjemm;ﬁ :d]eﬂsjd of MPTMS.
Triethoxyoctylsilane (TEOTS) was cheosen as organic mctional group andﬁbe TEOTS

WIS YR
riginal stepped template sol-gel od and (iii) grafting . Th ng amount

of TEOTS was calculated using the previously obtained equations in order to obtain the

equal amount of TEOTS attached in the final products. Then the amount of TEOTS
attached on the obtained TEOTS-MCM-41 was determined by TGA.
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Finally, the best synthesis method was chosen to prepare MP-MCM-41 for

mercury removal.

3.3 Characterization of the adsorbents

The characterization of all synthesized MCM-41 was performed by powder X-ray
diffraction (XRD) technique. XRD patterns could identify the specific crystallization of
MCM-41 structure. FT-IR"spectrometry Was used to confirm their functional groups
existence. The surface area and.pote size of the adsorbents were determined by nitrogen
gas adsorption—desorption isethemms using_a surface area analyzer. The amount of 3-
mercaptopropyl functionalized on MCM-41 was determined by thermogravimetric

analysis. i

=

The instruments and'techniques used to characterize the adsorbents were specified

in the following. J

o

3.3.1 X-ray diffraction XRDy ¥/ A

: 22244
The structure of synthesized mesoporoFI:naterials were identified by using a
Rigaku D/MAX-220 Ultima+ X—faiy diffractome.fé‘:sz-l-{f)) equipped-with Cu K, radiation
(40 kV 30 mA) and’a_monochromater.at. 2 theta angle between 5 to 8 degrees. The
scattering slit, divergent slit and receiving slit were fixed at 0.5 degree, 0.5 degree, and
0.15 mm, respectively. X-ray diffraction patterns provide the  information about the

structure and crystallization of MCM-41 and 3-mercaptopropyl functionalized MCM-41.

3.3.2 | Fourier.transform infrared spectroscopy(FTIR)

Fourier transform.infrared spectra were recorded on Nicolet ET-IR. impact 410
spectrophotometer, The solid samples were prepared by pressing the sample with KBr.
Infrared spectra were recorded between 400 cm™ to 4,500 cm™ in transmittance mode.
The FT-IR technique was used to characterize functional groups of MCM-41 and 3-
mercaptopropyl functionalized MCM-41.
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3.3.3 Nitrogen adsorption (Brunauer-Emmett-Teller method (BET))

The determination of BET specific surface area, pore volume and pore diameter of
the adsorbents were performed by using a BEL Japan, BELSORP-mini instrument. The
sample weight was near 20 mg and weighed exactly after pretreatment at 400 °C for 3 h
before each measurement. The principle of thig method is the adsorption of a particular
molecular species from a gas or liquid onto the/surfage. Based upon one adsorbed layer,

the quantity of adsorbed material gave directly the total suiface area of the sample.
3.3.4 Thermogravimetriganalysis (TGA)

Thermogravimetric measurements v;fere performed by using Pyris 1 Thermal
gravimetric analyzer. ThesSample was heated.ffom 20 °C.to 800 °C with a heating rate of
20°C/min under nitzogen atmosphere. The pTérce_Iltage weight loss at different tempera-
tures was shown in asthemmogram. The ém(;unt of 3-mercaptopropyl (mmol) per

adsorbent (g) were calculated from TGA.

3.4 Adsorption study

Mercury (l)«<1on content in solutions was measured by a' cold vapor atomic
absorption spectrometer, which is located at department of geelogy, Chulalongkorn

University.

The adsorption @f mercury (II) ions insaqueous solutions by 3-mercaptopropyl
functionalized MCM=41 was studied using batch ‘method. The adsorbent (0.01 g) was
added to 10.mL"of solution containing mercury (II) ions: The initial ‘concentration of
mercury(II) ions ranged from 40 to 420 mg L™". The initial pH values of mescury(II) ion
solutions were 60« 0.2. The contact time of 120" min was ‘applied te' assure the
adsorption equilibrium. Thereafter, adsorbents were separated from metal ion solutions by
centrifugation at 3000 rpm for 10 min. The pH of solutions at equilibrium was also
measured. The adsorption experiments were performed in triplicate. The initial and

residual concentration of mercury in solutions was determined by CVAAS. The
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conditions for measurement of mercury(Il) ion concentration in aqueous solutions by

CVAAS are shown in Table 3.4.

Table 3.4 CVAAS conditions for measurement of Hg concentration in aqueous solutions

Parameters Operating conditions
Wavelength (nm) / 253.7

Slit width ’/‘d 0.70

Lamp type f— @ Lamp (HCL)
Lamp CuneM _ ,

Argon flow-rat n’ '

Working range (mg

** The detection limit was 0
Sigzal | g # & D, of Signal blank)

where LOD is the Limit of tec 01 ..m a ;_ average signal of blank (n=10),

To generate cold arrier_solution and tin (II)

chloride dihydrate solution as the reducing agent v verc used. The: rapor was swept through

== &J

a long path quartz.cel banee at 253.7 nm was

measured. B m
different ﬁ%ﬂg Ew ﬁtﬂﬁ W &} Qfﬁﬁomamed from

ARIIBIUHURIIN IR

modification were determined using above mentioned adsorption procedure. The initial

concentration of mercury(Il) ions solution was 210 mg/L. The most appropriate method
of synthesis should give the adsorbents that have high adsorption capacities. Therefore,
the adsorption capacity of MP-MCM-41 obtained from three synthesis methods using
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different adding amount of 3-mercaptopropyl trimethoxysilane was evaluated. Then, the
adsorption capacity of the adsorbents prepared by the three methods to have the same 3-

mercaptopropyl content was compared.

Then, the adsorbent that has t erformance was used in adsorption study.

The influence of the factors affi ) ion adsorption was investigated

pH of solution

contact time

- Effect of forei
- Adsorption Isot ' | - uit \"g isotherms
3.4.2 Effect e 4 h
{'l‘ i

adjustment of pH was (1, 5 and 10 %w/v) and

nitric acid solutions (1, 5 ne was 120 min. The initial

=

yar
was 0.01 g for 10 ﬁofmercury(ff){‘i

on “v.
) | 2/
ons Sl?fu'ﬂ n eac

3.4.3 Effect @on

The effect of contact time on the mercury (II) ions adsorption was investigated by

varying ti 0.2. The initial
concentrat 1Fnimgr meunt o rﬁ ‘ie same as that

mentioned i 1n 4.2.

ammmmwnwmaﬂ

3.4.4 Effect of foreign ions

The effect of foreign ions were studied by adding the sodium salt of different

anions (NO;, SO and CI) in the concentration of 0.1 or 1.0 M in the mercury (II) ions

solution. The solution pH was 6.0 £ 0.2. The stirring time was 120 min. The initial
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concentration of mercury (II) ions and the amounts of adsorbent were the same as that

mentioned in 3.4.2.

3.4.5 Adsorption isotherms

The initial concentration of mercury (II) ions of 40 — 420 mg/L in 10 mL solution
was used for adsorption isotherm study. The initial pH was 6.0 £ 0.2 and the temperature
was controlled at 25.0 + 0.5 °C. The stirring tiimé_was 120 min to assure the adsorption
equilibrium. The amount'of adsorbent was 0.01 g, MP-MECM-41 used in this study was
obtained from the most suitable synthesis method with suitable amount of MPTMS

adding.

Two models_of adsorption” isotherm were adopted; Langmuir isotherm and
Freundlich isotherm. The remaining mercury-c.'('.)ncentrations at equilibrium and mercury
adsorption capacities were uged ‘to plot a; suggested in Langmuir and Freundlich
relationships. The best fit model would descrﬂze the adsorption behavior of mercury (II)
ions on the MP-MCM-41.

. /
o Y

P

=

3.5 Reusability of 3-mercaptopropyl functionéjl‘i?éd MCM-41

The reusabihiy-of the best adsorbent obtainied from the best synthesis method was

studied. The experirhents were performed as the following:

1. The volume of 10 mL of mercury solutions (210 mg/L) was added to test tubes.

This reusability experiments were performed in triplicate.

2. In each.tube, the amount of 0.01 g of the adsorbent was added to the solutuion

and the mixture was stirred for 2 h.

3. Sample,and'the adsorbent were separated by centrifugation ‘at 3060 rpm ffor 10

min thén mercury content in sample was determined by CVAAS.

4. The used adsorbent from the first adsorption experiment was regenerated by
using 10 mL of 4% thiourea in 0.1 M HCI. The mixture was stirred for 2 h in batch

method. The solid was separated and used in the next adsorption experiments.
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5. The amount of mercury in regeneration solution was measured to determine the

desorption efficiency in first cycle.

6. The adsorption/desorption cycles were performed consecutively until the

adsorption percentage was less than 50 percent.
3.6 Application to real wastewater sample from refinery process

The real wastewater samples and mud wash water-employed in this study were
collected from crude distillation.wnits of refinery at Chonburi and Rayong province,
Thailand. The selected.adsorbent was applied to remove mercury from the wastewater.
Before application in adsorption experimeﬂts, the wastewater samples and mud wash
water were filtered and the'pH of the sample‘sL was measured. The mercury concentration
in samples was detesmined by CVAAS [7}: Sample digestion and oxidization was
performed to reduce analytical interférences a-'yd to ensure that the mercury in the sample
was converted to the mercuric ion form and dissolved in aqueous media. Wastewater
samples and mud wash water werée dlgested w1th sulfurlc acid, nitric acid, permanganate
solution, and persulfate solution, respectlvely After the reaction was complete, the
residual permanganate was reduced with hydroxlylamlne Thereafter, the obtained
transparence aqueous solution was used for de_te;m_llga_lt}on of initial mercury(Il) ions in

real wastewater samples and mud wash water.

The digestion method used in this study was adapted from ASTM D3223-02 [87]
which is a standard m;ethod for determination of total mercury iﬂ water and from method
7470A of United States Enyirenmental [Protectiony Agency (USERA)=[88] which is a
manual for determination of mercury in liquidiwaste (ground waters, €ertain solid and
sludge-type wastes). At last, the digestion method was also adapted from ASTM F885-88
[89] whichsis, arstandard:testimethod] for analysis“of metalsrinrefuse-derived: fuel by
atomic absorption spectroscopy. The digéstion proceduré is described in scheme.3.4 and

performed as the following.
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Digestion procedure

1. Real wastewater sample or mud wash water (100 mL) was transferred into a

250-mL round-bottomed flask.
2. The concentrated sulfuric acid (H2SO4) (5 mL) was added, followed by the
7 5 mL). After each addition, mixing of the
ution S mL) was added to sample
1g0rc# and another portion of

potassium , #olution we ed essary, until the purple

concentrated nitric acid (

mixed solution was p

3. Potassium perma

flask. The

dded to sample flask. The
ained at 95 °C.

hen sodium chloride-

dded to reduce the excess

6. O=sec, anspare t aqueous solution was obtained
- 7
and used for determination f 'mi iry(Il) ions of real wastewater and

mud wash water sa F""ff VAAS
- el i,

For adso ov S : "' sed in the adsorption

without any sample preparation. The s 0 ml] cted by 0.01 g of the

was

selected adsorbent for 2 h. After the adsorptlon equilibrium was reached, the adsorbent

were separ then mercury
content in| sam ‘EI m eriments were

performed 111111phcate

ammnimwﬂwmaa



Start

(1) Sample Preparation (2) Standard Preparation
1. Transfer real wastewater samples ) e el ofine Bl
or mud wash waters to bottle, add .
H,S0, and HNO; and mix working standard to bottle

1. Add KMnO, and shake

2. Add reagent water, mix, add
concentrated H,SO4 and HNO;

v

Is sample
from

2. Add sodium chloride-
droxylammonium chloride,
wait 30 seconds

sewage?

heat for 2h., co

v

1. Add sodium chloride-
hydroxylammonium chloride
wait 30 seconds

duplicates, spiked samples
‘o ;
1

I
ARIANNTUTRIINGIA Y

Schéme 3.4 Digestion procedure for determination of total mercury in real wastewater

(adapted from [88)).



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Synthesis of 3-mercaptopropyl modified MCM-41 (MP-MCM-41)
MP-MCM-41 adsorbents were synthesized by three different methods;
1. Conventional hydrothermal templated solsgclmethod (or Con)
2. Original stepped template sol-gelumethod (or Siep)
3. Grafting methed which.1< divided into two types, depending on the type of
MCM-41 as followed:;
- Grafting the ofgani¢ molecules on bare MCM-41 prepared from Con method
(or Graft-con) s
- QGrafting the organicymolecules 01i,bare MCM-41 prepared from Step method
(or Grafi-step) i.'

o

J
i ‘!|
|

4.1.1 Comparison of methods of synthesis
Procedure and preparation- time of conventignal hydrothermal templated sol-gel
method (Method 1, Con) and original stepped template sol-gel method (Method 2, Step)

o .

are compared in Table 4.1.

Table 4.1 Compariszarvl of Con and Step methods of preparation of MP-MCM-41

Condition Method 1 (Con) ~Method 2 (Step)
Gel preparation Mix-all.substrate Add FEOS.and then NHj3
dropwised to'the solution of
CTAB

mixing time for gel formation 2h 0.5h

Crystallization time 96:h 30 b

Adding of At the beginning Alfter crystallization
3-mercaptopropyltrimethoxysilane formation
(MPTMS) and mixing for 1 h

Heating time after adding MPTMS - 24 h

Total time for synthesis 98 h 555h
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Gel from Step method forms rapidly in 5 — 10 min after adding ammonia solution

and it appears in murky white color. On the other hand, gel from Con method forms after
stirring for 1 h. Crystallization period and the step of adding MPTMS in each synthesis

methods are shown in Fig.4.1.

Figure 4.1 The step of e od for each synthesis

methods. kil
N R }
e
In conclusion, synthesis of M E}I Cor_z nethod is easier than the other
methods but the crystallization tis ‘Fpnﬁg: e jesis by Step method requires short
crystallization time but the proce -1--- preparation has many steps. The synthesis by
J # '.
Graft method requires long ti o ny steps esis but it is expected to have

good dispersion of functional group on sut

v, x |
In the synthesis, o of MPTMS was varied as 5,

ep method. In the ¢ l of Graft method, the
number of MPTMS moles ﬁas varied as 4.46, &,3 13.39 and 17.86 mmol/ g MCM-41

- u ﬂ w ﬂ n/l }3 48 E
The qlta e synthesis method of adsorbents should have the

followm features;

AR ANBIINY AR e

thaﬂlave relatively high ligand loading.

10, 15 and 20 % mol for Con method and

- The obtained product from that method maintains the good order of crystalline
structure of MCM-41. This feature is required due to the good benefit of high surface area

in adsorption and the fast adsorption kinetics.
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- The obtained product from that method should have high adsorption capacity

with reasonable adding amount of ligand.

4.12 Characterization of MCM-41 and MP-MCM-41 obtained by variation of the

adding amount of MPTMS |

‘y ethod will be called MP-MCM-41
(Con) and MP-MCM-41 (Step) cly. MCM-41 synthesized by Con
and Step method are nar& d@tep) and when the normal
MCM-41 are used in t i ' Wed MP-MCM-41 (Graft-

con) and MP-MCM-41 , %, be noted that the normal
MCM-41 prepared by S d fwas synthesize dding TEOS in the 2" step
instead of MPTMS. P =

Table 4.2 The addi
method

esis by Con and Step

Synthesis Amount of TEOS
method
Con method | MCM-41 ( :_ — 100 % mol
MP-MCM-41 (c’aa;m— 5% m: 95 % mol
MP-MCM-41 f@bnfﬂl'v‘? ' 90 % mol
h{rp-g(JM -41 (Con) 15 % | 185 % mol
P-MCM-41 (Con) 20 % "/ '80% mol
Step method MC@;(L e E 95 % mol (1* step)
5 % mol (2™ step)
° 6 mol (1% step)
AT TN SN NG =
MCM-41 (Step) 15 % 85 % mol (1% step)
: : . — % q ™ step)
Wﬁﬁﬁ%&% sovib (e
9 20 % mol (2™ step)
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Table 4.2 The adding amount of MPTMS and TEOS for synthesis by Con and Step

method (continued)

Synthesis Adsorbents Amount of MPTMS | Amount of TEOS
method

Step method | MP-MCM-41 (Step) 5 % 5 % mol (2" step) 95 % mol (1* step)

90 % mol (1* step)

85 % mol (1% step)

80 % mol (1% step)

Table 4.3 The adding ammou

method
Synthesis sqoube 0 Starting material
method -k @ 3
Graft method | MP-MCM rdft-con) 4ﬁ ) - | MCM-41 (Con)
' - o
4.46 / g J iﬂ“",“
j?l-:h
MP-MCM }‘-Q@i_‘; » : /g MCM-41 (Con)
p a2
8.93 m g 4 I4- el
MP-MCM- (qrmn)—- 3. MCM-41 (Con)
13.39 mmol/g ﬁ,;—‘
AT
MP-MCM-41 ery’fféan) o] MCM-41 (Con)
! = Y
“M-41 (Graft- o MCM-41 (Step)
4.465701@ m 5%
MP-MC}/I-41 (Graft-step) 8.93 mmol/lg MCM-41 (Step)
) ) 1&)
F i p MEM-41 (Step)
13 39 mmol/g 15 %
Q.
AR BTSN T I TN &
20
(n]

* mmol MPTMS used per one gram of MCM-41
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4.1.2.1 X-ray diffraction technique

X-ray diffraction technique was used to characterize the structure of unmodified
and modified MCM-41. All obtained adsorbents show highly ordered mesoporous MCM-
41 specific structure (Fig. 4.2- 4.3). The XRD patterns of MCM-41 and MP-MCM-41
displayed a well-resolved pattern at low 26 with a very sharp diffraction peak
corresponding to miller indices (100) at 2.12% and three additional high order peaks (110),
(200), and (210) with lower intensities at 3.66% 4:24%and 5.58°, respectively. The results
are in agreement with the previous researc_l}es [16-18;31,38]. The d-spacing values for
the XRD peaks were 41.64, 24.02;21.78 and 15.80 A, respectively. The XRD patterns of
MCM-41 (Con) and MCM-4d" (Step) are shown in Fig. 4.2. The normal MCM-41 (Step)
shows slightly lower intensity and broader Forresponding peaks, compared to MCM-41
(Con). This is probably begause the jaddition of TEOS in the second step distorts the
regular liquid crystallingarray of the template*aJrid lowers the order of crystalline structure

of MCM-41. Then, the strueturg ofproduct from Siep method is slightly disordered.

d
24000 - 4 (a) —rarmal MCM-41(Step)
22000 A Ry {1 {B) —normal MCM-41(Con)
20000 i
18000 e ¥ I
'3 16000 —,
& 14000 - ’ L
‘& 12000 - —
= - i
2 10000 4 ; i Y
E o
8000 - ;
6000 -
7 2000 E W
= @)= "
0 ; ; : ;

15 o 35 45 s 6.5 7.5
2Theta(degree)

Figure 4,2 XRD patterns of (a) normal MCM-41(Con) and (b) MCM-41 (Step).

When modified withi3-mercaptopropyl, d considetable decrease in the XRD peaks
intensity was observed as shown in Fig. 4.3. A decrease in peak intensity may indicate
that, thetfunctionalization: “ecctirredyinside [the fmeSopore c¢hanngls! The sesults fare in
agreement with.the previous.researches*[10, 11, 16,.70]. Newvertheless, "the..typical

hexagonal structure was preserved in the products after modification.

Comparing different adding amount of 3-mercaptopropyltrimethoxysilane, the

XRD peaks intensity of MP-MCM-41(Con) and MP-MCM-41(Step) decreased in
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increasing of the adding amount of functional group [19]. It indicates that the amount of

3-mercaptopropyltrimethoxysilane affected the order of MCM-41 hexagonal structure.

The XRD peak intensity of MP-MCM-41 (Graft) slightly decreased in particular
the miller indices (100), compared to normal MCM-41. The peaks intensity of MP-MCM-

41(Graft) decreased when the adding amo nt of 3-mercaptopropyltrimethoxysilane was

increased. This is probably due to Q‘iﬂk £
mesopore channels. The decrea n intg 1ty

XRD patterns of MP-M

MP-MCM-41(Step). 1t W
c

a t) c par

staring material whi

24000 ~
22000 A
20000 ~
18000
":":"18[][][] 1
£ 14000 -
“w 12000 A
c
£ 10000 A
L
8000 -
6000 -
4000 A
2000 A

nctional group mainly inside the
1n ices (100) was less obvious in

of MP-MCM-41(Con) and

ed th MP- -41 Graft) was prepared from the

—Mormal MCM-41(Con)

o IP-MCM-41({Graft-con) 4 46 mmolig
— MP-MCM-41{Graft-con) 8.93 mmolig
= MP-MCM-41{Graft-con) 13.39 mmolig
e \P-MCM-41{Graft-con) 17 .86 mmolig

(©)

et
I

45 5.5 6.5 T

— P MCM~4‘1 (Step) 10%mo
—MP-MCH-41(Step) 13%mol
al‘u‘l P-MCM-41(Step) 20%maol

Intensity(a.u.)

2Theta(degree)

Figure 4.3 XRD patterns of MCM-41 and MP-MC

heta(degree)

MNormal MCM-41(5tep)

e MIP-MCM-41({Graft-step) 4.46 mmolig
e MP-MCM-41({Graft-step) 8.93 mmolig
— MP-MCM-41{Graft-step) 13.39 mmaolig
o MP-MCM-41{Graft-step) 17.86 mmolig

N3

.

T

45 b5
2Theta(degree)

6.5

M-41 from (a) Con method, (b) Step

method, (c) Graft-con method and Graf-step method.
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When the high adding amount of 3-mercaptopropyl group on adsorbent was used

such as 20 % mol MPTMS in Corn and Step method, and 17.86 mmol/1g in Graft method,
the order of crystalline structure of MCM-41 was altered significantly and the obtained

adsorbents seem not to be suitable for using as adsorbent.

s used in this research to
groups as well as the 3-
mercaptopropyl group nents -IR bands of unmodified
MCM-41 and the' 't S ed  afte ctionalization  with  3-

correctly confirm the

mercaptopropyltrimethexysilane

Table 4.4 FT-IR vibratiofi bafd pos iof N : ts for MCM-41 and MP-
MCM-41 [10-11, 16, 68 i

Adsorbents )
Remarks and assignments
Normal MCM-41 34203200 | O-H bond stretching of the surface
AT ATRNT .
#.’:{;“3{‘;;{; {silanol-groups and/or the remaining

fq; @ations of
Si-O bridges

fup e
AN TR AT TRY

2859 symmetric stretching vibrations of CH;
2571 stretching of S-H
690 CH; rocking vibrations of Si—-CH;R

% New band appeared after functionalization with MPTMS
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The FT-IR spectra of MCM-41, prepared by Con method and Step method are
shown in Fig. 4.4-4.5. The signal of O-H bond stretching bands of the surface silanol
groups were observed in MCM-41(Con) and MCM-41(Step). The intensity of O-H bond
stretching band of MCM-41(Step) increased when increased the adding amount of TEOS

(Fig.4.5).

The FT-IR spectra of MP-MCM p by Con, Step and Graft method with
different adding amount of 3-merc ysilane are shown in Fig. 4.6-4.9
The signal of O-H bond s g g banc ilanol groups were observed
in all adsorbents and the ba tensit 7 M-41 was functionalized

with MPTMS (Fig. 4. ups on MCM-41 were

modified with the fune 925 and 2859 cm™ in the
spectra of MP-MCM-4 tching vibration. The
intensity of this band n adding amount of MPTMS
indicating the increa ucts. The CH; rocking

stretching vibration and band at 257

L ¥
clearly seen, unlike in MP-MGMM ) and.

ﬂﬂﬂ'ﬁ‘ﬂﬂ‘ﬂ‘iﬂﬂ?ﬂ‘i
QW']Q\‘]ﬂﬁEHﬂJTﬂ']’JWEI'mEI
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Figure 4.6 FT-IR spectra ¢ MCM=41 ith different amount of MPTMS added.
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Figure 4.7 FT-IR spectra of MP-MCM-41 (Step) with different amount of MPTMS added.
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In conclusion, FT-IR characterization shows the success of the synthesis of
modified MCM-41 and confirmed the attachment of 3-mercaptopropyltrimethoxysilane

on the adsorbents.

4.1.2.3 Surface area analysis

Surface area analysis by Brunauer-Emmeti=Teller method (BET) was used in this
research with the objective to compare the surface@area, pore volume and pore diameter of
MCM-41 and MP-MCM-41. The results are shown in-kable 4.5. The BET surface area in
the range of 857 - 1297 m’/g was expect;i for hexagonal mesoporous materials [9-11,
15-18, 70]. MP-MCM-41 fiem all synthesis methods had lower surface area and pore
volume and smaller in poresdiameter, comp;ared to normal MCM-41. The results show
that the surface propertics of MP-MCM-41 were clearly different from those of the
unmodified MCM-41. The modification res{ﬂt’s'. in a reduction in surface area and pore
volume, probably du€ to the oecupationof tT,l;e functionalized molecules on the surface
and inside the pores of the adsorbents. The re_gl;lt; in Table 4.5 are the average values of
the experimental data (n=2) that are shownin dé@_ailajn Table A1 (see appendix).

g I
Table 4.5 Physical parameters of the adsorbents measured by nitrogen adsorption—

e | "’_.1;-'

desorption isotherms

" .
,‘. oy
e

7 Surfaece analysis
Sample T I-Adding-reageni—-Surfaceareast==TotatFore | Pore diameter
(BET) (m*/g) | volume (cm’/g) (nm)
Normal MCM-41(Step) | 5 to 20 % TEOS 1296 to 963 1.16 10 0.80 4.1t03.7
(@n the 2™ step)

Normal MCM41(Can) 100 % TEOS 8572906 0.73 = 0.80 3.5-3.7
MP-MCM-41{Con) | 5% to 20 % MPTMS | 843 to 690 0.71 to 0.43 3.5t02.2
MR-MEM4 l+(Step)s, | 5:%1020 %MPEMS | 83 14t0,670 0,64,t0 0,35 331021

MP-MCM-41 4.46 to 17:86 mmol 842101685 0.70 to 0:36 3.4 te-2.1
(Graft-con) MPTMS/g MCM-41

MP-MCM-41 4.46 to 17.86 mmol 815to 514 0.61 to 0.32 32t01.9
(Graft-step) MPTMS/g MCM-41
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The surface area of MCM-41(Step) decreased when the adding amount of TEOS
in the second step increased. It is probably due to the insertion of TEOS added in 2™ step
on the surface of framework or between Si-O-Si bond of framework during crystalline
formation, resulting in smaller pore diameter and lower surface area. Compared to MCM-
41(Step), surface area of MP-MCM-41(Step) decreased after functionalization with
MPTMS. The methoxy terminal of MPTMS might involve in the formation of inorganic
framework or attach on the previously formed framewerk. The 3-mercaptopropyl branch
might also react with the hydrophilic groups of template through H-bonding to form the
complex structure [19], resulting in the occupation of space inside the pore and therefore

reduction of surface area and porosities of MP-MCM-41(Step).

In the case of MPMCM-41(Con), surface arca of the obtained products also
decreased when the adding amount of MPTMS increased especially at the adding amount
of MPTMS of 15 and 20%mel. The presence.'of MPTMS, instead of TEOS, in the gel

formation and crystallization step seems to alt;:r the surface properties of the products.

In the case of MP—MCM-41(Grqﬁ—c&n_) and (Graft-step), surface area of the
obtained products decreased when incicased the adding amount of MPTMS due to the
attachment of MPTMS on the pore surface of_-MCM-41[17, 70]. The surface area and
porosities of MP-MCM-41(Grafizstep) decreas-éd':-{n higher extent than MP-MCM-
41(Graft-con). The results reveal that the amoun_t?f MPTMS attached on the pore surface
of MP-MCM-41(Grafi-stép) seems to be higher than on MP=MCNi=41 (Grafi-con) when

used the same adding ameunt:

The nitrogen adsorption-desorption isotherm of the obtamed products are shown
in Fig. 4.10. The Nj adsorption-desorption isotherms of MCM=41 (Con) and MCM-41
(Step) with 15% mol TEOS:added in the ond step(Fig. 4.10(a) and 4.10(d)) show linear to
step-shapediuptakes at.partial pressures between 0.1'and 0.5. These features indicate the

presence of mesopore in framework.

All the products_exhibited. type.IV .isotherms.with .apparent, hysteresis. loop,
indicating the existence of defined mesoperes in the frameworks [9, 10, 66, 67]. When
modified with MPTMS, the adsorbed amount at the saturated pressure (see in axis Y from
graph) decreased, revealing lower porosity of the products. The more content of MPTMS
was incorporated, the lower porosity might be obtained. If the adsorbent has smaller pore

diameter, the result from the nitrogen condensation step will shift to lower vapor pressure.
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From the results, the nitrogen condensation step (see in axis X from graph)
gradually shifted to lower vapor pressure in the modified MCM-41, which associates with
the decreasing of the mesopore diameter. The degree of decrease observed in adsorbents
depends on the synthesis type, as following: MP-MCM-41 (Grafi-step) > MP-MCM-
41(Step) > MCM-41 (Step) and MP-MCM-41 (Graft-con) > MP-MCM-41(Con) > MCM-

41 (Con). ; ' /
Adsorption | desorpii r = n ! desorption isotherm
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= d
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Figure 4.10 Nitrogen adsorption-desorption isotherm of (a) MCM-41(Step), (b) MP-
MCM-41(Step) 15%mol, (c) MP-MCM-41 (Grafi-step) 1339 mmol/g, (d) MCM-
41(Con), () MP-MCM-41(Con) 15%mol, and (f) MP-MCM-41(Grafi-con) 13.39

mmol/g.
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From the experimental results, the nitrogen condensation step of the products
shifted to near low vapor pressure when adding amount of MPTMS increased, indicating
that the product had higher MPTMS content and then the pore diameter was lower.
Nonetheless, specific surface area and porosities of the obtained adsorbents still remained

in the range of the hexagonal mesoporous structures after 3-mercaptopropyl modification.

4124 Thermogravimetriﬁ

The amount o on MP-MCM-41 was
determined by thermo mets€ analysis| (T¢ ‘profiles are shown in Fig.
4.11 and the appendi heé' notmia ‘materi ight loss of about 2 %

was observed at a te ature er /thas vaporation of adsorbed

The functionalized p Odul_:z-.. Ve ight
temperature lower than 180 °C m ic 1o he evaporation of adsorbed water,
second step at 300- 450 °C (apfj'fe'}(“'r y 4-1%9 ), which-could be attributed to the loss
of 3-mercaptoprog : C ..:1_;1..'..-..._..............;..- stween 500—650 °C
(approximately 2.5--8 ¢
Si bonds) [10, 11]. TE increase i

_ xane bridges (Si-O-
oss dug to the 3-mercaptopropyl

groups on the adsorbents was observed when used hlgher adding amount of MPTMS.

ﬂﬂﬂ’ﬁ‘ﬂﬂﬂ’ﬁﬂﬂ?ﬂ‘i
QW’]Mﬂ‘ifMﬂmﬂﬂMﬂﬂ
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Figure 4.11 TGA curves of (a) MCM-41(Con), (b) MP-MCM-41(Co ) (c) MP-MCM-41

(Grafi-con), (d) M ‘“J‘ J M-41(Grafi-step).

The overall lmling of 3-mercaptopropyl on the adsorb'ms was calculated using
weight loss data from Tﬁ/ﬂlrves of MCM-41 ﬂ MP-MCM-41 (Fig. A4—-A36) and the

eq““"““ﬂ”ﬂﬁl’ﬂ NEVNINEINT

Loadlng capaCIty = Ligand(g) x 1 1gand x 1000 ol Ligand
L(Qidlng capacity (mmol MP/g adsorbent) = Ligand (%g) x10 4.1)

M.W. ligand (g)

ol L\/\ | (CH)sSH  M.W.=75 g/mol
HCO=Si1 SH)
HCO L _ _ _

3-mercaptopropyl

trimethoxysilane
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The calculated loading capacity of 3-mercaptopropyl on the adsorbents are shown

in Table 4.6. In every method of synthesis, the results from TGA show an increasing
trend of 3-mercaptopropyl amount attached on MP-MCM-41 when increased the adding
amount of the ligand. The loading capacity represents the amount of ligand (mmol)

modified on one gram of the final products obtained from each synthesis method.

Table 4.6 Calculated loading capacity of the adsorbents

L oading capagity(tumol MP/g adsorbent) *

Adding amount of

MPTMS MP-MECM-41 MP-MCM-41 MP-MCM-41 MP-MCM-41
(Step) (Can) (Graft-step) (Graft-con)

5 % mol 0.5187% 0.003"1.40.5968 & 0.030

10 % mol 0.8876 + 0.007 4 0.9730 % 0.004

15 % mol 1.0807= 0.002 4 1.1647 £0.004

20 % mol 170864 £0.004 | 1.1683 £0.005
4.46 mmol/g _ l 0.5193 +0.009 0.4153 +£0.004
8.93 mmol/g 0.8708 & 0.007 0.7761 £ 0.003

13.39 mmol/g
17.86 mmol/g

1.0628 + 0.003

- 1.0947 £ 0.007

1.0135 £0.004
1.0037 +0.003

*Mean £+ S.D. (n=3) o

The loading capacities of the final produ;gs ::X/;.ere compared when used the same
range of starting amount of MPTMS in the synth(;sis;j (Eig. 4.12). It should be noted that
the starting amount of MPTMS used in every method is practically. in the same range of
quantity but presented in different unit depending on the method of synthesis.

The loading amount MP ligand on the obtained products increased when the
adding amount increased. The results show that the adsorbents"having highest loading
capacity could be prepared“when used adding ameunt higher than 15% mol MPTMS for
Con method‘and | Step method and higher than 13.39 mmolMPTMS/g MCM-41 for Graft
method. Frofh'the XRD results previously discussed, a high adding amount of MPTMS
resulted in less ordered structure. To continue to add the'MPTMS may eventually result

in-disordered structure.

The suitable starting amount of ligand MPTMS, in respect to the highest loading
capacity and the good crystalline mesoporous structure of the adsorbents, is 15% mol
MPTMS for Con method and Step method and 13.39 mmol MPTMS/g MCM-41 for
Graft method.
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\ d could be compared by
comparing the ligand lo sacity of the ‘ad .....-\ obtained when used the same

igand loading is in the

following order: Con ' (CM-41 (Step) > Step method >
Graft method using 4 \
. v " 'I. ,

From the results . 'I___‘_' itting, the equations describing the

relationship between the adding ..l;_g- . _4_5,1‘5—' ‘the ligand loading capacity of the

adsorbent were obtained as Sh(::}% : |
Table 4.7 Relationship i icity bents (y) and the adding
Y )
Synthesis ; PO relﬂn Equation no.
method coefficient (R?)

amount of ligand

Con

1 -il E‘!nﬂ‘_ (4:2)

Step

Graft-ste
a faq '
aft-con

? The unit of y is mmol MP/g MP-MCM-41 and the unit of x is % mol MPTMS for Con and Step method
and mmol MPTMS/g MCM-41 for Graft method.
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The limit of use of the equation (4.2) — (4.5) is that they are valid only for the
calculation of the adding amount of ligand (x) less than or equal 20 % mol MPTMS for
Con and Step method and 17.86 mmol MPTMS/g MCM-41 for Graft method. However,
the adding amount higher than the limits may results in disordered structure which is

undesirable for the use as adsorbents.

Furthermore, to choose the suitable synthesis method of adsorbents, the adsorption
efficiency of the obtained products need to be evaluated and compared. The adsorption
efficiency might increase in inereasing the }igand 10ading on the products. Therefore, to
correctly compare adsorption effieiency o} the adserbents prepared by Con, Step and

Graft method, the adsorbentss«eontaining equal amount of ligand were prepared.

4.2 Synthesis of MP-MCM-41 containing equal amount of 3-mercaptopropyl

MP-MCM-4 l# adsgrbents  which  had J_the equal loading amount of 3-
mercaptopropyl were prepared by threc syﬁthesis methods using adding amount of
MPTMS calculated from equation (4.2) — (4.53'._ To obtain 1 mmol MP/g MP-MCM-41,
the amount of MPTMS {0 be added in' the syn_tI;}esis was 10.40 % mol for Con method,
12.17 % mol for Step method, 11.47 mmol a;l_;l—-l}:_28 mmol for Graft method using
MCM-41 (Step) and MCM-41 (Con)-as starting material, respectively.

4.2.1 Characterization of - MP-MCM-41 containing egual amount of 3-mercapto

propyl

The MP-MCM-41 adsorbents which were prepared to have 1 mmol 3-mercapto

propyl were.characterized by different techniques as . followed.

4.2.1.1 Thermogravimetric analysis

Loading jeapacity; or the amount of 3-mercaptopropyl per gram adsorbent was
caleulated from TGA curves (Fig. A25-A30 in appendix) and shown in Table 4.8. The
results show that MP-MCM-41 adsorbents containing 1 mmol MP/g could be

successfully prepared using the adding amount calculated from equation (4.2) — (4.5).
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Table 4.8 Loading capacity of the adsorbents prepared to have equal loading amount of
MP measured by TGA

Adsorbents Adding amount of MPTMS Loading capacity *
(mmol MP/g adsorbent)
MP-MCM-41 (Con) 10.40 % mol (MPTMS : MPTMS + TEOS) 1.0032 +£0.030
MP-MCM-41 (Step) | 12.17 % mol (MPTMS : MPTMS + TEOS) 1.0105 + 0.036
MP-MCM-41 (Graft-step) 11:47 mmol MPTMS# o MCM-41 1.0209 + 0.034
MP-MCM-41 (Grafi-con) 13.28 mmo! MPTNIS/.gNCM#4 | 1.0633 £ 0.031

-

*Mean £ S.D. (n=3)

To prove the"validigy ofthe obtained equations in the synthesis of modified
MCM-41, another organic imolecule was I‘used in the modification. MCM-41 were
functionalized with trigthoxyoctylsilane; whfth is aliphatic hydrocarbon, by three
synthesis methods and using the ‘equation @.22_— (4.5) for calculation of the adding
amount of triethoxyoctylsilane (TEOTS). T(;' obtain 1 mmol OT/g OT-MCM-41, the
amount of TEOTS to be added in-the _synthesi-s_: 'gvas_-10.40 % mol for Con method, 12.17
% mol for Step method, 11.47 mmolsand 13.278j{rlm01 for Graft-step method and Grafi-

con method, respectively. =

The obtained products (OT—MCM-4F::were characterized by TGA for
determination of the loading amount of octyl pergra}-fl adsorbent by-using the percentage
of weight loss in" T GA-Cuives-(Fig-A3l-A3b ii-appeidixj-and equation (4.1). Loading

amounts of octyl pef gram adsorbent are shown in Table 4.9.

Table 4.9 Loading capacity of OT-MCM-41 adsorbents prepared by different synthesis

methods
Adsorbents Adding.amount of TEOTS Loading capacity ?
(mmol OT/gadsorbent)
OT-MCM-41.(Con) 10.40 % mol (TEOTS #TEOTS + TEOS) 0.9360 < 0.095
OT-MCM-41 (Step) 12.17 % mol (TEOTS : TEOTS + TEOS) 1.1204 +0.110
OT-MCM-41 (Grafi-step) 11.47 mmol TEOTS /g MCM-41 1.0059 £0.134
OT-MCM-41 (Graft-con) 13.28 mmol TEOTS /g MCM-41 0.9727 +0.036

Mean £ 8.D. (n=3)
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The TGA results from Fig. 4.13 (or Fig. A33 — A36 in appendix) show that the
loss of octyl group was observed at very high temperature (500-650 °C) in the analysis of
OT-MCM-41 (Con) and OT-MCM-41 (Step). This is probably due to the attachment of
the long length molecules inside the pore or in the core structure of OT-MCM-41.

Therefore, the octyl group and/or the residual of decomposed octyl group would be

that cause the breaking of siloxane

°C [10, 11].

; re close to 1.0 mmol octyl/g
adsorbent. The results inalca equation (%d be used for calculation

of the adding amount of P ion of modified MCM-41 by
these three synthesis
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Figure 4.13%TGA curves of (a) OT-MCM-41 (Con), (b) OT-MCM-41 (Grafi-con), (c)
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4.2.1.2 X-ray diffraction technique

MP-MCM-41 adsorbents which contained the equal loading amount of 3-
mercaptopropyl were characterized by X-ray diffractometer (XRD) to confirm the

hexagonal mesoporous structure of adsorbents as shown in Fig. 4.14.
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Figure 4.14 XRD pattern a) Con method and Graft
method using MCM ing MCM-41 (Step)
No change in as observed afte fication of MCM-41 with
MPTMS. Furthermore, t eak inte and 2 he peak broadening of the

structure of MCM-41. The
results are in agreement rved pre i \u pic 4.1.2.1.

4.2.1.3 Fourier transform mfra ed Spectroscof
- AN TR }:
The FT-IR .spect O MP

_MCM-41 adsot
Y

aining.equal amount of 3-
7 :

; LY

w i

FT-IR spec faof M thod, Step method and Graft

method (Fig. 4.16— 4.17) showed new peaks corresponding to (1) vibrations of CH, at
2925 and 2859 cm, (Z)istﬂ:hing of SH at 257#3111'1 and (3) CH; rocking vibrations of

Si-CH,R 'ﬂaﬂﬁ nﬁ ﬁrﬂﬁjﬂlie successfully
synthesize S*an esul th*those observed

previously.

ammnimwﬂwmaa

mercaptopropyl were shoy e
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4.2.1.4 Surface area analysis (Brunauer-Emmett-Teller method (BET))

MP-MCM-41 adsorbents which contained approximately 1.0 mmol MP/g were
analyzed for the surface area, pore volume and pore diameter by surface area analyzer

using BET method (Table 4.10).

Table 4.10 Physical parameters of the adsorbents containing approximately 1.0 mmol

MP/g MP-MCM-41

Sample Adding y BET result®
amountef | surface area Total Pore Pore diameter
MPTIMS (BET) (n*/g) |.volume'(em®/g) (nm)
Normal MCM-41 (Con) = 914 0.73 34
Normal MCM-41 (Step) - 1939 0.73 3.5
MP-MCM-41 (Con) 10:40 %mol 897 0.62 32
MP-MCM-41 (Step) 12. 14 %ol 854 0.54 2.9
MP-MCM-41(Grafi-con) | 1328 mmol/g 831 0.53 2.9
MP-MCM-41(Graft-step) |411.47 mmiol/g L 0.53 2.6

“ Mean (n=2) —

/A
The results from surface apalysis show a d,ec;rgase in surface area from 914 to 8§97
m?*/g and 939 to 854 m*/g when MEM-41 wasfn?ojdi-ﬁed with MPTMS by Con method
and Step method, respectively. A teduction in sutface aréasfrom 914 to 831 m?/g and 939
to 735 m?/g were-also observed when used Grafi method to modify. MCM-41 (Con) and
MCM-41 (Step), respectively. The decrease in surface area, pore diameter and pore
volume could be attributed to the oceupation of functionalized molecules on surface and

inside pores of adsorbents. The diameter of the pores of the obtained products in the range

of 2.6 — 3.5.am indicates the-presence-of mesoporous channels:

The' results“from characterization ‘confirm the "sueecss of ‘the preparation of the
MP-MCM-41 adsorbents containing approximately 1.0, mmol MP/g. To gvaluate the
adsorption ‘efficiency “of the“adsorbents prepared” by ‘different methods, MP-MCM-41
containing equal amount of ligand were further used in the adsorption of mercury(1l) ions.
The suitable adsorbents for mercury removal should provide high adsorption efficiency
with reasonable amount of ligand loading. Then the suitable synthesis method will be

chosen.
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4.3 Comparison of adsorption efficiency of the MP-MCM-41 prepared by different
methods

MP-MCM-41 adsorbents were used in the adsorption of mercury(Il) ions in

aqueous solutions by batch method. The adsorption experiments were carried out using

(4.7)

where in aqueous solution

C. = equlhbrlun_].,_ cel ,:E: ry(Il) ions in aqueous solution

0 - .
q -7” S ee)

V= mee of mercury ons aqueous solutiormi)

m = weight of adsorbent (g)

ﬂﬁﬁ’ﬁ‘ﬂﬂ‘ﬂ‘ﬁ"ﬂﬂ’]ﬂ‘i

(II) 1ons adsorption efﬁ01ency of MP- MCM 41 was studied as followmg

AU ASNINNNIINL AL

prepared by three synthesis methods using different adding amount of MPTMS

MP-MCM-41 adsorbents were prepared by using 5 — 20 % mol MPTMS for Con
and Step method and 4.46 — 17.86 mmol MPTMS/g MCM-41 for Graft method as
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discussed previously. The adsorption capacity of the adsorbents was evaluated using
batch method. The initial concentration of mercury (II) solution was 210 mg/L.
Mercury(Il) ions adsorption capacity of MP-MCM-41 adsorbents are shown in Table
4.11.

Table 4.11 Mercury(II) ions adsorpti f MP-MCM-41 prepared by different

synthesis methods with variati MPTMS

Adsorbents ggunt & | Adsorption capacity
~ (mmol MP/g (mg/g)
adsor
MP-MCM-41 0.5968 = 0.030 66.14 + 1.35
(Con) 0.9730 + 0.004 120.65 + 0.74
é. .na 153.75 + 0.57
111683 £0.005 159.38 % 0.52
MP-MCM-41 WPEMS (| 05187 0003 144.81 +2.28
(Step) PTMS Tl 0.8876 +0.01 151.25+2.14
5 %ol MPTMSL. | - |0 410807 < 0.002 175.53 + 0.20
20 9% mol MPTMS' 2 11 110864 £0.004 178.24 + 0.46
L
MP-MCM-41 | 4.46 mmol MPTMS /aMCM-41 | 0.4153 +0.004 158.82+0.19
Al et L ‘

(Grafi-con) 8.93 mmol MPTMS /g MCM-41 61 =0.003 179.56 + 0.48
13.39 mmol MP_IMS’.&&WM?R : 192.12 +0.08
17.86 mmol MPTMS /g MCM-41 196.01 % 0.16

Sl =
MP-MCM-41 | 4/46-mmol MPTMS /g MCM-4T | 0.5193 £0.009" 181.06 % 0.01
(Graft-step) 8.93 .mmol MPTMS /g M 7 - 209.98 +0.11
13.39&—;01 MPTMS /g MCM- 1.0628 + o.oo3ﬂ 209.13 = 0.39
17.86 mmol MPTMS /g MCM-41 | _ 1,0947  0.007 209.01 = 0.28

e [ ¥

TRUYINENINEING

Furthermore, the adsorption efficiency of the products prepared from different

ARANIA R HNINET RS
4.1 e optimum condition in the synthesis will be chosen based on the loading amount
of ligand and the adsorption capacity for mercury(II) ions of the obtained products (Table
4.11and Fig. 4.17).
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Figure 4.17 Mercury(l \ CM 41 by each loading
capacity of MP from.@ach sy Sis met Vs
From Fig. 4.17, the resul - " se in adso ua, capacity for mercury(II)

ions of the obtained adserbents _..WHélit'thE-’ 1 loading capacity of the adsorbents
increased. The adsorption ¢ 1cieg<&‘f%%i is in the order: MP-MCM-
41(Graft-step) > MP-MC -MCM-41(Step) > MP-MCM-41(Con),
respectively. The highest adsogpqal?fﬁg nC achieved by using MP-MCM-41
prepared by Graft ‘ethod us1ng MM 41(:8%2’7 cspite g igand loading capacity

of MP molecules mainly ce high
of ions from solutioj:l“he significa surfae arﬂ
MCM-41 (Graft-step) a ﬂ.l'so confirm the modlﬁcatlon of the ligand molecules on the
surface o on method and
Step methm E hj wﬁmﬁ ﬂ H«mbjf MP-MCM-41

lillactlve” for adsorption. E-rom Fig. 4.17, the suitable adsorbe&;was MP-

ATANTITN AT TNIING

added compared to MP-MCM-41(Graft-step) prepared by adding 13.39 and 17.86 mmol
MPTMS/g MCM-41. It also maintained the good order of crystalline structure of MCM-
41.

due to the presence

7 active for adsorption

and pore size of MP-

which are
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The most suitable synthesis method of adsorbents for mercury(Il) ions adsorption
in solution is Graft method using MCM-41(Step). For better comparison of the adsorption
efficiency of the products, MP-MCM-41 containing equal amount of ligand loading were

prepared.

4.3.2 Comparison of mercury(ll) ions fa?sorption efficiency of MP-MCM-41

containing equal loading amount of 3-mercar ):fgpyl
o

The MP-MCM-41 containing appr_(.)}imatel)} I.Ofrrzfnol MP/g were prepared and
characterized as discusse'g_pm:fro@msly; The adsorption experiments were carried out using
mercury(Il) solution (210 pH 6. The results are shown in Table 4.12 and Fig.

4.18.

Table 4.12 Adsorption cfficicacy o MPQMM—M adsorbents containing approximately

1.0 mmol MP/g :
g ! r:
Adsorben eﬂsorq%lgn capacity Removal (%0)
gl
-4

Normal MCM-41 (Step) |+ '~ 038 £0.10 © 0.18+0.05
nry - -.l'lg
Normal MCM-4 (Ca::)? +. 0.24—,.:?:'1- L 9 0.12 +0.06
i il
MP-MCM-41 (Step) ——+— 163.80+1.70 78.75 +0.09
MP-MCM-41 (Con)o~ |- 121.22 ,,E':p-.@-'- 57.90 + 0.56
MP-MCM-41(Grafi-step) 209.30 = 1.20 9915@ +0.01
e —
MP—M@AI (Grafi-con) 186.63 £ 1.11 8_8:.&3& 0.53
Mean = 8D, (n=3) vyt
| |
» 210 (a) | 100" || ) (b)
o i 20 1-4 MP-MCM-41 i
§ LS L;:;&?ﬂ';;bﬂ 804 526 - normal MCM-41
5 150, P | Ny W i H?D-,,
= = 2 I
B a0l 2 SH IS
25 | |z 3501 |8
o 307 [ S40{ ||a
&N 8.0 7 j
= : 204
£ 3ot S 10] "]
0 . . . . - 0 ' . . . :
1 2 3 4 5 ] 1 2 3 4 5 B
Synthesised MCM-41 type Synthesised MCM-41 type

Figure 4.18 Mercury(Il) ions adsorption of MP-MCM-41 containing approximately 1.0
mmol MP/g (a) mercury adsorption capacity, (b) % removal.
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The adsorption efficiency of adsorbents was correctly compared when the
adsorbents had the equal amount of functional group. When the ligand content is the
same, the adsorption capacity of the MP-MCM-41 adsorbents and the percentage of
mercury(Il) ions removal is in the order of MP-MCM-41 (Grafi-step) > MP-MCM-41
(Graft-con) > MP-MCM-41 (Step) > MP-MCM-41 (Con). This result supports the results
from topic 4.3.1.

In conclusion, the most suitable method for synthesis of the adsorbent is chosen
based on the following features: (i) the method should yicld the adsorbents that have high
adsorption capacity with*reasonable amount of ligand 1oading and (ii) its crystalline
structure is still preserved. Theworder of adsorption efficiency and loading efficiency are
presented below; _

Ligand loading efficiencys Con method > Graft method using MCM-41 (Step) >
Step method > Graft method using MCM-41(Con)

Mercury(Il) iens adsorption efficiency: Graft method using MCM-41 (Step) >
Graft method using MCM-41(Con) < Step met‘ihocdi'-> Con method

Thus, the most suitablg'méthod for synthesis the adsorbents for mercury(Il) ions
S
adsorption in solution is Graft methedusing MCM=41 (Step).
; 1

4.4 Adsorption study

The effect of various parameters (i.e. pH, contact time, interfering ions) was

studied. The MP-MbM-41 (Graft-step) prepared by adding of 1147 mmol MPTMS/g
MCM-41 and containing 1.0 mmol MP/g final product was chosen and used in this study.

4.4.1 Effect.of pH of mercury(ll).ions solution

The pH of solution ¢ould havesstrong influence on-adsorption due to the presence
of different species of mercury in solution at different pH (i.e. metal ions and/or metal
hydroxide precipitate). The effect of pH on the.mercury(Il) ions adsorption G MP-MCM-
4118 shown in' Table 4.13 and Fig. 4.19.



Table 4.13 Effect of pH on the mercury(II) ions adsorption by MP-MCM-41
Initial pH | Adsorption capacity Removal pH at equilibrium
(mg/g) (%)
1 126.01 £ 1.25 60.53 £0.01 3.18+£0.27
2 143.26 £ 1.67 69.05 +£0.41 4.67+0.27
3 173.54 +£2.63 82.81 +0.01 6.48 +0.14
4 192.63 +1.33 6.89 £ 0.04
5 204.39 £ 0.98 7.35+0.11
6 210.13 + /01 . ' 7.55+0.09
7 209.48 : 99.97 +0:0 - 7.66+0.06
8 M—" 3.06 +0.07
g

Mean £ S.D. (n=3)

(%)

Removal
8

Figure 4.19 Effect
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Figure 4.20 Mercury speciation diagram [90].
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The adsorption capacity of MP-MCM-41 and the percentage of mercury removal
increased when the pH of solutions increased. Regarding the speciation of Hg, in solution
at pH less than 4, the major species of mercury(Il) ions are Hg”" cations, while Hg(OH),
species dominate at pH higher than 4 as shown in Fig. 4.20 [90]. The mixture of cation
and hydrolyzed species may be found at pH 4 to 6.

When the pH of the solution is lower than the pK, value of the ligand (pK, = 10.6,
[91]), the —SH groups on mercaptopropyl will'be'in.neutral from (—-SH) and will not
dissociate to yield —S™ groups. In the experiments, pH value of all solution was less than
8. Thus, the end group of the functionalized molecules was in form of —SH. Different
species of metallic complexes may occur when mercury(ll) speciation was changed. The
forms of mercury whieh aredikely o interact with —SH groups are Hg*", HgOH, and

Hg(OH),. In this study,the following complelxation reactions are proposed.

R h
=Si—C3Hs—SH + He*dONO#F IS =St=CsHg* S—He' 2(NO3) (4.8)
.H , \
=Si-C3;He—SH + HgOHWFNOS & Eﬂi—(";Hat[ﬁ—*HgOH] (NO3) (4.9)
=Si—C3H¢—SH + Hg(OH), > SoeCiH#ASE»Ho(OH), (4.10)

e

When pH of solution is lower than pH 6;Esd the mercury(II) ions are in the forms
of the Hg*"cationsyor HgOHi "Eﬁeir complexét.ic-iﬁ__izs;ifh —SH greups may lead to the
formation of positively-chaiged-coimplexes-(eq:4.8-and-4.9),-which require anions as
counter ions. On the other hand, when the pH of solution 1S higher than 6, the
complexation of the Hg(OH), involves the formation of a neutral complex (eq.(4.10)).
The formation of positively charged complexes_inside the mesoporous adsorbents could
prevent itg” comiplete’ filling by imeCrcuty(1l)~ions. | The bbtained) positively charged
complexes located on the inside walls-of the'porous materials may act as an electrostatic
barrier and limit the passage of positively charged species such as Hg*" through the pores.
Thus, ‘the mercuty (1I).ions adsorption capacity at pHless than 6 ¢ould be 1o ver than that
observed at pH higher than 6.

Regarding the speciation of mercury ions, when the initial pH was 1 and 2, the
equilibrium pH could raise to pH 4.7 and the dominate species in the solution were Hg*"
cations and HgOH". Mercury(I) ions adsorption capacity increased when the initial pH
was higher than 3 due to the presence of Hg(OH), forms at equilibrium which are better
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adsorbed on MP-MCM-41. In conclusion, the suitable pH for mercury(II) ions adsorption
were the initial pH of 5 — 8 and the equilibrium pH of 7.55.

4.4.2 Effect of contact time

The adsorption, which occurs between liquid (solute) and solid (adsorbent) phase,
have three main mechanisms as following: (i) bulk transport, (ii) film transport and (iii)
intraparticle transport. The bulk transport usually ogeurs rapidly and the process of film
and/or intraparticle transport is eften the ratf determining step for adsorption equilibrium.
In this experiment, the effect of.eontact time was studied and the equilibrium time for the
adsorption process was detcamined for the further experiments. The results of mercury(II)

ions adsorption by MP-MCM-4 Las a functioln of stirring time was shown in Fig. 4.21.

220 F JENE 3 SRR e ——

- - - i &

200 _/”—- . + ,!- . v o

180 - it

160 -

140 - fll_.

120 - - L

100 - o " nitial Ho (1) fons 210 mg/L
80 i

| —s— MP-MCM-41(Graft-step)

; # Fednormal MCM-41
40 1 —

Mercury adsorption capacity (mg/g)

20 - Using foadir;g oa,tiaciry (Tmmolig MCM-41)
= o ity il S
0 il A A T T T T
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Sliiring Time (min.) "’ [

Figure 4.21 Effect :of ‘stirring time on the mercury(Il) ions adsorbtion capacity by MP-
MCM-41 (Graft-step):

The adsorption ‘effigiency increased with' the increasing of contact time and
reached the/@quilibrium after 20 min. The adsorption time.of 120 min was chosen for the

adsorption experiments to ensure the adsorption equilibrium.

4.4.3 Effect of foreigniions

The presence of ions other than mercury (II) ions may affect the adsorption of
mercury(Il) ions by the adsorbents due to the complex formation and/or the formation of
insoluble compounds of mercury(Il) ions with other ions especially. To evaluate the

selectivity of adsorbents toward mercury(Il) ions, the adsorption of mercury(Il) ions was
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performed in the presence of anions such as NO;, SO and especially Cl™ that more

appeared in petrochemical wastewater. The sodium salt of those anions was added to the
mercury(Il) ion solutions with a concentration of 0.1 or 1.0 M. The results are shown in

Table 4.14.

Table 4.14 Effect of foreign ions on the merc
Salts Adsorptic
NaNO; 0.1 M
NaNO; 1.0 91.85+0.02
NaySO4 0.1 M 94.02+0.13
NaySO4 1.0 M ' |
NaCl 0.1
NaCl 1
Mean £ S8.D. (

1) ions adsorption by MP-MCM-41
12/g) | Removal (%)
96.04 £0.20

- 92.26+0.36

| 7561023

8.79+£0.11

3)

The results sho ~ did not affect the

mercury(Il) ions adsorptig 1 cal tly, using pair t-Test. An

Fl L
increase in NO, concentrati 4 the /mercury(ll) ions adsorption capacity

significantly. Furthermore, the presenc ! nd 1.0 M) obviously reduced the

mercury adsorption efficiency. It could b
T e

==L

OX] éd that CI in mercury(Il) solution

might form complcéx v \ species. Anions (NOj,

"'aa ymplexes species in

D

Table 4.15 Aqueous spd'i&n reactions and equilibrium constants of Hg(Il) ions [92,93]

eV NEA

SO;™ and CI') can

solution with fonnatiﬁ consta

eaction log K

Hg" +NO; = HgNO} 0.45

Hg”" + CI” + H,O =— HgCIOH + H" 3.23

Hg*" + CI” == HgCl" 6.74



http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#tbl4#tbl4
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#bib33#bib33
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#bib33#bib33
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#bib33#bib33
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Reaction log K
Hg*" +2ClI" = HgCl, 13.22
Hg*" + 3CI" =—— HgCl; 14.07
HgCl;+ Cl' === HgCl ;" , 15.07

1.39

—4.83%

& Conditional equilibrium co using the Hg(I[)-SOs—quartz

and Hg(II)-PO,—quartz system

The presence ¢ Nov: rcury(Il) ions by MP-
MCM-41 significantly. 1 efficiency decreased by

NacCl solution was only H 17 dLhe 1gd cury adsorption efficiency in

0.1 M and 1.0 M NaCl solutig%;%t__hi ion of the species HgCl,, HgClI;

Ef Tyt

and HgCl1.™ with tl}‘aigand is less favorable than

‘I‘f

The adsorption ﬂtﬁbrium between mwry(ll) ions in aqueous phase and the

and simple sorption isotherms angmuir and Freumnidlish isotherms. In this study,

the adsorption behavior of the obtained MP-MCM-Ahwas described bwing their

FWIANNIUNNRINE 1A E

Y| The Langmuir sorption isotherm is widely used to describe monolayer adsorption,

4.4.4 Adsorption Is

when the adsorption occurs at specific homogeneous sites on the adsorbent and the
adsorption can not further occur at that sites. In consequence, the adsorption capacity of
the adsorbent is limited for the analytes. The equation of Langmuir isotherm is shown in

equation 4.11 [94, 95].


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#tbl4fn1#tbl4fn1
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TGF-4R17V3H-3&_user=1750352&_coverDate=06%2F15%2F2008&_alid=752849419&_rdoc=1&_orig=search&_cdi=5253&_sort=d&_docanchor=&view=c&_ct=1&_acct=C000054435&_version=1&_urlVersion=0&_userid=1750352&_fmt=full&md5=a6a510bf5bbecbbde924b98d7f4ca612#tbl4#tbl4
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c_1.G (4.11)

qg bq, aq,

where C, = equilibrium concentration of the analyte in aqueous solution

(mg/L or mol/L)

g = adsorption capacity of adsorbent ( mol/g)

: g/g or mol/g)
inding sites
(L/mg or L/mo : N
The value of ftained by the slo d intercept of the relation of
C, . j\:‘\ipﬁﬁﬂ‘tu

ssential characteristics of

q

nless constant separation

factor of equilibrium parameter, R 0 iation'd.12[95, 96]. The parameter R,
(4.12)

where b = Langmuir consta g:_fg_: ed- éﬂt # __51- inding sites (L/mg or L/mol)

Ci= initial con y(IT solution (mg/L or mol/L)

= i

e

Table 4.16 RLEalue that associates with the type of isotlﬂn

ﬂ lHWIEHﬂB‘i‘EHWH‘

avorable

Ry =1

ARIAIAGE AR Y

The Freundlich isotherm is a model to predict the adsorption behavior of

adsorbent based on adsorption on heterogeneous surface. The Freundlich isotherm is

presented by the following equation [97].



&9

logg =logK, +logC, (4.13)
where K, = Freundlich constant related to adsorption capacity (mg/g or mol/g)
n = the numerical value of Freundlich constant

K , and n can be determined from the intercept and slope relation of linear plot of

log g with log C., respectively. ’ ’//
In adsorption isothe e teste as chosen from MP-MCM-

41 (Graft-step) prepare dmg"'lnourMmol MPTMS/g MCM-41.

orptionsCapacity M 1 was compared to the

After that, the max1m
other materials reportce he study of reusability
In this study, ed using the mercury(II)

ions solutions of conce 6.0 and a fixed amount

Vg b= i
of MP-MCM-41 (0.01 g L of [ on ‘g‘- 0.5 °C. The equilibrium
had to be attained and the 2 oncentration of me I) ions in solution was
determined using CVAAS esﬁiti?nqb} Wi in Fig. 4.22 - 4.24.

A 2 e

", —
"r'l‘l:l‘i‘ -

‘ + MP-MCM-41(Graft-step) ‘

¢ J% Using of adding MPTMS (13.38mmol MPTMS / g MCM-41)

Figure 4.22 Adsorption isotherm of mercury(Il) iofiss by MP-MCM-41(Grafi-step)

AR TFRHNAINL 18 U

The results from Fig. 4.22 show that adsorption capacity (q) increased rapidly at
low equilibrium concentration of mercury and reached a constant value. Then, the
experimental data of mercury(Il) ions adsorption were taken for linear plotting using

Langmuir and Freundlich models (Fig. 4.23 and 4.24).
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Figure 4.23 Langm ' W

41(Graft-step) prepared

logq

y = 0.7979x + 0.0021
R? = 0.9999

I-41(Graft-step)
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I) ions by MP-MCM-
MPT. S/g MCM-41.

Figure 4.24 Freundlim isotherm plots of adsorption of mercur)m) ions by MP-MCM-41
(Graft-step) prepared with adding amount of 13.39;mmol MPTMS/g MCM-41.
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4.17 — 4.18, respectively.

R NARL R ﬁwww %3 ’ﬂ?ﬁﬂ*ﬁfﬂ

Linear equation bx10° |  Omcal Om.cal Omexp,
(L/mol) | (mmol/g)® | (mg/g)® | (mg/ g)
Y =797.94x +0.0021 | 0.999 | 3.799 1.25 251 250 0.00125 -0.00349

# The maximum adsorption capacity obtained by the calculation.

b The maximum adsorption capacity obtained by the experimental.
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Table 4.18 Freundlich isotherm parameters at 25.0 = 0.5 °C of MP-MCM-41(Graft-step)

Linear equation | R® K; K; 1 n
(mol/g) (mg/g) n
Y =0.0449x +0.1112 | 0.6528 1.29 258400 0.0449 22.27

The correlation coefficients (1*) of the linear regression line of Langmuir isotherm
was higher than 0.99 while that of Freundlich isothesm was 0.6528. This indicates that the
adsorption of mercury(Il) ions onto MP-MCM-4 Lfits o Langmuir model better than the
Freundlich one. From the lincar regression line fitted with Langmuir isotherm and
reaching the saturation.efradsorption capacity as shown in Fig. 4.22, those indicate the
monolayer coverage andmo further adsorption could occur [17, 64, 94, 95].

)

The calculated R; values (sec in Table ,éll.17) was between 0.0013 and 0.0035, in
range of 0< R; <l, indicating highly favoraille adsorption of mercury(Il) ions on MP-
MCM-41 [95,96]. By the gesults corresponding to. Langmuir relation, it could be assumed
that the adsorption meehanism of mercury(ll)‘on MP-MCM-41 are the chemisorption by
coordination of MP group on MP-'MCM—4-I; “with mercury(I) ions and monolayer
coverage on surface occurred [94, 95].+ v '

2244

The maximum adsorptlon capacity- of mereury(II) ions of MP-MCM-41(Graft-
step) in this thesis 'was 1.25 mmol/g The maximum adsorptlon gapacity of mercury(Il)
ions of the modifiedMEM=4i=and="SBA=15and thesother mod1fied materials are shown in
Table 4.19 and Table.4.20.

Table 4.19 The adsorption capacity of the modified MCM-41and SBA-15 for mercury(II)

1ons removal

Adsorbents Type of arganofunctionalized Adsorption condition Ref.

pH | Time | Adsorption
(min) capacity
(mmel /)

MCM-41 benzoylthiourca Not 40 5 [9]
M

EY
4

(Jaroniec, 2003) shown

H T

S
(l! 1]
(EtO)BSi/\/\‘\I" ‘A\‘I"C©
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Table 4.19 The adsorption capacity of the modified MCM-41and SBA-15 for mercury(II)

ions removal (continued)

Adsorbents Type of organofunctionalized Adsorption condition Ref.
pH | Time | Adsorption
(min) capacity
(mmol/g)
MCM-41 2-mercaptopyridine 6 240 (Homo) [10]
e 0.12
(Sierra , 2006) (EIO)3SI - (Hetero)
0.09
MCM-41 2-merca (Homo) [11]
0.70
(Sierra , 2006) (EtQ)sS (Hetero)
' 0.25
MCM-41 2-(3 (Hetero) [17]
ethanami 0.70
(Unob , 2008)
Sll:ca gel§
MCM—41 2
SBA-15 3-mercaptopropyltrimethoxysile 0.40 [98]
PT 1S)
(Luan , 2005)
SBA-15 (Homo) [10]
0.16
(Sierra , 2006) LS (Hetero)
0.08
SBA-15 ercaptothlazohne (MP) (Homo) [11]
1.10
(Sierra , 200 etero)
HuY NN e
MCM-41 Y 3- mercaptopropyltnme‘hoxysﬂane This
work

ARIINBFYNA"

e
'JT]E

'ma

Homo = Synthesis by Graft method (homogeneous type)
Hetero = Synthesis by Graft method (heterogeneous type)




Table 4.20 The maximum adsorption capacity of the other modified materials
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Adsorbents Type of organofunctionalized Adsorption condition Ref.
pH | Time | Adsorption
(min) capacity
(mmol/g)
Fluorohectorite | 3-mercaptopropyltrimethoxysilane | Not | 1,080 0.74 [76]
clay '
(Mercier, 1998)
Clay 0.145-0.178 | [8]
(Anirudhan, 2002)
Composite 0.34 [14]
membranes
(Bektas, 2002)
Silica gel 0.70 [78]
(Cestari, 1997)
Silica gel 3 -mercaptopro ]}'.f (rime O3 « 0.40 [79]
(Vieira,1997) HCcao
Silica gel 0.32 [12]
(Cestari,2004)
Silica gel q] 2- mercaptoben21m1dézole(MBI) NO Not [13]

TR

(Homo)
142

652

ANATRRN I
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Table 4.20 The maximum adsorption capacity of the other modified materials (continued)

Adsorbents Type of organofunctionalized Adsorption condition Ref.

pH | Time | Adsorption
(min) capacity

(mmol/g)
Silica gel 2-(3-(2-aminoethylthio)propylthio) 3 60 (Hetero) [17]
ethanamine (AEPE) 0.79

(Unob, 2008)

Silica gel §
or
MCM-41 g

W1/

"'-.\q;:..

When comparm( qv 41(Graft-step) to the other
materials reported b ' r n d in this work has fairly good

capacities for mercu ¢, the t \B“- ?\\n ity of the MP-MCM-41
igher \ mmol/g) [77,78,79,99],

\- ome of chelating resins

4.5 Study of reusability of 3-mercaptopropyl functio 'z MCM-41
! T .: J:; ; A
The step of regeneration of MP-MCM-4- aft-step) was shown in Fig. 4.25. The

clay (0.32-0.62
(1-3.60 mmol / g) [54

experimental COl’ldlthl’lS for me L (
MCM-41 were as ,__.’, Il o) _ 1ed by using L-of Hg2+ solution (210
mg/L) at pH 6 wi &-‘;—r 4 Q.‘ hiourea (v/v) in 0.1
M HCI for 1 h [102,@].

ﬂﬁﬂ’ﬂ'ﬂﬂ'ﬂ‘iﬂﬂﬂﬂ‘i
’QW']ENﬂ‘iELJ UAIINYA Y

and desorption on 10 mg of MP-
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Hg?* solution Eluent
Adsorbent » Used adsorbent » Adsorbent + Hg>*

“Adsorption” “Desorption/ Elution”

Step 1 Adsorption/ Retention
s el AR

2 Washing

(10.00 mL of MﬂhW | %ﬁf Milli-Q water)

D)4
et s
The experimental results ‘{{.;-qsn ted

Figure 4.25 Merc desorption cycle diagram.

of the percentage adsorption and

desorption which were calculated by equatio £.15.

(0/ N — ____d . 1 'l'lﬁ’

F—" ' 4.14)

where N, = the adﬂed amount of metal ion from adsorbent ’J 12)

ﬁﬁﬁﬁmﬂ TWYNT

Desorption (%) = —< x 100 4. 15)

amaugmmum:;;:mm A%

N, = the adsorbed amount of metal ion on adsorbent (mg)

a

N, = (the adsorbed amount of metal ion) + (the residual amount of metal ion)

in each retention cycle on adsorbent in those cycle
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To evaluate the reusability of the MP-MCM-41, the percentage of adsorption and

desorption in each cycle were calculated and shown in Table 4.21.

Table 4.21 The percentage of adsorption and desorption of mercury in each cycle

Cycle | Adsorption (%)
1

Desorption (%)
98.55+0.04
4.00 +£0.04
44 + 0.16
0.26

(MP-MCM-41 prepared ng M IS 13.39 mmol/1g MCM-41.)

In the first cycle,the spent MP-MCM-41 W \ crated and about 98.5% of the
adsorbed mercury(Il) ions was removed wh :a_. s treated with 4% thiourea (v/v) in 0.1
M HCI for 60 min. It was ob ‘ tha 0° t

were desorbed within the first 20 mun

I od
The results from Table 4. A.:‘,:T.‘.:_r dsorption efficiency of MP-MCM-41

e
Tl

adsorbed mercury(Il) ions

decreased upon the successi decreased more than 50% at
the 6 cycle. The.desorption of mercury(Il) ions as a function-of cy yele number was shown

in Fig. 4.26. ’: g "

ding MPTMS {1‘339!!:- MCM-41)

i

cycle number

Figure 4.26 Reusability of MP-MCM-41 in mercury(Il) ions removal.
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From Table 4.21 and Fig. 4.26, the percentage adsorption of MP-MCM-41 was
64% at cycle 5 while the percentage desorption was 35%. The adsorbent could be used up
to 4 cycles before the adsorption capacity reduced to less than 50%.

Despite of this dramatic capacity loss after 4™ cycle of use, the MP-MCM-41 was
still able remove mercury from solution and to reduce the mercury concentration in water
to the acceptable concentration; it requires the addition of much larger amounts of solid

particles in the medium to compensate the capaeity 1oss.

-

4.6 Application to realwastewater.samples from refinery process

Finally, MP-MCM.41 prepated by Grafi-siep method with adding amount of
MPTMS of 13.39 mmol/1g@MCM=41l was ‘_applied to remove mercury(Il) ions in real
wastewater samples from refinesies: In this work, the wastewater and mud wash water

il

from crude distillation units of fefineries were collected, analyzed and used in the
), N

experiment of mercury(ll) ions removal. i

The wastewater and mud wash water were filtered and the pH of sample solutions
was measured. The concentration of nmercury(ﬁ‘jtiens in samples was analyzed by using
CVAAS. The samples were digested as suggeét-é(i-’..i'n ASTM D3223-02 [87], USEPA
7470A [88], and ASTM F885-88 [89] before th? determination of the concentration of

mercury. The results,are shown in Table 4.22.

Table 4.22 MercurinI) ions adsorption of real wastewater by MP-MCM-41

Sample 1 Initial mercury = Final mercury
source Sample pH | concentration (ug/L) | concentration (ug/L)
Refineryj1 Plant 2 wastewaterf || (8.91 89.2 ND
Plant 3.wastewater || [8.30 54.7 ND
Refinery 2 Plant 2 wastewater | 8.45 47.1 ND
Plant3 wastewater#{+%6.86 504 ND
Refinery 3 Plant'l wastewater 1| [7.24 46.1 ND
Plant 2 wastewater | 7.52 100.7 ND
Refinery 1 Mud wash water 7.65 1817.4 ND
Refinery 2 Mud wash water 7.35 1578.4 ND
Mean (n=2)

ND = Non detectable, Limit of detection for mercury was 0.003 pg/mL or 0.003 ppm.
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Limit of detection (LOD) was determined by measuring ten samples of blank and

calculated from:
signal ;op = signal pank + 3 (S.D. of signal blank)

Then the signal of LOD was compared to working standard curve. Limit of detection for

mercury in our experiments was 0.003 pg l r 0.003 ppm.

The result of mer 55_______ on show the.high percentage of mercury removal

P i

and the concentration o U ,.'--.- ons After completed dsorption had lower than the

Gbsuls confirms that | M-41 could be applied
7/ AR ~:;;-\
; i

limit of detection in a

to remove mercury(L

ﬂ‘IJEJ’J‘VIEWlﬁWEﬂﬂ‘i
ammﬂmumfmmaa



CHAPTER V

CONCLUSION

3-mercaptopropyl modified MCM-41 (MP-MCM-41) were successfully
synthesized by three synthesis methods; (i) Conventienal hydrothermal templated sol-gel
method, (ii) Original stepped template sol-gel meihod, and (iii) Grafting method that was
divided into Graft-con method and Graft-S-Eep method. The adding amount of ligand 3-
mercaptopropyl trimethoxysilane (MPTMS) was varied. The efficiency of the method in
ligand loading on theadsorbents.was evalue}ted and compared using loading capacity of
the obtained MP-MCM-41_4In the same range of adding amount of MPTMS, the
efficiency of the method in digand loadiné— followed the order Con method > Graft
method using MCM-41 (Step) = Step method 3 Gar_aft method using MCM-41 (Con).

d

All the obtained s MP-MCM-41 Wé}g. characterized by X-ray diffraction
spectroscopy, fourier transform infraved spectrpiscqpy, surface area analysis and thermal
analysis. The results from all technigues conﬁrmég; ﬂ}f}t MCM-41 could be modified with
MPTMS and the hexagonal ordered structuie wa@fééerved. The adsorption efficiency of
the obtained products were evaluated and compaifé'dij’Fhe' order of adsorption efficiency of
products followed - MP-MCM-41 (Graft-step) > MP-MCM-41(Ctaft-con) > MP-MCM-
41 (Step) > MP-MECM-41 (Con).

The most suitable method for synthesis of the adsorbent was chosen based on the
following features: (1), the ‘method. should.yield.the. adsorbents.that.have high adsorption
capacity with reasenable amount of ligand loading and (i1) its crystalline structure is still
preserved. Thus, the most suitable method for synthesis the adsorbents for mercury(Il)

ions adserption in-solution-ds Graft.method using MEM-41 (Step)

The suitable condition for mercury(Il) ions adsorption of MP-MCM-41 using
batch system were pH of solution at 5 — 8. The adsorption equilibrium could be obtained
after 20 min of contact time. The adsorption behavior of mercury on MP-MCM-41 at

equilibrium could be described as monolayer adsorption according to Langmuir isotherm
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model. MP-MCM-41 prepared by (Graft-step) method with adding amount of 13.39
mmol MPTMS/MCM-41 had the maximum adsorption capacity of 1.25 mmol/g. By
comparison with the other researches, the adsorption capacity of the MP-MCM-41 (Graft-
step) in this thesis is higher than those of SBA-15 [10, 11, 98], activated carbon [77, 78,

79, 99], clay [73, 74, 84, 86, 93, 100] and close to some of chelating resins [54, 80, 81,
101]. \ "

Furthermore, the : Cl. (0. - ) obviously reduced the

mercury(Il) removal efficie ' : vhile "~ had less affected.

- MP-MCM-4 (Gr ,"i thesis me which is proved to be the best

synthesis method in this i§ shou ,-- ed eI sther metal ions (i.e. Pd*",

, # :
- MP-MCM-41 should b Wsed-in the rem bf metal ions from other wastewater

:-;-!——-
sources (such as pharmaceutlc %5;

1 industrial wastewater, paper and
paint industrial _'- stew V] etal ions and cations
on metal oﬁ,«r_"__—_ : ‘ |

- MP-MCM-41 has Iry Hmons. Then, it may be
applied to prepare th

ﬂumwﬂmwmni
Qﬁﬂﬂﬂﬂ‘im UAIINYA Y

ensor for mercury(Il) ions detection.
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Table Al Physical parameters of MCM-41 and I\ : MCM- adsorbe tS_oa

Sample

Adding reagen

—

2

sured by N, adsorption-desorption isotherms

o BET result

otal Sore volume (cm/g)

Pore diameter (nm)

normal MCM-41 (Step) \ w S 116 41
MP-MCM-41 (Step) 5 %mol TEOS 0.64 33
MP-MCM-41 (Graft-step) 4.46 mmol MPTMS/g L R 061 3.2
normal MCM-41 (Con) 0.80 3.7
MP-MCM-41 (Con) 5 %mol TEO f 0.71 35
MP-MCM-41 (Graft-con) 4.46 mmol MPTMS/g & | 10.70 3.4
normal MCM-41 (Step) ‘ 0.99 3.9
MP-MCM-41 (Step) 10 %mol TEOS 0.57 2.9
MP-MCM-41 (Graft-step) 8.93 mmol MPTMS/g 0.55 2.9
normal MCM-41 (Con) 0.78 3.6
MP-MCM-41 (Con) 10 %mol TEOS 0.60 3.0
MP-MCM-41 (Graft-con) 8.93 mmol MPTMS/g 0.58 2.9
normal MCM-41 (Step) _ 0.81 3.8
MP-MCM-41 (Step) 15 %mol TEQS 0.53 2.6
MP-MCM-41 (Graft-step) 13.93 mmol \ ﬁ,flzﬁ—"—:’ 1o 2.5
normal MCM-41 (Con) 3.6
MP-MCM-41 (Con) 15 %mol TET(ﬂ 2.7
MP-MCM-41 (Graft-con) 13.93 mmol MPTWV >1g 2.6
normal MCM-41 (Step) 4 3.7
MP-MCM-41 (Step) 2?11 2.1
MP-MCM-41 (Graft-step) 17.86 (ﬁ& 1.9
normal MCM-41 (Con) U 35
MP-MCM-41 (Con) 20 %mol TEOS 2.2
MP-MCM-41 (Graft-con) 17,86 mmol{MP TS/ 2.1

Mean (n=2)
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TGA curve of adsorbents which were varied the adding amount of

MPTMS from three synthesis methods
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Figure A6 TGA curves of normal MCM-41 from Step method.
(TEOS adding = 10 %emol of TEOS / MPTMS+TEQS)
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105 - ———————— — - — - — — - 2.868
| greny sz .,
™ i | o : Detta ¥ =7.288 % | 2.0
DeltaY=1244% " | ' .
1 i = =L Hi Delta ¥ = 4.737 % el =
_ 4 §
05
r 0.0 g
| -0.5
1.0
%
T - ks e = -2.027
30 100 200 4 i X k- ‘ 800 900
Figure A10 TGA ¢ 0 / om Con
(MPTMS adg 0,9%6miol of TEQS /')
105 - it 3.304
[k i 3.0
100 ! 25
Delta Y = 0.778 % -
| o s
| 90 | 10 g
g 05 §
;“ L 0o g
-0.5
1 10
1.6
76 4
2.0
70 4 . —————————F 2571

ao 100

Figure A11 TGA F
(MPTMS adding IS+TEOS)

L y o
Onset Y = 99,922 %
Onset X = 363.14 "C
100 4k E 10
Ligis
”- -
| o0 |
| N m‘# I :
£ %0

H i 25
i {
i f
75 3 i
T | -3.0
v o
ir
%
i 35
70 il — - -3.646
30 100 200 300 400 500 00 700 a00 200
Temperature ("C)

Figure A12 TGA curves of MP-MCM-41 from Con method.
(MPTMS adding = 20 %omol of TEOS / MPTMS+TEOS)



115

105 - - 3.909
Onset Y = 100.623 %
| Onset X = 355,03 °C 4%
100 h
: Delta Y = 3.892 % G
DeltaY=2286% | o
a5 - — —— = == . 2.

JRSE—————

%

Figure A13 TGA cu .
(MPTM addil
DBNDY-“IM% 1.5
| 95 E
-L 4
1‘ 00 |
=)
Figure A14 TGA Gui\
(MPTMS-add
) -
Grooty = gaser
Mﬁﬂﬂ?ﬂ' :

|
iﬁ ’f-.; ,/N"s W“*iﬁ\}ﬁ#ﬁ* f

mmmw

i . -5

*. g

[

Y
Lo 20
i .

70 - — - f . ————— - 2314
a0 109 200 aoo 400 500 600 700 BOO 200
Tumparature (°C)

Figure A15 TGA curves of MP-MCM-41 from Step method.
(MPTMS adding = 15 %mol of TEOS / MPTMS+TEQS)



105 r 16
Onset ¥ =97.924 % l
. Onset X = 35869 °C F10
et S

Delta ¥ = 1.121 % 0s
| i | Delta Y = 8.148 % :
LIl e, ,. — L 1
2% \'\ }[R" ‘H, N Deka’y =8.059 % .hﬁ;w‘ﬂr o5
o % pf 1 - / }S" | %

ARV, , Y

a5 | Y 1 i 1.0
WL, |

il é I

Figure A16 TGA C
(MPTMS addifg

8

Weight % (%) —— ——

78 4

70 -
30

Figure A17 TGA F
(MPTMS adding

W

o ) € o gmypzms: Q) |
-

THENIWEINT

86 |

8 -

50 100 200 300 400 500 [clels) Too 800

Temperature ("C)

Figure A18 TGA curves of MP-MCM-41 from Graft-con method.
(MPTMS adding = 8.93 mmol of MPTMS / 1 g MCM-41)

94 ,,, Lﬁ? ik

Dervative Weight % (Sfmin) -~




Onset Y = 99.357 % i
00 : Onset X = 344.56 °C L
DeHaY;D.STQ% B 7
I“' © Delta¥=10034% i ﬁ
£ ‘ww wr"*‘* e Hinkg i
Figure A19 TGA curves of
(MPTM ding P | -41)
- Delta ¥ = 0749% : » Lo
| Il hﬁ- | -
|§w7 ‘\ #.\‘J‘?‘J 5 IRITY g
Figure A20 TGA curves ¢
(MPTMS ; adding =

Onset ¥ = 89.622 %
Onset X = 357. 10"0

“00 Twm
Figure A21 TGA curves of MP-MCM-41 from Graft-step method.
(MPTMS adding = 4.46 mmol of MPTMS /1 g MCM-41)




Onset Y =97.944 %
Onset X = 35743 °C

Figure A22 TGA ¢

Delta Y = 0.036 %

70

Figure A23 TGA ¢
(MPTMS adding =182
" W

30 100 206" it 800

118

2932

25

- 20

500
Temperature (*C)

Figure A24 TGA curves of MP-MCM-41 from Graft-step method.
(MPTMS adding = 17.86 mmol of MPTMS /1 g MCM-41)



119

TGA curve of adsorbents which have the equal amount of MP on

adsorbent from three synthesis methods
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TGA curve of adsorbents which have the equal amount of octyl
group on adsorbent from three synthesis methods
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Table A2 Effect of stirring time in the mercury(1l) ions adsorption by MP-MCM-41

Mean * S.D. (n=3)

(Graft-step)

Stirring Time (min) | Adsorption capacity (mg/g) | Removal (%)
2 192.02 £ 2.36 91.36 £ 0.02

5 195.88 £ 0.72 93.21£0.03

10 96.55 £ 0.03

20 97.80 £0.03

30 99.00 £0.03

40 99.18 £ 0.08

60 99.24 +£0.12

90 o 209.6 , | 99.76+0.03

120 . "’L _ J7+0.01

150 l -‘ . .78 +0.01

dsorption by MP-MCM-
PTMS/g MCM-41

Table A3 Adsorption isothe
41(Graft-step) prepared v

Ce (mg/E) | Adsorptioj ity (mg/g)
0.26 +£0.01

228.39 +1.38

5.79¢ 0.66 233:56/+ 0.68

UEINETIRENS
QRIS Y IRIINIAY

Mean * S.D. (n=3)

The initial concentration of mercury(lI1) ions solution was varied from 40 — 420 mg/L.
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