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Polyethylene glycol (PEG) displayed an amazing properties when mixed with other polymers or
inorganic materials. Polymers of different types (organic, inorganic or hybrid) and a variety of
inorganic materials have been blended and showed interesting properties. So that, a new experimental
design of PEG / MCM-41composites has been prepared using different loading from PEG. MCM-41
as one of the most important mesoporous material has been used as support material. The preparation
process for the new composites has been carried out using a simple dissolution method. Freshly
prepared MCM-41 has been investigated by simple characterisation tools. The obtained structure of the
new composites was promoted by various characterization techniques. which including: Fourier
transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), field-emission scanning electron
microscopy (FE-SEM), and thermal analyses have been used as characterization tools. Moreover, the
electrical properties were measured using electrical conductivity measurements. SEM images showed
nearly the same globular grain in both cases for pure MCM-41 and PEG / MCM-41(10%) composite.
Whereas PEG / MCM-41(z0%) composite showed different feature. The increasing the PEG percentage
till 20 % was accompanied by a continuous decrease of the WL %.

Keywords: MCM-41, PEG, Thermal behavior, In situ electrical conductivity, Morphological
properties

1. INTRODUCTION

In the last few decades, composites and nanocomposite materials have received world-wide
attention in a variety of fields with a special attention to the material science. There are different types
of composites or nanocomposites according to the type of composite components. One of the most
important types is organic polymers based inorganic materials especially in the nano size. This type of
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nanocomposite materials should have superior performance in different fields of applications with a
special attention to the industrial part. Such superior performance can be appeared according to its
ability to be permeable and selective for gas/liquid separation, mechanical toughness for engineering
resins, and photoconductivity for electronics [1-3]. This performance of course was arrived due to the
great compatibility that had been occurred between the nanoparticles as inorganic nanofiler and the
polymer as a matrix in the form of new nano composite materials [4]. So many example of organic
polymers that have been used as matries to form nanocomposites with different nanoparticles such as
titania, silica, carbon nanotubes, zirconia, and graphene [5 - 10]. On the other hand, much more
interest has been given to the chemistry of Polyethylene glycol (PEG) and its derivatives. PEG is
considered as one of the most important polymers due to it has exhibited interesting behaviors and
properties such as it is commercial, non expensive, non-toxic and non-corrosive polymer. Moreover,
PEG has low vapor pressure, congruently melting, high latent heat capacity, no change in its volume
through solid-liquid phase convert, high chemical and thermal stability whatever the useful time is
long and no super cooling [11, 12], relatively its high energy storage density, chemical stability,
suitable melting point, larger heat of fusion, innocuity, low-cost and suitable phase change temperature
[13]. These properties have been also arrived even when it is mingled with inorganic bearer or other
polymers or when forming new composite materials. Moreover, PEG is considered as a promising
phase change materials for thermal energy storage and temperature control. Among all of these
properties we found that the only type of PEG that has been used as a phase change heat storage
medium is low molecular-weight PEG. Of course this PEG has no ability to be stored in conventional
storage tanks as it can be considered as classical solid—solid phase change substances. This type of
substances and in order to prevent its leakage in the melting state, it should be packaged in special
sealed tanks or containers. Furthermore, PEG has the ability be attached directly into porous materials
which is considered as one of the most important property for this polymer. There is another type of
PEG which is related to the solid-liquid phase change materials needs also a special treatment while
restored or packaging to prevent the leakage of phase change materials during its phase transition
process (solid-liquid). In the open literature there is a lack of information regarding PEG/MCM-41
composite materials.

Accordingly, the idea of this paper seeks to obtain new nanocomposite materials with several
property medications by adding different ratios of the polymeric PEG to MCM-41 mesoporous
materials. Several tools will be employed to check the properties of the will obtained nanocomposite.
These include Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), thermal
analyses (TGA, DTG and DTA), and field emission scanning electron microscopy (FE-SEM). A
special attention will be given to the electrical conductivity measurements.

2. EXPERIMENTAL

2.1. Solvents and reagents

Polyethylene glycol (PEG) was obtained from Aldrich and used without any other purgation.
The PEG average molecular weights is 6000. Cetyl-trimethylammonium bromide (CTAB) obtained
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from Aldrich and used without purification. Tetraethyl orthosilicate (TEOS) obtained from Merck.
Ethyl alcohol (> 98 %) and ammonia (28 wt. %) obtained from Prolabo. Analytical grade of ethyl
acetate was also purchased from Merck Chemical Co., and used as it is without more drying or
purification. Ethyl acetate was used as solvent for the preparation of these composites. Other reagents
were of high purity and were further purified according to the previously reported procedure in the
literature [14].

2.2. Mesoporous MCM-41 preparation

Well known mesoporous MCM-41 was prepared as reported in our previous study [15] and
according to the procedure that reported by Grin et al. [16] as the following: 13.5 g of ammonia
solution (28 wt. %) and 60 g of absolute ethanol were mixed together and poured into the pre-
prepared surfactant solution (2.5 g of Cetyl trimethylammonium bromide (CTAB) dissolved in 50 g of
distilled water). The total solution was stirred for 15 min with a constant steering rate (500 rpm), after
that, 4.7 g of Tetraethyl orthosilicate (TEOS) was added at one portion leading to gel formation.
Further stirring for 2hrs, the gel was aged for another 2hrs at room temperature, then filtered and
washed with 300 ml of distilled water. After drying overnight at 90 °C, the sample was heated to 550
°C in air flow and kept at that temperature for 2 hrs, to remove the template then cooled to room
temperature.

2.2. Preparation of PEG / MCM-41new composite

A new experimental design of PEG / MCM-41composites was prepared using simple
dissolution method as the following: The desired composites were intended by mixing 1 g of freshly
prepared and dried MCM-41 with different loading from PEG (5, 10, 15, 20 and 30%) weight by
weight in about 20 mL of ethyl acetate. The reaction mixture was stirring using magnetic stirrer at the
speed of 600 rpm and at nearly 60 °C for 8 - 10 hrs. This was followed by solvent evaporation in Petri
dishes for at least 24 hrs at room temperature and dried under vacuum (5 and 10 Torr) for 4 - 6 hrs.

2.3. Identification and characterization techniques

Fourier transform infrared spectroscopy (FT-IR): FT-IR spectra were examined by using KBr
disc technique in the wavenumber range 4000-400 cm™ using Thermo-Nicolet-6700 FT-IR
spectrophotometer. X-ray diffraction (XRD): Powder X-ray diffractograms were determined in the 26
range from 4 to 70° with the aid of Philips diffractometer (type PW 103/00) using the Ni-filtered CuKa
radiation. Scanning electron microscopy (SEM): The morphological features of the new materials were
analyzed by field-emission scanning electron microscope (FE-SEM) on a JEOL model JSM-7600F
microscope using EDX mode. Thermal analyses: The simultaneous TGA and DTA curves were
recorded with the aid of Shimadzu DT-60 instrument apparatus. Electrical conductivity: DC electrical
conductivity measurements were carried out using a Pyrex glass conductivity cell operated till 500 °C.
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The resistance measurements were carried out using a Keithley 610C solid-state electrometer. In each
run 500 mg of the sample were placed between two electrodes (1.0 cm diameter) and pressed by
the upper electrode in order to ensure a good contact between the particles. The temperature was
controlled with a WEMA temperature controller.

3. RESULTS AND DISCUSSION

PEG is considered as one of the most important polymers due to it has exhibited interesting
behaviors and properties such as it is commercial, non expensive, non-toxic and non-corrosive
polymer. These properties have been also arrived even when it is mingled with inorganic bearer or
other polymers or when forming new composite materials. Moreover, PEG is considered as a
auspicious phase change materials for thermal energy stockpiling and temperature monitoring. So that
and according to the previous talk, A new controlled design of PEG / MCM-41 composites have been
prepared using simple dissolution method. Initial investigations have been concentrated on the
preparation of the MCM-41 as an important mesoporous material according to the well known method
reported in the literatures [15, 16] as illustrated in the experimental part. The structure of MCM-41 has
been confirmed by normal characterization techniques. PEG / MCM-41 new composites of different
formulations depending on variable loading from PEG (5, 10, 15, 20 and 30% wt. by wt.) over MCM-
41 matrix. Various characteristics of the new composites were tested and investigated in order to
characterize and check the properties of the obtained composites. The effect of inclusion of PEG on the
properties of mesoporous MCM-41 matrix was . A special attention was given to study in details the
thermal behavior and the electrical properties using TGA thermograms and electrical conductivity
measurements respectively.

3.1. Composite characterizations

The structure of the desired composites was confirmed using different characterization
techniques including: FT-IR, X-ray diffraction and field emission scanning electron microscopy. FT-
IR analyses are found to be an important technique and worthy instrument for the recognition of silica-
supported layer silicates in different forms [17, 18] and PEG as well [19, 20]. So that, FT-IR
spectroscopy gives us clear information about the bonding interactions between PEG and its matrix
MCM-41 mesoporous material in the form of PEG / MCM-4130%) composites. The FT-IR
spectroscopic analysis for all the samples is scanned from 4000 to 400 cm™. The FT-IR results are
indicating that the PEG is combined with MCM-41 matrix in physical way. Fig. 1(a) shows the FT-IR
spectra for pure MCM-41 and PEG, while Fig. 1(b) shows the FT-IR spectra for PEG / MCM-41s.
30%) composites. The FT-IR spectra of the desired PEG / MCM-41s.30%) composites detect the peaks
associated with neat MCM-41 and PEG peaks. It can be clarified from the data given in Fig. 1(a) for
PEG and Fig. 1(b) for the new composites that, the presence of characteristic absorption bands at
around 1140, 1092, and 1058 cm™ with a maximum at around 1095 cm* which may be attributed to
the strong triplet absorption band of the C—O-C stretching vibration. Another characteristic broad band
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is observed at around 3370 - 3445 cm™ that attributed to the stretching vibration of hydroxyl groups.
Furthermore, absorption bands at around 2885, 963, and 844 cm™ are clearly observed. The presence
of those bands are related to the stretching trembling of the-CH, functional group and to the crystal
band of PEG and C-C-O bonds [21, 22]. It is easily to mention all of these adsorption peaks in the

spectra of the new composites as shown in Fig. 1(b).
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Figure la. FT-IR spectra of the for pure MCM-41 (a) and pure PEG (b).

On the other hand, the characteristic absorption bands for MCM-41 mesoporous material are
clearly observed for pure MCM-41 and PEG / MCM-41s-309%) composites as illustrated in Fig. 1(a,b)
respectively. This include characteristic absorption bands at around 460 cm™ due to O-Si—O bending
vibration, at around 806 cm™ due to a symmetric mSi-O band and at around 1084 cm™ due to an
asymmetric one [23]. The shoulder around at around 1192 cm™ is attributed to an outer connection
mode of the SiO4 tetrahedral, which can be found on the high-frequency side of the principal
asymmetric Si—O stretch [24, 25]. In addition to the previous vibrations bands, a small mMOH mode
vibrating band is observed at around 3441 cm™ which may be due to separated final SiOH groups on
the MCM-41 outer shallow with flagging acidic character, possibly with contributions from single and
geminal SiOH groups as well [26 - 28]. Another peak at nearly 1633 cm™ which is due to characteristic
bending vibration that coming from adsorbed water. All of the previous characteristic bands are
observed for our PEG / MCM-41s.30%) composites. Finally, it is clearly from FT-IR data to observe
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that, as the amount of PEG increases (5-30%) its corresponding characteristics absorption bands
increase. Mean while, the characteristics MCM41 absorption bands decrease within the same order.
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Figure 1b. FT-IR spectra of the for for PEG / MCM-41s%) (a), PEG / MCM-41(10%) (b), PEG / MCM-
41a5%) (), PEG / MCM-4120%) (d), PEG / MCM-41:0%) (€) composites.

The XRD diffraction patterns for PEG / MCM-41(s-30%) composites, over the range of 20 =5°
— 70 °, are shown in Fig. 2. Both pure PEG and mesoporous MCM-41 material have the ability to
merge to each other by physical meaning through the composite consistence. It is well known that, the
low angel X-ray diffraction pattern of ordered mesoporous MCM-41 exhibits a strong peak in the
range of 20 = 1.8 - 2.8 ¢ and the weak peaks in the range of 26 =3.5-4.8 cand 20 =5.6 - 6.7 - [20,
29-31]. Furthermore, the pure PEG displays reflection beaks in the range of 20 = 14.65 - 45.15 ° and
exactly showed at 20 = 14.65 o, 15.08 °, 19.16 °, 23.25 ©, 26.19 ©, 26.92 ©, 27.85 <, 30.90 °, 32.67 o,
36.13 ©, 39.69 o, 42.94 o, and 45.15 ° [32, 33]. A close inspection of Fig. 2 reveals that, the presence of
characteristic amorphous like nature of silica in all PEG / MCM-41(s5.30%) compositions, which is
commonly achieved for MCM-41 materials in the range of 260 = 14 — 35 - [34, 35]. Whereas, the
pattern for the PEG / MCM-41(s%), PEG / MCM-41(10%), PEG / MCM-41(15%) and even PEG / MCM-
4100%) materials does not show any extra peaks in the hole range. However, for the PEG / MCM-
4130%) composite, a few and small reflection beaks can be detected around positions of the major
distinctive lines for PEG at 28.55¢, 47.47-, and 56.33¢, respectively. These are in correspondence with
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that observed for pure PEG. There is no further peaks that may be attributed to the existence of
impurities or other stages were adjusted. It is also notice that, the increase of the PEG content is
accompanied by a gradual decrease for the reflection that related to amorphous halo beak of silica

which obtained for MCM-41 mesoporous material.
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Figure 2. Wide-angle XRD diffractograms obtained for PEG / MCM-415%) (a), PEG / MCM-4110%)
(b), PEG / MCM-41(15%) (c), PEG / MCM-4120%) (d), PEG / MCM-41(30%) (€) composites.

The morphological photographs of pure MCM-41 and PEG / MCM-4110, 30%) composites have
been fully considered by FE-SEM micrographs as shown in Fig. 3. The measured samples having
similar globular agglomerations with a little changes in case of PEG / MCM-41(30%). Moreover, we
can observe the presence of infrequent graves, are distributed between them. These graves appear to
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have no specific size or modality. Fig. 3(a,b) depict the SEM micrographs of pure MCM-41. The
figures show that the surface of the pure mesoporous MCM-41 material appears as accumulative
globular and simi-globular particles having an average diameter of 250-500 nm with magnifications

of x = 37,000 and 50,000.

Figure 3. FE-SEM micrographs for neat MCM-41 (a,b), PEG / MCM-4110%) (c,d), and PEG / MCM-
41 3oy (e,f).
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Despite being a composite in nature, almost the same shape and size of the globular grains are
observed from the SEM images under the same magnifications (x = 37,000 and 50,000) for PEG /
MCM-4110%) as shown in Fig. 3(c,d) . This observation can be explained that the loaded ratio of PEG
filler (10%) have been completely entered into a pipeline of MCM-41 matrix and hence it is
completely disappeared. By another words we can say, MCM-41 tube lines are filled with PEG during
the composite formation. On the other hand, Fig. 3(e,f) (magnifications x = 37,000 and 50,000) show
the morphological photographs for PEG / MCM-4130%) composite. The images show that, PEG start
to appear as a clear evidence for the composite consistence. The images also show that, there is great
coalescence between the PEG as a filler and the MCM-41 as a matrix, which is very important to
conduct a tight interfacial adherence. In order to understand the observed changes in textural data for
this composition. We can say that, the globular grains of MCM-41 have start to be covered by the
excess of PEG after complete filling of the pipeline of MCM-41 tubes.

3.2. Thermal behavior:
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Figure 4. TGA curves of the various MCM-41/PEG composites obtained under air (a) and N2 (b).

The thermal behavior of the various PEG/MCM-41 composites were investigated using TGA
analysis. Fig. 4(a), and (b) shows the normalized weight loss (NWL) curves acquired for the
composites under investigation in air and nitrogen flows, respectively. Generally, the NWL is defined
mathematically as flows; NWL = 100x[(W - Wmcm-41) / (Wo - Wmcm-41)], where w, Wmcwm-41, and Wo
represent the weight of the composite at temperature T, the weight of MCM-41 loaded, and the initial
weight of composite, respectively. An early weight loss (WL), below 160 °C, can be observed for all
the samples. This WL can be specified to the elimination of adsorbed water molecules [15, 19, 20, 36].
Table 1 lists the WL of the various samples at 150 °C in both atmospheres. It is obvious that increasing
the PEG percentage till 20 % is accompanied by a continuous decrease of the WL %. Meanwhile, the
observed WL values in N2 flow is lower than the relevance ones in air. This finding suggests that
increasing the MCM-41 content, i.e. at lower PEG percentage, enhances the hydrophilicity of the
obtained composite.

Table 1. WL of the various composites at 150 °C.

PEG/MCM-41-5 61.4 45.9
PEG/MCM-41-10 385 34.5
PEG/MCM-41-15 215 19.4
PEG/MCM-41-20 17.9 13.4
PEG/MCM-41-30 20.3 255

Fig. 4(a) indicates that the polymer starts to decompose throughout three consecutive steps in
air, which start at temperatures 160 °C. In N2 flow Fig. 4(b), it appears that the first two decomposition
steps are emerged in a single one. Table 2 shows the Tso and Tgo values (the temperatures of 50 % and
80% weight loss, respectively). Higher Tso and Tgo values reflects higher thermal behavior of the
polymer. From the combination of the data presented in Fig. 4 and Table 2 the following two points
could be abstracted: (i) the Tso value is shifted towards higher temperatures on increasing the PEG
content till PEG percentage of 15 and 20 % in air and nitrogen, respectively, at higher PEG contents it
is shifted towards lower temperatures, and (ii) the observed temperatures shift is much more
pronounced in air than in nitrogen flows. In the open literature, there are various reports concerning the
influence of MCM-41 on the thermal stability of polymers matrices. For instance, Marcilla et al.
demonstrated that the addition of MCM-41 to polyethylene [37], polypropylene [38] polystyrene and
ethylene-e-vinyl acetate copolymer [39-41] induces a remarkable decrease in the temperature of the
maximum decomposition of these polymers. In agreement, a reduction in the temperatures required to
decompose polypropylene was reported during the addition of AI-MCM-41 [42] and Al-MCM-48 [43].
In the former reports, the observed lowering in the temperature of maximum decomposition of the
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polymers was ascribed to the catalytic effect of the MCM-41 acid sites. The obtained results are in
correspondence with these literature data by confirming that the lower PEG percentage the sample, i.e.
the higher MCM-41 content, the lower is the decomposition temperature of the composite. However,
we have observed a shift of the composite-decomposition temperature for the sample with PEG
percentage of 30 % in nitrogen and the two samples having 20 and 30 % PEG in air. This, in turn,
suggests a dependence of the locations of the polymer molecules on its content. In other words, at
lower PEG content in the composite (till around 20 %) the polymer molecules could be immobilized
inside the MCM-41 channels and at higher contents the polymer starts to be located at outer the MCM-
41 channels. The last WL step shown in Fig. 4 proceeds with a slow rate and extends over a wide
range of temperatures (300-700 °C). In agreement with our previous studies [15,19,20], this step could
be attributed to the slow removal of the non-volatile carbonaceous residues, which were formed during
the main degradation process.

Table 2. TGA data of PEG/MCM-41 composites in air and nitrogen atmospheres.

| Tso [°C] Tso [°C] Tso [°C] Teo [°C]
PEG/MCM-41-5 74 307.9 205.6 366.7
PEG/MCM-41-10 233 347.1 207.6 345.4
PEG/MCM-41-15 328.4 414.1 210.9 328.1
PEG/MCM-41-20 222.6 232.7 212.7 321.7
PEG/MCM-41-30 204.6 282.2 200.0 256.1

Based on the above results, a schematic illustration for the formation of PEG/MCM-41
composites is shown in Fig. 5. The calcined MCM-41 mesoporous material possess the well-defined
pore structure resulting from the condensation of Si—-OH groups. When the PEG is loaded into the
MCM-41 channels it reacts with the various Si—OH groups located inside the channels via hydrogen
bonds formation. From the TGA results, it is plausible to suggest that at low PEG content the PEG
molecules are immobilized mostly via adsorption on the inner pore wall of the MCM-41. Increasing
the PEG loading till approximately 20 % is accompanied by a complete filling of the MCM-41
channels. Upon further increase of the PEG loading to 30 % the added PEG molecules will be coated
on the outer surface of the MCM-41 material.

3.3. In situ electrical conductivity

In situ electrical conductivity is supposed to be as the most motivating tool that gives insight
about the variation of the electrical properties of the solid material during its heating [15,19,44]. Fig. 6
shows the temperature dependence of log ¢ obtained for neat MCM-41 and PEG/MCM-41 composites
with PEG percentage of 5 and 30 %.
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Figure 5. Schematic illustration of the interaction of PEG with MCM-41 material.
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Figure 6. Plots of In ¢ vs. temperature for neat MCM-41 (a), PEG/MCM-41 5 wt. % (b) and
PEG/MCM-41 30 wt. % (c) composite.
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From the inspection of Fig. 6 it appears that at ambient temperature, the conductivity values of
the composites are higher than the neat MCM-41. Meanwhile, the conductivity increases with
increasing the PEG content. This observation, in turn, suggest that the mobility of the charge carriers
of the composites is higher than the neat MCM-41 material and this mobility increases with increasing
the PEG loading. In this context, it was reported that the conductivity in the zeolite based materials is
related to the ability of the exchangeable cations, M™ and H" ions, to migrate along the tube tines and
cavities of the zeolite framework via an ion-hopping mechanism [45]. The cations motion is spotted by
the electrostatic attraction occurred between them and the negatively charged framework of the zeolite
material together with steric effects caused by the size of these cations [45,46]. In combination with
the suggest scheme for the composite formation, it seems that the H* ions of the Si-OH groups
movement is facilitated throughout the formation of hydrogen bonds with the loaded PEG molecules.

The obtained plots in Fig. 6 can be divided into three regions. The first one extends from
ambient to 80, 98 and 106 °C for the neat MCM-41, PEG/MCM-41 5% and PEG/MCM-41 30,
respectively. In that region, the conductivity increases continuously with the temperature rise, which
can be correlated with the removal of adsorbed water molecules from the solids. This increase is
parallel to that observed in the literature for ZSM-5/PEG [19] and MCM-41/PEG [15] composites. In
the second region, which extends to 155-190 °C, one can observe a decrease in the conductivity. This
can be correlated with the completion of solids dehydration. Meanwhile, the conductivity values of the
three samples still showing the same order, i.e. PEG/MCM-41 30% > PEG/MCM-41 5% > MCM-41.
In the third region, which extends till 500 °C (the temperature limit of our conductivity cell), a
continuous conductivity increase can be observed. This behavior can be correlated with the
decomposition of the PEG molecules together with the positive influence of rising the temperature,
which enhances the movement of the charge carriers. In this region the composite materials are still
showing higher conductivity than the neat MCM-41 till around 420 °C; a temperature after which a
lower conductivity is exhibited by the PEG/MCM-41 30 % sample. Bearing in mind the fact that the
formation of non-volatile carbonaceous residues at the temperature range of 400-700 °C for the
different composites (Fig. 4), it is reasonable to suggest that these residues plays significant role in
hindering the movement of the charge carriers. Thus, the observed lower conductivity values for the
PEG/MCM-41 30 % sample than the neat MCM-41 at temperatures > 420 °C could be related to the
presence of these non-volatile carbonaceous residues that hinder the movement of the charge carriers.
Similar argument was used to interpret the conductivity trend of the calcined ZSM-5/PEG composites
[19].

4. CONCLUSIONS

New design of PEG / MCM-41 composites are prepared using simple dissolution method. PEG
of different loading (5-30%) are used as filler to form the targeted composites. PEG is physically
interacting with mesoporous MCM-41 material proceeding the composite. PEG content is consumed
inside the tube lines of MCM-41 until PEG / MCM-410%) , after that it starts to flow outside. PEG /
MCM-41 0% shows a small reflection beaks that related to PEG have been started to be observed. This
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observation is in accordance with that observed in the FE-SEM images. The observed WL values in N2
flow is lower than the relevance ones in air. This finding suggests that increasing the MCM-41 content,
i.e. at lower PEG percentage, enhances the hydrophilicity of the obtained composite. The Tso value is
shifted towards higher temperatures on increasing the PEG content till PEG percentage of 15 and 20 %
in air and nitrogen, respectively. The observed temperatures shift is much more pronounced in air than
in nitrogen flows.
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