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Abstract

The organic treatment on a layered silicate used in nanocomposite synthesis is the interface between the hydrophilic layered silicate (clay)

and hydrophobic polymer in the case of polypropylene. However, the typical synthesis of an organoclay can result in excess organic

treatment which can hinder mechanical and flammability benefits. This excess organic treatment may result in plasticization of the polymer

matrix, possibly removing some of the mechanical and flammability property benefits provided by the nanocomposite. In this paper, the

effects of using Soxhlet Extraction on the Organoclays after synthesis was investigated. Soxhlet extraction times on organoclays were found

to have an effect on the mechanical and flammability properties of the resulting polypropylene nanocomposite. The removal of excess

organic treatment by Soxhlet extraction resulted in improvements in flex modulus, improved clay dispersion, delayed time to ignition, and

lowered heat release rate during burning.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polymer layered-silicate nanocomposites are similar to

normal polymer composites in that they use fillers to obtain

properties which normally are not present for the unfilled

polymer. The fillers in nanocomposites are not only

nanoscale in their primary particle size, but dispersed and

interact with the polymer at the nanoscale. Therefore, the

dispersion of the nanoscale filler (nanofiller) is important if

improved properties are to be obtained. In the case of

layered silicates, the nanofiller is a clay, which in its natural

state is hydrophilic, and will only disperse well into very

polar polymers or water. In the case of non-polar,

hydrophobic polymers such as polypropylene, and organic

treatment is needed to coat the surface of the clay with a

hydrophobic surface. This allows the organically treated

clay (organoclay) to be dispersed in the polymer to give a

nanocomposite. The quality of this clay dispersion is

important, because if the nanofillers are poorly dispersed,

then the mechanical [1–4], thermal [1–4], and flammability

properties [4–6] obtained from nanocomposites are absent

from the final product. Therefore, the organic treatment,

being at the interface between the clay and the polymer,

must allow the two separate polarity materials to interface,

but it must also not interfere with the desired properties.

Current organoclays used are layered silicates where the

organic treatment is put onto the clay by ion exchange. Due

to natural defects/charge heterogeneity on the clay plates,

not all of the clay plates can be fully ion exchanged.

Therefore, some of the organic treatment will remain

associated with the clay after ion exchange, but it will not be

ionically bound to the surface, only physisorbed to the

surface. This extra surfactant can be removed by solvent

washes [7], but is typically not done so for commercial

organoclays, which are washed only with water. Therefore,

the extra surfactant associated with these organoclays will

be carried along into the synthesis of a polymer nanocom-

posite. When the organoclay is compounded, this surfactant

may serve a beneficial role, in that it helps disperse the clay

plates into the polymer matrix. However, the surfactant may
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also affect the polymer nanocomposite properties negatively

by plasticizing the polymer or inhibiting crystal growth in

crystalline polymers. Further, the excess organic treatment

may remove some of the flammability benefits obtained

from the nanocomposite, by causing early ignition of the

nanocomposite [8].

To investigate the effects of excess surfactant on the

nanocomposite dispersion and mechanical properties, we

used an organoclay which had its excess surfactant removed

via Soxhlet extraction. The extracted clays were then used

to prepare polypropylene nanocomposites by melt com-

pounding. These nanocomposites were analyzed by several

methods to determine what effects, if any, Soxhlet extracted

clays would have on polypropylene nanocomposites

thermal and mechanical properties. Further, the effect of

Soxhlet extraction on clay dispersion would be measured.

2. Experimental

2.1. Organoclay synthesis

All layered silicates (clays) in this study were fluorinated

synthetic mica (FSM) based. The FSM used in this study

was Somasif ME-100, a sodium FSM from Co-op Chemical,

Japan. These clays were ion exchanged in water under high

shear (Cowles-type impeller blade, 1000 rpm) and high

dilution (2.5 wt% FSM in water) with bis(hydrogenated

tallow), dimethyl ammonium chloride (Arquad 2HT, Akzo-

Nobel) in a 1 to 1 ratio (1 mol of organic treatment, or ‘quat’

molecule, per 1.0 mol exchangeable sodiums per 8 Si in the

FSM unit cell formula on the FSM). The resulting

organoclay was washed with water until the filtrate showed

an ionic conductivity of ,150 ms/cm. The resulting filter

cake was dried in a forced-air oven for 24 h, and then

ground and sieved to give a powder with particle size

,120 mm. The resulting clay was subjected to a Soxhlet

extraction with ethanol with times from 0 to 4 days. The

resulting clays from these extractions were dried vigorously

in a vacuum oven, ground to a fine powder, and analyzed by

XRD and TGA prior to blending.

2.2. Nanocomposite melt-compounding

Polypropylene (PP, Montel PD-191) and polypropylene-

graft-maleic anhydride (PPgMA, Aldrich) nanocomposites

were made by melt blending in a thermoplastic mixing head

(Haake Rheocord system, 250 cc mixing head). PP and

PPgMA were added to the mixing head at 190 8C and

60 rpm and allowed to mix for 5 min. The clay was then

added and the mixture was compounded for 10 min at

190 8C and 100 rpm. All clays and polymers were dried

prior to use.

2.3. Transmission electron microscopy (TEM)

Nanocomposites were thin-sectioned at 290 8C with a

Reichert Jung Ultracut E ultramicrotome equipped with a

FC-4E cryo-chamber. Sections were collected on a copper

grid and examined with a Philips CM-12 TEM (Serial #

D769) running at an accelerating voltage of 120 kV. Images

were recorded digitally with a Gatan Multiscan CCD

camera, Model 749.

2.4. Thermogravimetric analysis (TGA)

All TGA data was collected on a TA instruments TGA

2950 system with autosampler at 20 8C/min, under N2, from

room temperature to 700 8C. Samples were analyzed in

triplicate for error analysis.

2.5. X-Ray diffraction (XRD)

All XRD data was collected with a Bruker AXS

diffractometer using Cu Ka radiation (l ¼ 0.1505945 nm)

with a 0.02 2u step size and a 2 s count time. All polymer

nanocomposite samples were solid monolith samples,

analyzed in reflectance mode, with synchronous rotation

used to limit effects from surface ordering. All clay samples

were ground to give a powder particle size of ,40 mm and

analyzed in reflectance mode.

2.6. Mechanical property testing

Samples were tested for flexural modulus following

ASTM D790 Method 1 Procedure A for this type of testing.

Izod impact testing followed the ASTM D256-84 pro-

cedure, and the reported results are for room temperature

tests. Flexural modulus and impact values have a variation

of 5% in the measurement, according to the large number of

other PP samples tested on the same instrument in the same

lab.

2.7. Cone calorimeter testing

Samples were analyzed on a Dark Star Research Cone

Calorimeter at 35 kw/m2 heat flux and exhaust flow of 24 l/s

using the standardized cone calorimeter procedure (ASTM

E-1354-92). Data collected is the average of two samples,

with an error of ^10%.

3. Results and discussion

Three areas of possible excess surfactant effect on the

polymer nanocomposite were measured. These were

thermal properties, mechanical properties, and clay dis-

persion, which were measured by TEM and XRD. XRD

[1–4,9] and TEM [1–4,10–12] are the most commonly

used techniques for measuring clay dispersion due to the
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their complimentary nature when both datum are used to

interpret the nanocomposite dispersion data [13]. The

organoclays to be used in this study were taken from a

large batch of organoclay which had not been subjected to

Soxhlet extraction with ethanol. Small batches of organo-

clay (50 g) were subjected to Soxhlet extraction with

ethanol for times from 1 to 4 days. The unextracted clay

was referred to as 0 day extraction time clay.

Soxhlet extraction did affect the nature of the clays,

especially with time. Increasing extraction time did not

greatly change the TGA data (Fig. 1) for these materials,

with the only change in weight loss occurring between the 0

and 1 day extraction time samples. TGA data for 1, 2, 3, and

4 day extraction time samples is about the same. XRD data

(Fig. 2) however, does appear different. There is a d-spacing

decrease going from 0 day to 1 day extraction time, with the

main peak decreasing to 2.8 nm from 3.6 nm. After the 1

day extraction time, and with increasing extraction time, the

peak at approximately 2.8 nm begins to decrease in intensity

as a new peak at 3.5 nm increases in height. After a 4 day

extraction time, the newer peak at 3.5 nm suggests some

new ordering with a different spacing. No good explanation

of this spacing change currently exists.

Each of the extracted and non-extracted clays were

compounded into PP þ PPgMA to generate nanocompo-

sites for study. All samples were compounded the same

way, using the same base PP (Montell PD-191) and PPgMA

(Aldrich PPgMA). Concentrations of clay and the ratio of

PP to PPgMA were kept constant in the study. Interestingly,

as Soxhlet extraction time increases, the d-spacing change

between clay layers, as measured by XRD, begins to

decrease (Table 1). However, overall clay dispersion (as

observed by TEM, Figs. 3–7) appears to improve with

increasing Soxhlet extraction times.1 This combination of

data suggests that the excess organic treatment does help the

polymer intercalate in between the clay plates. Since the

TEM data shows better dispersion with increasing extrac-

tion times, this suggests that the removal of excess organic

treatment helps dispersion. However, when the XRD and

TEM data are combined, it suggests that once the excess

organic treatment is removed, the material obtained will no

longer be an intercalated nanocomposite, even though the

primary particle size and clay dispersion at the micro and

nanoscale has been improved with the extracted clay.

Another possible explanation is that the Soxhlet extraction

breaks up the primary clay particles (tactoids) into smaller

clay stacks, which then disperse into the polymer matrix

upon melt blending as small clay stacks, rather than clay

which intercalates polymer forming a nanocomposite. The

resulting extracted material however, must still have some

nanocomposite characteristics, as it still has improved

mechanical properties with increasing Soxhlet extraction

times. For the effect of clay extraction time on the

mechanical properties, the flex modulus increases after 1

day extraction times, but the Izod impact values are slightly

lowered. Extraction times beyond 1 day on the clay do not

greatly improve the flex modulus beyond that seen for the

nanocomposite made with the 1 day extracted clay. Clay

extraction time did not seem to have much of an effect on

thermal properties, as the TGA data (Table 2) did not

suggest any interesting phenomena. For all of the nano-

composites, regardless of extraction time, the onset of

decomposition is about the same. While there is less organic

treatment in the extracted clays, it still has the same organic

treatment which still has the same thermal decomposition

temperature, and therefore, the onset of decomposition

should not change much with Soxhlet extraction. This

hypothesis seems to fit with the observed TGA data.

Soxhlet extraction time of the organoclay also had an

effect on the flammability of the nanocomposite as

tested by Cone Calorimeter (Table 3). In the presence

of excess organic treatment, where the PP þ PPgMA

was compounded with Clay #1 (0 day Soxhlet extrac-

tion time), the time to ignition (Tig) is shortened, even

though the peak heat release rate (HRR or Peak q) is

greatly reduced. As Soxhlet time is increased, the Tig

increases, but the peak HRR fluctuates somewhat,

increasing with 1 day extraction time (Clay #2) and

then slowly reducing further with increasing extraction

time. The average HRR (Mean q) trends follow that

observed for the peak HRR above. Given that the TGA

data on the Soxhlet extracted clays shows that the

excess organic treatment is removed after 1 day

extraction time (Fig. 1), the Total HRR data fits well.

If the excess organic treatment ignites early (as shown

by the slightly reduced Tig), it will also result in a

slightly higher total HRR when compared to the

nanocomposites where this excess organic treatment

has been removed. The Total HRR values for the

Fig. 1. TGA data Soxhlet extracted organoclays.

1 Note—TEM is a qualitative tool when used to determine overall clay

dispersion. Therefore, the quality of dispersion is determined by comparing

several TEM images of differing dispersion. If the number of large clay

tactoids observed decreases when comparing two different clay samples,

then the samples with less clay tactoids is presumed to have better

dispersion. This is however, subjective to TEM interpretation experience.

See Ref. [13] for more details.
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Soxhlet extracted clay nanocomposites are approxi-

mately all the same, with some slight variation well

within the region of error. Since the amount of organic

treatment on the Soxhlet extracted clays is the same, the

reason behind the lowered peak and average HRR

values with increasing Soxhlet extraction times must be

related to clay dispersion. TEM (Figs. 3–7) shows that

as Soxhlet extraction times increase, the clay dispersion

gets better. This suggests that as clay dispersion gets

better, the peak and average HRR values are lowered,

and Tig is increased with improved clay dispersion.

When this finding is combined with the mechanical

properties seen in Tables 1 and 2, it suggests that the

clay organic treatment and clay dispersion in the

nanocomposite have different effects on nanocomposite

properties. Clay organic treatment appears to have more

of an effect on polymer nanocomposite mechanical

properties than just clay dispersion. Conversely, clay

dispersion plays a larger role in polymer nanocomposite

flammability than the clay organic treatment does,

although the organic treatment amount on the clay has

an effect on Tig and total HRR. The extractions of the

clay did not appear to affect the mechanism of char

formation observed with polymer nanocomposites as

reported in the open literature by Gilman [5,6,8]. Since

the clay plates slow down the rate of fuel release, and

Fig. 2. XRD data for Soxhlet extracted clays. Black ¼ 0 day, Red ¼ 1 day, Blue ¼ 2 day, Green ¼ 3 day, Purple ¼ 4 day extraction time.

Table 1

PP þ PPgMA formulations—XRD and TEM data

Sample Organoclay

(wt%)

PP

(wt%)

PPgMA

(wt%)

XRD

(100) d-spacing change

(nm)

TEM

Microscale dispersion Nanoscale dispersion

PP þ PpgMA control 0 72 28 N/A N/A N/A

PP þ PPgMA þ Clay #1 8.5 65.9 25.6 0.2 Fair Good

PP þ PPgMA þ Clay #2 7.9 66.3 25.8 0.13 Good Good

PP þ PPgMA þ Clay #3 7.9 66.3 25.8 0.06 Good Good

PP þ PPgMA þ Clay #4 7.9 66.3 25.8 0.01 Good Good

PP þ PPgMA þ Clay #5 7.9 66.3 25.8 20.06 Good Good

PP/PPgMA nanocomposites þ Soxhlet extracted organoclays. Clay #1: 0 day extraction time. Clay#2: 1 day extraction time. Clay #3: 2 day extraction

time. Clay#4: 3 day extraction time. Clay #5: 4 day extraction time.
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this prolonged fuel release leads to char formation

through longer residence times of polymer radicals, this

effect can be measured by looking at the mass loss rate

curves (not shown) for a polymer nanocomposite. The

mass loss data for the PP extracted clay nanocomposites

reported here was not very different from the HRR

curve of the same nanocomposite, as has been seen in

previous work [5,8]. The rate and general mechanism of

char formation for these nanocomposites seem to be

unchanged with the removal of excess organic treatment

by Soxhlet extraction.

4. Conclusions

Soxhlet extraction on organoclays does affect the

properties of polypropylene nanocomposites when the

extracted organoclays are melt-compounded. As the Soxhlet

extraction removes excess organic treatment from the clay,

flex modulus improves, suggesting that the excess treatment

is an impediment to the mechanical property benefits gained

from the formation of the nanocomposite. However, the

excess organic treatment appears to be necessary for

allowing the polypropylene to intercalate in between the

Fig. 3. Representative TEM of PP þ PPgMA þ Clay #1 (0 day extraction

time).

Fig. 4. Representative TEM of PP þ PPgMA þ Clay #2 (1 day extraction

time).

Fig. 5. Representative TEM of PP þ PPgMA þ Clay #3 (2 day extraction

time).

Fig. 6. Representative TEM of PP þ PPgMA þ Clay #4 (3 day extraction

time).
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clay plates during melt compounding. As the treatment is

removed by Soxhlet extraction, the spacing between the

clay plates collapses, and during compounding, collapses

further, suggesting that the polypropylene cannot enter

between the clay plates during melt compounding. Inter-

estingly, while XRD suggests that clay intercalation

decreases with increased clay extraction times, TEM

suggests that clay dispersion improves with increased clay

extraction times. Clay extraction times, while having an

effect on clay dispersion by TEM and XRD, have different

effects on polymer nanocomposite mechanical and flamm-

ability properties.

As excess clay organic treatment is removed by Soxhlet

extraction, mechanical properties are affected. Flex mod-

ulus increases once excess organic treatment is removed,

but increased extraction times, which improves clay

dispersion (as observed by TEM), does not improve flex

modulus above that obtained during a 1 day extraction time.

This suggests that once excess organic treatment has been

removed, the detrimental effect of that excess organic

treatment will also be removed. However, since clay

dispersion is improved with increasing clay extraction

times, this suggests that the improvement in clay dispersion

does not always result in better flex modulus. As the spacing

between clay plates decreases due to organic treatment

removal, the flex modulus actually decreases slightly when

compared to the 1 day extracted clay nanocomposite. This

finding concludes that for polypropylene nanocomposite

reinforcement, in regards to flex modulus, that polymer

intercalation between clay layers is just as important as

removing excess organic treatment, which appears to have a

plasticizing effect on flex modulus. The effect of clay

extraction times on impact properties is somewhat converse

Fig. 7. Representative TEM of PP þ PPgMA þ Clay #5 (4 day extraction

time).
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to the trend observed in regards to flex modulus.

Specifically, as clay is loaded into polypropylene, the flex

modulus goes up but the impact strength goes down. As

excess organic treatment is removed, the impact strength

goes down even further. However, this decrease only

extends to the 1 day extraction time clay nanocomposite. As

extraction times increase, resulting in better clay dispersion

and d-spacing collapse, impact strength begins to rise again,

although never to the levels of the base polymer. There

currently is no good explanation for the loss of impact

strength in these organoclay nanocomposites. Extracted

clays seem to complicate the explanation, rather than

clarify it.

Clay extraction times also have an effect on the

polymer nanocomposite flammability properties. The

removal of the extra organic treatment by Soxhlet

extraction results in delayed, rather than earlier Tig for

the nanocomposite when compared to the base unfilled

polymer. While the Tig gets further delayed by increased

extraction times, the HRR value changes in a different

manner. The 0 day extracted clay nanocomposite has a

lower HRR than the 1 day extracted clay nanocomposite.

As clay extraction time increases, the HRR begins to

drop again, finally reaching a level lower than that of the

0 day extracted material. This finding, combined with the

improved clay dispersion observed by TEM suggests that

clay dispersion plays more of a role than just the organic

treatment in polymer nanocomposite flammability once

the excess organic treatment is removed.

In conclusion, the effects of clay extraction on

polymer nanocomposite mechanical and flammability

properties are complex. Increased clay extraction time

may have no additional effect on some properties once

the excess organic treatment is removed, but may have

a much different effect on other properties as the

extraction time is increased. Clay extraction time did

not remove excess organic treatment after a 1 day

extraction time, but it did change the ordering of the

clay, as well as the dispersibility of the clay in the

polymer matrix. Therefore, the synthesis, purification,

and washing of organoclays does have an effect on the

polymer nanocomposite these organoclays are com-

pounded into.
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