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SUMMARY

Expanded perlite (EP) samples have been treated
with dimethyldichlorosilane (DMDCS), 3-aminopropyl-
triethoxy-silane (3-APT) and dimethyloctadecylchlorosi-
lane (DMODCS). By studying the IR spectra of the sam-
ples, the perlite surface was found to be modified as a
result of its interaction with modifying agents. The elec-
trokinetic properties of the modified perlite samples have
been investigated by measuring the zeta potentials. While
expanded perlite samples have negatively charged sur-
faces and have no pHgp In the pH range of 3-11, the per-
lite sample modified by 3-APT has a pHyep value of about
7.2. DMDCS- and DMODCS-modified perlite surfaces
have been found to have negative zeta potentials. The
interactions between perlite and DMDCS, 3-APT and
DMODCS occurring during the modification have been
discussed according to the data obtained.

KEYWORDS: Perlite, modification, IR measurements, zeta poten-
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INTRODUCTION

Perlite is a glassy volcanic rock which will, upon rapid
controlled heating, expand or “'pop’’ into a frothy material
of low bulk density, valued as a lightweight aggregate [1].
The temperature, at which expansion takes place, ranges
from 1400 to 2000 °F (760 to 1000 °C), and an increase in
volume of 10 to 20 times 1s common [2]. Along the Ae-
gean coast, Turkey possesses about 70% (70x10° tons) of
the world's known perlite reserves [3]. Expanded perlite
meets competition from other industrial minerals. How-
ever, this versatile, lightweight material with its low bulk
density continues to grow in popularity, even though it is
by no means the cheapest [4]. Over half of the perlite pro-
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duced goes into the construction industry, in particular as
aggregate in insulation boards, plaster and concrete ones.
In cryogenic (extremely low temperature) applications,
perlite is used to insulate storage vessels for liquefied gas.
Expanded perlite is used as a rooting medium and soil
conditioner, and as a carrier for herbicides and chemical
fertilizers. Accurately sized perlite is used as an aid in
filtering water and other liquids, in food processing, and
in pharmaceutical manufacture. As most perlites have a
high silica content, usually more than 70%, and are ad-
sorptive, they are chemically inert in many environments
and, hence, are excellent filter aids and fillers in various
processes and materials. Miscellaneous uses of expanded
perlite include fillers or extenders in paints, enamels,
glazes, plastics, resins, and rubber, but also as a catalyst
in chemical reactions, an abrasive, and an agent in mix-
tures for oil well-cementing [1]. The leading producers of
perlite (crude, processed) among Asian-European coun-
tries are, in descending order, Greece, Japan, Turkey and

Hungary [5].

Modifications of the precipitated silica gel were done
by different treatments including calcination, hydrother-
mal treatment, silylation, and treatment with alkali salt
(NaCl). In addition, the hydrothermally treated silica gel
was subjected to further treatments, namely silylation or
modification by alkali metals [6], adsorption properties of
ionic surfactants on molybdenum-modified silica gels [7].
Modifications of bentonite [8], sepiolite [9], and modified
clays [10] are carried out to prepare proper adsorbents for
removal of organic materials from aqueous solutions. A
modified perlite-activated charcoal mixture was used for
the adsorption of organic solutes [11]. The preparation of
silica gel modified with sulfonic group and phosphate
groups is described by Kubota et al. [12]. The surface of
the mineral was modified by n-alkyl pyridinium and di-
methyldihexadecyl ammonium ions by Dékany et al. [13].
Adsorption of copper complexes on a silica gel surface
chemically modified with 5-amino-1, 3, 4-thiadiazole-2-
thiol was also studied [14].
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Silanes have an important role in the fast-growing
field of advanced materials. They act as adhesion promo-
tors, coupling agents, and surface primers [15]. Organosi-
lanes are effective agents for the modification of surfaces
of catalyst supports, especially by rendering the surface
less hydrophilic by removing or modifying the surface
hdroxyl groups [16]. Immobilization of organosilane re-
agents on inorganic oxide surfaces is finding widespread
application in a broad field of today’s science and tech-
nology. Chromatography, immobilization of enzymes, the
modification of electrodes, coatings and catalysis are some
examples [17].

Modification of the surfaces of silica, silica-alumina,
and aluminum silicate with chlorotrimethylsilane have been
studied by Slavov et al. [16]. They showed that gaseous
products from the silation of silicas and aluminosilicates
included not only HCI, as expected, but also significant
quantities of CH, [16]. Surface and structural properties of
silica gel in the modification with y-aminopropyltriethoxy-
silane was studied by Vrancken et al. [15], who found that
silica surface silanols are the active sites for physorption
(H bonding) and condensation of silane molecules. The
adsorption isotherms of polar and non-polar molecules on
silica gels modified with various silylation agents have
been investigated by Monde et al. [18]. Braggs et al. [19]
worked on the effect of surface modification by chloro-
dimethyloctadecylsilane on the electrochemical properties
of kaolinite. Although many studies have been reported
on the modification of many adsorbents, such as silica
gel, alumina, bentonite etc, only a limited number of
studies have been found about the modification of perlite.
Karakas and Yiiksel [20] studied the modification of
perlite by Na,CO; and NaOH, and use of modified perlite
as a thin-layer chromatographic adsorbent.

No work has been found on the treatment of perlite
with organo silanes in the literature. In this work, therefore,
modification of perlite samples has been investigated by
using dimethyldichlorosilane (DMDCS), 3-amino-propyl-
triethoxysilane (3-APT), and dimethyloctadecylchlorosi-
lane (DMODCS) as modifying agents and the zeta poten-
tials of the modified perlite samples have been measured.

MATERIALS and METHODS

Materials

The expanded perlite samples were obtained from
Cumaovas: Perlite Processing Plants of Etibank (izmir,
Turkey). The chemical composition of the perlite found in
Turkey is given in Table 1 [3]. The expanded perlite sam-
ples were treated before using in the experiments as fol-
lows: The suspension containing 10 g/L perlite was me-
chanically stirred for 24 h, and, after waiting for a couple
of min, the supernatant suspension was filtered. The solid
sample was dried at 110 °C for 24 h, and then sieved by
through a 150 um sieve [10, 21]. Cation exchange capac-
ity, density and surface area of the expanded perlite sam-
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ple used in the study are 37.20 meg/100 g, 2.22 g/cm’,
and 2.30 m?/g, respectively.

TABLE 1 - Chemical composition of perlite.

Constituent Pt_rEmage present (%)
Si0; - © 7178 -
ALO; 12.5-18
Na,O 2940
K,;O 4.0-5.0
Ca,0 0.5-2.0
Fe,O; 0.1-1.5
MgO 0.03-0.52
TiO, 0.03-0.2
MnO, 0.0-0.1
SO; 0.0-0.1
FeO 0.0-0.1
Ba 0.0-0.1
PbO 0.0-0.5
Cr 0.0-0.1

Modifications

Expanded perlite (EP) was used as adsorbent for modi-
fication. Dimethyldichlorosilane (DMDCS), 3-aminopro-
pyltriethoxysilane (3-APT), and dimethyloctadecylchloro-
silane (DMODCS) were the modifying agents.

Modification with dimethyldichlorosilane (DMDCS): About
1.66 g of perlite was refluxed for 6 h in a Soxhlet with
25 mL of 30 vol.% of dimethyldichlorosilane (DMDCS)
in toluene [6]. The mixture was cooled, filtered. washed
with chloroform and methanol, and dried at 120 °C for

24 h. Then the IR spectra of perlite treated with DMDCS
were obtained.

Modification with 3-aminopropyitriethoxysilane (3-APT): A
suspension of 1 g freshly activated perlite in 100 mL m-
xylene (dried over anhydrous CaCl,) was refluxed for 48 h
with 6.65 mL of freshly distilled 3-amino-propyltriethoxy-
silane. The solid was isolated by suction filtration and
extracted with benzene and methanol in a Soxhlet appara-
tus for 24 h. In some cases, a part of our batch was washed
additionally with water. Finally, the compound was dried at
80 °C under vacuum (p ~ 0.3 Torr) [17].

Modification with dimethyloctadecyichlorosilane (DMODCS):
The modifying reactions were performed with about 2 g of
perlite sample and 9.36 mmol dimethyloctadecylchlorosi-
lane (DMODCS) in the presence of 0.42 mmol dry pyri-
dine in 30 ml toluene. The mixtures were refluxed for 6 h.
After cooling, the packings were dispersed in chloroform,
filtered, and washed with chloroform, methanol and 70%
methanol aqueous solution. Washing is repeated in the same
solutions in reverse order, after drying at 120 °C for 24 h
under vacuum [18].
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Measurements of FTIR Spectra and Zeta potentials

The FTIR spectra of the EP, modifier, perlite samples
treated with DMDCS, 3-APT and DMODCS were ob-
tained using a Perkin Elmer BX 2 (1600) FTIR spectro-
photometer in KBr, 400-4000 cm™.

Zeta potentials of perlite samples were measured at
20 +1 °C using a Zeta-meter 3.0, equipped with a micro-
processor unit. The unit automatically calculates the elec-
trophoretic mobility of the particle and converts it to the
zeta potential in terms of Smoluchowski equation. A 0.1 g
amount of solid sample was conditioned in 50 mL of aque-
ous phase for 24 h in a shaking bath. The ionic strength of
the aqueous phase was kept constant as 0.001 M NaCl in
all zeta potential measurements. The suspension was kept
to let the larger particles settle. Each data point is an aver-
age of approximately 20 measurements. The pH of the
suspension was adjusted using diluted HCI and NaOH [22].
All solutions were prepared using bidistilled water.
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RESULTS AND DISCUSSION

In order to study the interaction between the perlite
surface and the modifier, the FTIR spectra of the samples
of the

a. modifier used,
b. perlite sample,
c. modified perlite sample,

d. modified perlite with perlite-background (the peaks
arising from perlite are omitted by subtracting spec-
trum b and spectrum ¢ and

e. mechanical mixture of perlite and modifier have been
measured.

Figures 1-3 show the infrared absorption spectra of
the modifier (a), perlite before modification (b), after
modification with DMDCS, 3-APT and DMODCS (c),
modified perlite with perlite-background (d), and me-
chanical mixture of perlite and modifier (e).

160 140 120 100 80 60 400,

FIGURE 1 - FTIR spectra of DMDCS-modified perlite; a) Pure DMDCS, b) EP,
¢) Modified EP, d) Modified EP (with perlite background), €¢) EP - DMDCS mechanical mixture.
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The large broad bands between 3000 and 3500 cm’
are due to the presence of O-H stretching in silanol groups
and water. All silicas present an intense peak related to
siloxane-stretching in siloxane groups at 1100 cm™, and a
band assigned to Si-O stretching frequency of silanol
groups at 900 cm™ [23].

The IR spectra of the perlite show absorption bands at
455, 789 and 1050 cm™, being characteristically of amor-
phous silica and a broad band ranging between 2854, 2923
and 3625 cm™ due to surface hydroxyl groups. The changes
in the intensity of the latter absorption band could explain
the effect brought about by each treatment on the — OH
groups of the perlite.

The adsorption bands at 455 cm™ and 789 cm™ are
characteristics of amorphous silica arising from Si—O vibra-
tions. A broad band ranging between 3200 and 3700 cm™ is
due to surface hydroxyls. The band at 3626 cm™ forms, as
a result of OH-stretching vibration of the silanol (Si-OH)
groups. The sharp band at 1050 cm™ represents the
stretching of Si~O in the Si—-O-Si groups of the tetrahe-
dral sheets. The band at 1634 cm™ is attributed to the
hydroxyl bonding vibrations because of bound water.

In the FTIR spectra of DMDCS-modified perlite (Fig-
ure 1) the peaks at 2970, 1404 and 1261 cm™ due to C-H
stretching vibration of the carbon chains, Si-Cl stretching
vibration and Si-CH; stretching vibration, respectively
(Fig. 1a), which can be used for studying the modification
of the surface. The peaks at 2970 and 1261 cm™ observed
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at the spectrum of modified perlite (Figs. ¢ and 1d) clearly
shows that DMDCS is bound to the surface and, therefore,
the modification has occurred.

It is interesting that the peak at 1405 cm™’ observed in
Fig. 1a (for pure DMDCS) disappears in Figs. 1b-1e. This
means that the Si-Cl bond of DMDCS has been broken,
and then the DMDCS molecule is attached to the surface
via Si atoms. Disappearance of the peak at 1405 cm’
even in the IR spectrum of the mechanical mixture of
perlite and DMDCS (Fig. le), shows that this interaction
can occur easily. The similarity of the spectra of the modi-
fied perlite with perlite background (Fig. 1d) and mechani-
cal mixture (Fig. le) confirm a chemical interaction be-
tween perlite surface and DMDCS. Moreover, the peak at
800 cm™ in Fig. lc, which stems from Si-Cl stretching
vibration supports the above finding.

The IR spectra of perlite samples modified with 3-
APT are %'iven in Figure 2. The band in the region 2850-
2900 cm™ in IR spectra of 3-APT (Fig. 2a) covers the
peaks at 2857 and 2924 cm™ in Fig. 2b (perlite’s IR spec-
tra). This makes the use of the IR spectrum of modified
perlite (Fig. 2c) impossible to understand the modifica-
tion. However, two peaks seen at 2851 and 2918 cm’ in
Fig. 2d (perlite background spectra), indicate a chemical
bonding of 3-APT to the surface. Furthermore, the peaks
observed in the spectrum of mechanical mixture (Fig. 2e)
in the same region come from both perlite and 3-APT.
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FIGURE 2 - FTIR spectra of 3-APT-modifed perlite; a) Pure 3-APT, b) EP,
¢) Modified EP, d) Modified EP (with perlite background), and e) EP-3-APT mechanical mixture.
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FIGURE 3 - FTIR spectra of DMODCS-modified perlite; a) Pure DMODCS, b) EP
¢) Modified EP, d) Modified EP (with perlite background), and ¢) EP-DMODCS mechanical mixture.

The IR spectra of expanded perlite samples modified
by DMODCS are shown in Frgure 5. Although the peaks
at about 2854 and 2924 cm™ are appearing in the spectra
of both DMODCS (Fig.3a) and perlite (Fig.3b), the inter-
pretation is difficult, but it is possible to use Fig. 3d (IR of
perlite background) to make a decision about the interac-
tion. In addition, the comparison of the curves Fig. 3¢ and
Fig. 3d ~ 3400 cm™ shows a decrease in the surface con-
centration of OH groups during the treatment, which
indicates that DMODCS molecules substitute for the
protons of OH groups. Furthermore, the shifts of the
peaks at 2918 and 2924 cm™ to 2846 and 2919 cm™, re-
spectively, indicate a van der Waals interaction with hy-
drocarbon tail of the DMODCS molecule. No shift has
been observed in the IR spectrum of the mechanical mix-
ture of perlite and DMODCS (Fig. 3e), which means that
if there were no interactions between the perlite surface

and DMODCS, these peaks would have been seen at the
same wave-number.

The reactions occurring during the modification

Faramawy et al. [6] has found that a chemical interac-
tion occurs between OH groups of the surface of silica gels
and DMDCS during the treatment, causing a decrease in
the density of OH groups at the surface. According to the
IR spectra in Fig. 1 and the finding of Faramawy et al. [6],

the interaction can be expressed as a chemical reaction as
follows:

e L L TS R AF TN T P OO e S

—OH H3
i T s — sr/ v2HC1 (1)
= CI/ o~ "\ CHy
L OH C —OH
"y > —| %  +Ha
C —0—Si—CHj
|

The interaction of the surface with 3-APT may occur
as a result of the following events: i) Forming a covalent
bonding between OH and 3-APT (Eq. 3), and ii) H-bonding
between OH group and NH, group of 3-APT (Eq. 4).

—OH

s NH,
EtO o]
\

—OH Ev:u:::»i“S'-/_/M= ——D:’s‘_/_/

Eﬂ/ —0 +3 GHOH (3)
L-OH
—OH OE! —OH -
oM P/‘Si/;—ﬂEt (i‘:\_mt
| + - \ﬂEt s [FOM-=-HyN OEt (4)
—OH | OH

Our FTIR results confirm that the modification of sil-
ica gel with 3-APT takes place in terms of Eq. [3].
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The reaction of DMODCS with surface hydroxyl
groups can be represented as:

o o 5
_oH + G*—‘?‘—CHE(G*'UMCH:': o f—D—Ii——GI-bICl'hhuﬂl'la*'HC] ()
CHs ‘ Ha

The fact that a covalent bonding occurs during the
treatment of perlite with DMODCS with surface hydroxyl
groups as given in Eq. [5] has been confirmed by our IR
spectra investigations.

Electrokinetic properties of modified perlite

The electrokinetic properties of modified samples have
been discussed by measuring the zeta potentials of the
aqueous suspensions at an ionic strength of 0,001 M NaCl.

Zeta potential measurements of perlite and modified
perlite are shown in Figure 4. Unmodified perlite has a
negatively charged surface in the pH range of 3-11, as
found before [24]. This negative charge may originate
from isomorphic substitutions within the perlite structure
of AI** for Si**, defects in the crystal lattice, broken parti-
cle edges and structural hydroxyl groups [25]. Isomorphic
substitution of Al’* for Si** leads to some ion exchangeable
cations, such as Na, K, Ca and Mg, entering into perlite
structure to compensate the positive charge deficiencies in
the structure. The H" ions can be taken into account as
exchangeable cations present in Si-OH and Al-OH. This
causes the pH of the perlite suspensions to affect the ionic
equilibria and, hence, ion exchange behaviour.
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While the potential-determining ions (PDI) in mineral
systems, such as metal sulfides (PbS, e.g.), soluble salts
(CaCO,;, BaSO,, CaF, e.g.), are the lattice constituent
ions, for silicate type minerals PDI are usually H" and
OH' ions. Because OH' can be considered as an equivalent
of a lattice constituent ion (oxygen), H" may replace the
metallic cation. Therefore, the PDIs for perlite are most
likely H" and OH" ions. The IEP of a mineral represents
the sum of all interactions occurring at the mineral/water
interface, e.g., H" and OH adsorption, distribution of
dissolved lattice 1ons, if present, or hyrolytic reactions of
H' and OH with the dissolved ions at the interface. The
IEP also indicates that at this pH there is no charge at the
surface, that is, the total positive charges are equal to the
total negative ones [25].

In the light of the explanations above, the formation
of surface charge at the interface of oxide aqueous phase
can be given as following equlibria [24].

-SOH + H" —= _SOH," (6)

-SOH + OH —= -SO . H0 (7)
Reaction [6] occurs at lower pHs, and reaction [7] at
higher pHs. At pHgp,

[-SOH;"] =[-SO ] (8)

At lower pHs, solid particles display a positive zeta
potential because -SOH," groups are formed due to proto-
nation. Eq. [7] causes the surface to be changed nega-
tively at higher pHs.

100 -
50 -
pH
; 0 | |
E 0 2 12
o
N -50 -
D: EF
-100 - m: 3-APT
A DMDCS
e : DMODCS
I : 10°M NaCl
-150 -

FIGURE 4 - The effect of pH on the zeta potential of modified perlite and expanded perlite.
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As seen from the zeta potential of perlite treated with
3-APT versus pH in Fig. 4, 3-APT is the most effective
modifier on the surface charge. Zeta potential of the modi-
fied perlite shifts to much positive values. Although perlite
has negative zeta potential values in the pH range of 3-11,
with reference to the electrokinetic measurements (Fig. 4)
the isoelectric point (IEP) of the 3-APT modified perlite
is 7.2. By operating at pH values on either side of the IEP,
the surface charges are reversed, that means, at pH values
lower than 7.2 the surface becomes positively charged,
while it is negatively charged at pH >7.2. It also shows
that the surface has gained a basic characteristic, because
the molecules attached to the surface have dissociable basic
molecule groups. These findings confirm that a strong
interaction has occurred between 3-APT and perlite sur-
face according to equation [3], in which a covalent bond-
ing form and, therefore, the density of OH groups de-
creases. This result agrees with that of Menezes’ study, in
which he investigated the reaction of 3-chlorosilicagel
with 2, -3, -4-aminobenzoate [26].

The difference between IEP values of DMDCS-EP,
DMODCS-EP and 3-APT-EP may result from their mo-
lecular structures. As seen from Eq. 3, 3-APT-EP contains
-NH,; group, which makes the modified surface to be
more basic.

Perlite samples treated with DMDCS and DMODCS
show negative zeta potential values in all pH ranges stud-
led (Figure 4). This result indicates that the density of
ionizable OH groups was reduced during the treatment, but
it is still enough to keep the surface negatively charged, as
shown by Whitby et al. [27]. This may be a result of
DMDCS and DMODCS reacting with only a limited ratio
of OH groups at the surface, because the molecules previ-
ously attached to the surface can limit the attachment of
more molecules. They also do not have any functional
group, which can cause to change the surface charge drasti-
cally. The DMDCS and DMODCS configuration at the
solid/liquid interface may presumably cause such an ob-

servation, since it can lay over the surface and hinder the
surface.

CONCLUSIONS

FT-IR measurements have shown that perlite surfaces
are modified by treating them with DMDCS, 3-APT and
DMODCS. The interactions between perlite surface and
modifiers can be interpreted according to both chemical
and physical (van der Waals interactions) bonding. Active
sites for both of the interactions are surface silanols of
perlite.

While perlite exhibits negative zeta potential values
in the pH range of 3-11 before modification, it has a pHygp
at about 7.2 after treating with 3-APT, because —-NH,
group of 3-APT causes the perlite surface to have a basic
character. Modifications with DMDCS and DMODCS
have no significant effect on the zeta potential of perlite.
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