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ABSTRACT: The influence of ultrafine coal filler (UFC)
content on tensile properties, water absorption, and biode-
gradability of soy protein plastics were investigated. The
addition of UFC in the soy protein plastics, with different
content of glycerol as a plasticizer, was at different ratio
varying from 10:0 to 6:4. Blend sheets of the soy protein
composites were prepared by the compression molding
processing. The results show that, with 23.08 wt % glyc-
erol, the tensile strength and elongation at break for the
soy protein sheet with coal filler (range from 5 to 30 parts)
can be enhanced as compared with nonfilled soy protein
plastics. Water resistance of the soy protein plastics
improves with the increase in UFC content. The derivative

thermogravimetry (DTG) curves indicate a double-stage
degradation process for defatted soy flour (SPF), while
three-stage degradation process for soy plastics and the
soy protein composites. FT-IR, XPS, and SEM were applied
to study the interfacial interaction between coal macromo-
lecules and soy protein molecules in UFC filled soy protein
plastics. The results demonstrated that there is strong inter-
facial interaction in the soy protein plastics caused by the
compression molding processing. © 2006 Wiley Periodicals,
Inc. ] Appl Polym Sci 102: 3134-3143, 2006
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INTRODUCTION

Recently, soy proteins plastics have been considered as
petroleum polymer alternatives for their abundant
resources, low cost, and super biodegradability. It has
been found that the low moisture (<5 wt %) soy protein
plastic is tougher than diglycidyl ether of bisphenol-A
epoxy resins, and their Young’s moduli are higher than
that of petrochemical engineering plastics." However,
soy protein plastics are brittle and water sensitive. The
mechanical properties of soy protein plastics decrease
drastically when they contain higher content of water
or exposure to moisture.” The application of soy protein
plastics is limited for this reason. Therefore, chemical
and physical modifications, such as aldehyde crosslink-
ing,”* sodium dodecyl sulfate modification,”® blending
with other biodegradable polymers,”'® and filling
with polyphosphate''* and lignin'*'* fillers, have been
used to improve the processability, mechanical proper-
ties, and water resistance of soy protein materials.
Addition of fillers in soy plastics effectively promotes
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the strength and water resistance of soy protein plas-
tics 111314

Coal is a complex mixture of amorphous organic
materials with inorganic material interspersed. The or-
ganic geochemistry study show that coal has a macro-
molecular structure with a molecular phase composed
of relatively small molecules associated with the coal
matrix. Three-dimensionally crosslinked macromolecu-
lar network is supposedly made up of relatively low-
weight structure units connected by various types of
bonds. The units are made up of cyclic aromatic, hydro-
aromatic, and heterocyclic carbon structure units con-
nected by covalent bonds (alkyl, etheric, oxygen, and sul-
fur bridges), noncovalent bonds (Vander Waals forces)
and hydrogen bonds. There are various types of active
aside groups such as —OH, —COOH, —NH, connected
on coal molecules.' Coals are subject to weathering deg-
radation'® and biodegradation,” especially for low-rank
coals,'® and the degradation products are mainly humic
acids.'”? These coal-derived humic acids are effective
organic matter for soil amelioration.”'

The research and development of coal-filled syn-
thetic polymers can be dated back to 1970s.*** In our
laboratory, ultrafine coal powders have been used as
functional filler for improving performance of synthetic
or natural polymers, especially conductive or degrad-
able composites from coal and polymers.”** In previ-
ous work, the effects of soy protein treatment on
the biodegradability of coal and oxidized coal were
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TABLE 1
Properties of UFC

Proximate analysis

Mag 7.29
Ay 427
Vdat 36.42
FCy 60.87
Ultimate analysis
Cuas 81.75
Haat 4.79
Odat 11.95
Naat 1.10
Sdaf 0.38

studied.?® The results show that soy protein treatment
enhances the biodegradability of coal by increasing
humic acids and water-soluble matters in biodegrada-
tion products. It reveals the application for biodegrad-
able materials of coal and weathered coal. The objec-
tives of the present study were to study the effects of
UFC content on tensile strength, elongation at break,
water absorption, thermal degradation, and interfacial
interaction of UFC filled soy plastics.

EXPERIMENTAL
Materials

Defatted soy flour (SPF) is a received commercial prod-
ucts provided by Shenghua Vegetable Protein (Henan,
China). The contents of protein and moisture in SPF are
51.0% and 4.64%, respectively. Coal is a kind of subbitu-
minous coal (supplied by Shenfu Coal Mine, Shaanxi,
China). The coal was pulverized into ultrafine powders
in particle size of Dy less than 12 pym (UFC). The prop-
erties of the coal are given in Table 1. The soil sample
used to isolate microorganisms was taken from upland
field in southern suburb of Xi’an.

The medium used for microorganism isolation con-
tained 0.1 g KH,PO,, 0.076 g K,HPO, - 3H,0O, 0.04 g
MgSO, - 7H,0O, 1.0 g (NH4),SO4, 0.1 g NaCl, 0.0075 g
CaCl,, 1 L distilled water, and 20 g agar agar. Gause
medium No. 1 and PDA medium were used to cultivate
actinomycete and fungi, respectively. The inorganic salt
medium used for the biodegradation test contained,
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Preparation of blend sheets

The blend sheets of SPF and UFC were prepared via
compression molding processing using glycerol as
plasticizer. Mixtures of SPF and UFC (with UFC of 0, 5,
10, 20, 30, and 40 parts) with different glycerol content
(16.67,23.08, 28.57, and 33.33 wt %) were mechanically
mixed at ~4°C. Glycerol was dropped into the mix-
tures. Subsequently, the mixture was aged at 4°C for
24 h in closed containers previously to the molding
processing. The specimens were molded at 140°C and
20 MPa for 5 min and then cooled to ~ 50°C before re-
moval from the mold to obtain the blend sheets. The
composition of the blend sheets is listed in Table II.

Tensile property tests

The tensile properties were examined at room tempera-
ture with a KD-50 tensile tester (Shenzhen Kaiqgiangli
testing instruments, China) according to ASTM D638-
91. Test bars (Type 1B) were die-cut from the blend
sheets according to standard method ASTM D638-91.
The samples were conditioned for 48 h at 23°C and 50%
* 5% relative humidity before testing. The cross-head
speed was 50 mm min ™. Tensile strength at maximum
load and elongation at break were calculated. The
reported results are averages of six samples.

Water absorption measurement

Water absorption was measured by following ASTM
standard method, ASTM D570-81. The blend sheets
were vacuum-dried at 50°C to constant weight. And
then they were cooled in a desiccator, weighed, and
submerged in distilled water at 25°C for 2 and 24 h. The
extra water on the surface of the sheets after water soak-
ing was removed with a paper towel, and weighed
again. Finally, the wet sheets were vacuum-dried at
50°C to constant weight to calculate the water-soluble
matter. Water absorption of the blend sheets (WAgpcet, %)
was calculated according to eq. (1). On the basis of
the hypothesis that coal does not absorb water, the
water absorption per unit mass of SPF (W Agpeer, g H2O
g~ ' SPF) was calculated according to eq. (2).

1.0 g K,HPO,, 0.5 g KH,PO,, 04 g MgSO, - 7H,0, WA oot = Wi — Wy + Ws 1)
0.0075 g CaCl,, and 1 L distilled water. Wo
TABLE II
Composition of Soy Protein Sheets
Blend SPF/UFC/ Blend SPF/UFC/ Blend SPF/UFC/ Blend SPF/UFC/
sheets glycerol sheets glycerol sheets glycerol sheets glycerol
SC0-20  100/0/20  SC0-30  100/0/30  SC0-40  100/0/40  SC0-50  100/0/50
SC5-20 95/5/20  SC5-30  95/5/30  SC5-40  95/5/40  SC5-50  95/5/50
SC10-20 90/10/20 SC10-30 90/10/30 SC10-40 90/10/40 SC10-50 90/10/50
SC20-20 80/20/20 SC20-30 80/20/30 SC20-40 80/20/40 SC20-50 80/20/50
SC30-20 70/30/20 SC30-30 70/30/30 SC30-40 70/30/40 SC30-50 70/30/50
SC40-20 60/40/20 SC40-30 60/40/30 SC40-40 60/40/40 SC40-50 60/40/50
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Wage = M= Wot s ®
SPF

where W is the weight of the sheet containing water;

W), the weight of the dry sheet; W, the weight of the

water-soluble matter; and Wspr is the weight of SPF in

the dry sheet. The values presented are averages of

three specimens.

Isolation and screening of coculture

A 5-g soil sample was added to a 250 mL Erlenmeyer
flask and homogenized with 100 mL distilled water on
an oscillator for 15 min. And then 1 mL of appropriate
100-fold dilution of the supernatant was inoculated
onto the isolation medium mentioned above and kept
at 28°C for 3-5 days. The stock plants of actinomycete
and fungi were carefully isolated from the isolation me-
dium and inoculated onto Gause medium No. 1 and
PDA medium in 90 mm petri dishes, respectively. The
dishes were then kept at 28°C for 7-10 days until the
strains covered the whole medium surface.

Aerobic biodegradation test

The actinomycete and fungi were mixed and dispersed
in the inorganic salt medium mentioned above at con-
centration of one plate per 150 mL to prepare coculture
medium. 1.000 * 0.001 g coal sample was then mixed
with 150 mL the coculture medium in a 250 mL Erlen-
meyer flask, and placed in the incubator in the aerobic
biodegradation system® (Fig. 1) and kept at 28°C. CO,-
free humidified air passed through each reactor at
20 mL/min. The amount of CO, trapped was deter-
mined by titration with standardized 0.1N HCl.

A total percentage biodegradation for each sample
was calculated based on the amount of evolved carbon
(mg) divided by the theoretical carbon in each 1-g sam-
ple. The theoretical carbon in each sample was deter-
mined by the complete combustion of 50-mg sample in
a NETZSCH TG 209C thermogravimetric analyzer at
700°C under an atmosphere of oxygen. The exit gas
from combustion was passed through a series of CO,
traps, and the amount of CO; liberated was determined
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by titration. Based on the hypothesis that coal does not
generate CO, during biodegradation, a total percentage
biodegradation of SPF and glycerol for each sample
was calculated; in this analysis the theoretical carbon in
each sample did not include the carbon from UFC.

Thermogravimetric analysis (TGA)

Specimens were scanned using a NETZSCH TG 209C
thermogravimetric analyzer at different heating rates
(5, 10, 20°C min ') with a pure N, gas flow of 20 mL
min~'. The thermogravimetric data were analyzed
suing Kissinger method,” and the activation energy (E)

was then determined.

Fourier Transform infrared spectroscopy

Fourier Transform infrared spectroscopy (FI-IR) was
performed with a Perkin—-Elmer Spectrum GX facility
with a resolution of 4 cm™?, in the range 4000400 cm .

Scanning electron microscopy

The morphology of the fractured surfaces of tensile
specimens of SC0-30 and SC20-30 was observed using a
JEOL JSM-6460LV scanning electron microscope (SEM)
at an accelerating voltage of 20 kV. The specimens
examined were coated with thin layers of gold using an
Agar sputter coater to enhance conductivity.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analyses were
performed with a Perkin—Elmer PHI 5400 spectrometer
using Mg Ko X-ray source (1253.6 eV) operated at
400 W. Samples were dried in a vacuum at 60°C for 24 h
before test. Survey scans were collected from 0 to 1000 eV
with pass energy of 89.45 eV. A correction for binding
energy was made to account for sample charging based
on the Cls peak at 285.0 eV. The Cls and N1s peaks
were curves resolved using Gaussian line shape.

To study the interfacial interaction between soy pro-
tein and coal, a mixture of SPF and UFC (9:1, w/w) was
molded into sheet (SPF-UFC) for XPS analysis.

Jry passardwo))

11 11 v

Figure 1 Schematic diagram of aerobic biodegradation system. I, air scrubbing system; II, flow rate control system; III,
bioreactor; IV, CO, posttraps. a, NaOH; b, Ba(OH),; ¢, empty bottle; d H,O.
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Figure 2 Tensile strength for soy protein sheets.

RESULTS AND DISCUSSION
Tensile properties

The effect of UFC content on the tensile properties of the
soy protein composites is shown in Figures 2 and 3. The
tensile strength (Fig. 2) of the sheets increases with an
increase in the UFC content up to 10 parts and then
decreases at the same content of glycerol. And the rein-
forcement effect decreases with the increase of glycerol
content. Figure 3 shows the elongation at break of the
soy protein sheets. It can be seen that the elongation at
break of both unfilled and coal filled sheets sharply
decreases with the increase of glycerol. In the glycerol
content range from 166.77 to 28.57 wt %, the elongation
at break of the sheets with 5 parts coal filler are higher
than that of unfilled sheets, and then decreases steadily
on further increasing the content of UFC up to 40 parts.
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Figure 3 Elongation at break for soy protein sheets.
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Figure 4 Water absorption of soy protein sheets.

It has been found that the UFC content ranging from 5 to
30 parts results in the simultaneous enhancement of ten-
sile strength and elongation at break for the blend sheets
with 23.08 wt % glycerol. These results indicate that
glycerol mainly acts as a plasticizer in the blend sheets.

Water absorption

The water absorption of the blend sheets with different
glycerol content decreases with the increase of UFC, as
shown in Figure 4. This trend is much clearer in the case
of the water absorption per unit mass of SPF (Fig. 5),
which was calculated based on the hypothesis that coal
does not absorb water. Generally, hydrogen bands can
be formed between soy protein molecules and glycerol,
then inhibit soy protein absorb water. Thus the water
absorption of the sheets decreases with the increase of
glycerol. It was supposed from the results that some
interactions among hydrophilic groups in coal mole-
cules and soy protein molecules have been occurred
during the compression molding processing.

Thermogravimetric analysis

The thermogravimetric/derivative thermogravimetry
(TG/DTG) curves for SPF, SC0-30, SC10-30, and SC20-
30 are shown in Figure 6. Table IIl summarizes the ther-
mogravimetric parameters for the degradation of the
above samples. For SPF powder, the weight loss up to
~200°C is related to the loss of adsorbed and bound
water. The degradation of SPF undergoes a double-
stages process. The first stage began at ~ 202°C, reached
the maximum decomposition rate at 303°C, and ended
at ca 350°C [Fig. 6(a), Table III]. The mass loss in this pe-
riod is due to the decomposition of soy protein.* After
the first period decomposition the char is about 46.39%
(Table III). The two mass loss peaks observed in DTG
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Figure 5 Water uptake of SPF in the soy protein sheets.

curve indicate that there are two main ingredients with
different thermal stability in SPF. The second stage
(350-850°C) is attributed to the further pyrolysis of the
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char to release volatiles. For SC0-30, three-states degra-
dation process is observed from the DTG curve
[Fig. 6(b)]. The initial degradation temperature for
the first stage decreases to 168°C, and a sharp peak
at ~195°C is observed in the DTG curve [Fig. 6(b),
Table III]. This period is mainly due to the evaporation
of glycerol.>® The mass loss of this period is 35.30%,
which is higher than the glycerol content 23.08%. These
results indicated that the partial decomposition of pro-
tein in SC0-30 sheet has been taken place in this period.
Chen and Zhang®' also found the similar result. The
second stage began at ~261°C, arrived the maximum
decomposition rate at 303°C, and ended at ~351°C.
This stage corresponds to the first degradation stage of
SPFE. The mass loss is due to the decomposition of pro-
tein. After this period the char is about 37.52%, which is
slightly higher than the calculated value (Table III). The
increased thermal stability of protein is due to the inter-
action formed between protein molecules and glycerol
during compression molding process.*! While the third
stage of the further pyrolysis of the char ended at
~630°C, indicating that the thermal stability of the char
is decreased compared to SPF. The reason for this
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Figure 6 TG (solid line) and DTG (dotted line) curves for (a) SPF powder, (b) SC0-30, (c) SC10-30, and (d) SC20-30 plas-
tics measured at a heating rate of 10°C min~! under nitrogen atmosphere.
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TABLE III
Thermogravimetric Parameters for the Decomposition of SPF,
and Soy Protein Plastics

Sample T (°C) Toax. (°C) E: (K] mol™Y) Ex (K] mol™Y) Residue® (%)
SPF 202 303 127 172 46.39
SCO 168 195 78 149 37.52
SC10 164 188 92 163 4461
SC20 169 195 97 169 45.56

2 Initial temperature of decomposition.

b Temperature at maximum degradation rate.

¢ The apparent activation energy for the temperature range of 180-210°C.
4 The apparent activation energy for the temperature range of 280-310°C.
¢ Values determined at 350°C at a heating rate of 10°C min .

decrease is that the continuous network of the protein
matrix was disrupted by the small molecule of glyc-
erol,®" hence further crosslinking reactions of the reac-
tive side groups of amino acids in protein were re-
stricted during pyrolysis.®® The degradation processes
of SC10-30 and SC20-30 are similar to that of SC0-30.
The initial degradation temperature and mass loss
peaks of the first two degradation stages of SC10-30 and
SC20-30 are close to those of SC0-30; but the char resi-
dues at 350°C for SC10-30 and SC20-30 are slightly
higher than the calculated values (Table III). Further-
more, the final decomposition temperature of the third
stages for the further pyrolysis of the char increases
with the increase of UFC (Table III) as compared to that
of SC0-30, indicating that the thermal stability of the
char is increased.

To further investigate the effect of UFC on the degra-
dation behavior of the soy protein composites, the
apparent activation energies (E) at degradation temper-
ature range of 180-210°C (E;) and 280-310°C (E,) were
determined using Kissinger method’ (Table IIT). The E
values for SC10-30 and SC20-30 are higher than that of
SC0-30, and increase as a function of the UFC content.
The E; and E, values shift from 78 and 97 k] mol ! for
SC0-30 sheet t0149 and 169 k] mol ! for SC20-30 sheet,
respectively. The results indicate that UFC can restrict
the evaporation of glycerol due to adsorption of glyc-
erol on porous coal and enhances the thermal stability
of the soy protein composites.

Interfacial interaction

The interfacial interaction between coal and soy protein
was investigated by XPS and FT-IR. The FT-IR spectra
for UFC, SPF, SC0-30, and SC20-30 are shown in Figure 7.
Figure 8 presents the XPS data and deconvolution
results for UFC powder [Fig. 8(a) C1s, b N1s], SPF pow-
der [Fig. 8(c) C1s, d N1s], SPF-UFC sheet [Fig. 8(e) Cls,
fN1s], and SC20-30 sheet [Fig. 8(g) N1s].

In the FT-IR spectrum for UFC [Fig. 7(a)], the broad
absorption band observed in the range of 3680-
3300 cm ™' is attributed to free and bounded —OH and
—NH groups in coal. The adsorption bands between

2970 and 2800 cm ', and 1780-1700 cm ™' are attributed
to the aliphatic —CH, —COOH and C=0 groups.*
The C 1s spectrum from a freshly ground surface of
UFC is shown in Figure 8(a). The peaks at binding ener-
gies of 248.8, 286.1, 287.0, and 288.8 are assigned to
C—H (or C—C), C—0, C=0 (or O—C—0) and
COOH (or COO™) groups.”>° These results indicate
that UFC is a kind of low-rank coal. Generally, low-
rank coal is easily to be degraded by microorganisms.'®
The results of deconvolution of the N 1s signal for UFC,
shown in Figure 8(b), clearly indicate that the greatest
amount of nitrogen occurs in UFC as quaternary nitro-
gen (NH;" or C—NH,"),*** followed by pyrrolic,*
and then pyridinic types.*® The quaternary nitrogen is
easier for microorganisms to use as nitrogen resources
than pyrrolic and pyridinic species.

The FT-IR spectrum for SPF [Fig. 7(b)] shows absorp-
tion bands related to C=0 at 1654 cm ™' (amide I),
N—H at 1542 cm ™! (amide II), the C—N and N—H
(amide TIT) at 1242 cm ".** And the broad absorption
band observed in the range of 3600-3000 cm " is also
attributed to free and bounded —OH and —NH
groups. The C—N: N—CO ratio is 149 in SPF

2915
2852
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Absorbance (a.u.)

1200 800

1600

4000 3600 3200 2800 2400 2000 400

Wavenumbers (cm™)

Figure 7 FT-IR spectra for (a) UFC, (b) SPF, (c) SCO0-30,
and (d) SC20-30.



3140 WANG, ZHOU, AND HU

UFCNIs
- Pyridinic N
----- Pyrrolic N
"""" Quaternary N
Gy
=
C
- Gy
= 5
5 o
z g
4
T T T T T T T T T T
282 284 286 288 290 292 397 398 399 400 401 402 403 404
BINDING ENERGY (eV) BINDING ENERGY (eV)
@ ®)
SPF Cls

SPF N1s

N(E)E, shf

N(EYE, shf

T T T T T T T T T T T T T T T
282 283 284 285 286 287 288 289 290 291 292 397 398 399 400 401 402 403 404

BINDING ENERGY (eV) BINDING ENERGY (eV)
©) (d)
SPF-UFC Cls
- Aromatic C-C
- Hydrocarbon C-C

b=l e

Z Z

5 o

g a

z 4

282 2§4 2é6 2;38 2“)0 292 397 3“)8 3“)9 4(‘)0 4(‘)1 4(‘)2 4(‘)3 404
BINDING ENERGY (eV) BINDING ENERGY (eV)
O] ()
400.6
SC20-30 N1s

o
&
o
a
= |

T T T T T T T T T
392 394 396 398 400 402 404 406 408 410

BINDING ENERGY /eV
(g)
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(a)

[Fig. 8(c)].** It is relatively higher than the ratio of
amide linkage (—C—N—CO—, 1:1). And the XPS N1s
spectrum [Fig. 8(d)] for SPF demonstrate emergence of
C—N and —NH, peaks at 399.2 eV.** These results
suggest the existence of free NH, in SPF. In addition,
the peak at 401.5 eV is attributed to ionic bonds in soy
protein molecules formed between the end groups of
—NH; and —COOH. During compression molding,
the hydrogen bonds and ionic bonds that maintain the
spatial structure of protein will be destroyed to some
extent, and then parts of the —NH, and —COOH
groups are librated.

In the case of SC0-30 [Fig. 7(c)], the characteristic
absorption peaks for glycerol are clearly observed at
1112, 1026, 925, and 850 cm ~.*! These indicate that part
of glycerol molecules presents in free form.*' The pres-
ence of free glycerol also can be found in SC20-30 sheet
[Fig. 7(c)]. These demonstrate that glycerol is mainly act
as a plasticizer in soy protein plastics both with and
without coal filler.

There are reactive functional groups in coal macro-
molecule, such as —OH, —COOH, and aliphatic
groups, based on the FT-IR and XPS analysis. Therefore,
intermolecular interactions (such as hydrogen bonding,
dipole—dipole, and charge—charge) are expected to form
among the active polar amino side chains of soy protein
and coal macromolecules. To study the interfacial inter-
action between coal and soy protein, the fracture of
blend sheet SPF-UFC (SPF:UFC = 9:1 w/w) was ana-
lyzed by XPS. The C 1s spectrum of SFU-UFC is shown
in Figure 8(e). It demonstrates a hydrocarbon 4}2>eak at
285.4 eV, an aromatic carbon peak at 284.4 eV** and a
small portion of COOH (4.13%). In the N 1s spectrum of
SPF-UFC [Fig. 8(f)], the nitrogen from UFC is almost
negligible, because its content is much lower than that
from soy protein. Thus the nitrogen species mainly

3141

(b)

Figure 9 SEM images for the fractured surface of (a) SC0-30 and (b) SC20-30.

reveal the presence of nitrogen in SPF after compression
molding with UFC. Comparing with the N 1s spectrum
of SPF, the percent of free NH, in SPF-UFC obviously
decreases. Meanwhile, the amide group increases. But
the increase of newly formed amide linkages cannot be
identified in the XPS N1s signal for the fracture of SC20-
30 [Fig. 8(g)]l. The spectrum shows a gross peak at
400.6 eV. The change of N species is difficult to identify.
The possible reason for this may be the high content of
glycerol in the fracture of SC20-30.

In the FT-IR spectrum for SC20-30 [Fig. 7(d)], the in-
tensity of the absorption related to the amide linkages
at 1647 cm ™' and the —NH groups at 1545 and
1237 cm ™! decrease because of the partially breaking of
amide linkages and decrease of —NH, respectively,
[Fig. 7(d)]. These results demonstrate that some of the
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Figure 10 Mass of carbon released by samples exclusively
(corrected for presence of coculture).
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protein chains are destroyed during compression
molding processing. And the —COOH groups in the
coal have reacted with the amine groups from the reac-
tive side chains in soy protein to form amide linkages.
The new amide linkages, however, are not observed in
the FT-IR spectrum of SC20-30 due to the already pres-
ence of large number of amide linkages in the backbone
of the soy protein. Nevertheless, the shift of the amide I
adsorption from 1662 cm ™" in SC0-30 to 1647 cm™ ' in
5C20-30 have proved the formation of new amide link-
ages, because these amide linkages are conjugated with
the aromatic rings in coal.

When the content of UFC is relatively low, a core—
shell network is formed, in which the UFC ultrafine
particles are surrounded by protein chains, resulting in
the enhancement of tensile strength and elongation at
break. Further increment of coal filler leads to the
aggregation of UFC particles, which restricts the forma-
tion of the core—shell network mentioned earlier. Hence
the tensile properties are decreased. Additionally the
linkages of chemical bonding and hydrogen bonding
reactions between the hydrophilic groups in protein
and coal macromolecules result in the decrease water
absorption of the blend sheets.

The SEM images of the fracture surfaces for SC0-30
and SC20-30 sheets are shown in Figure 9. The SC0-30
[Fig. 9(a)] sheet exhibits a relatively smooth fracture.
However, the fractured surface of SC20-30 [Fig. 9(b)] is
more coarse and ductile. It has been noted that coal par-
ticles still are enwrapped in the protein matrix, this is in
agreement with the results of interfacial interaction,
and indicates there is some miscibility of coal macro-
molecules and protein macromolecules.

Effect of UFC on biodegradability

To investigate the effect of coal filler on the biodegrad-
ability of soy protein plastics, the soy protein plastics
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Figure 11 Percent biodegradation of samples by hours.
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Figure 12 Percent biodegradation of soy protein and
glycerol for each sample by hours.

with relatively higher tensile properties were used in
biodegradation test. UFC powder was used as negative
control. SC0-30 (without coal filler) was used as positive
control.

As shown in Figure 10, UFC yields no significant bio-
degradation during the test. The biodegradation prod-
uct probably exists in the form of humic acid.*® There-
fore, the total percentage biodegradation of the UFC
filled soy protein plastics decreases with the increase of
UFC (Fig. 11). More than 85% of SC0-30 is biodegraded
after a period of 37 days biodegradation. It is close to
the soy protein plastic degraded in soil.'* Taking into
consideration of UFC yielding no significant CO,, the
percentage biodegradation of SPF and glycerol for each
sample was calculated (Fig. 12). According to Figure 12,
a decreasing percent biodegradation of soy protein and
glycerol can be noted for the samples with UFC filler.
This may be caused by the inhibition of coal to some
microorganisms’ metabolism.?® Nevertheless, all sam-
ples show close total percentage biodegradation at the
end of biodegradation test. This suggests that, at least,
coal had no significantly negative effect on the biode-
gradation of soy protein and glycerol.

Upon the interfacial interaction analysis, some pro-
tein chains are bonded to the surface of coal. The pro-
tein can accelerate coal residues converting to humic
acids and water-soluble matters hence accelerate the
biodegradation of coal.*®

CONCLUSIONS

Ultrafine coal filler (UFC) reinforced soy protein plas-
tics with higher tensile strength and water resistance
were prepared by compression molding processing.
The addition of coal in the soy protein plastics can
improve the mechanical properties in a large extent.
At the same time, enhance the water resistance of the
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plastics. The thermal stability also increases with an
increase of UFC content, evidencing by the apparent
activation energy shifted from 78 and 97 kJ mol ' for
SC0-30 sheet t0149 and 169 k] mol ' for SC20-30 sheet
at degradation temperature range of 180-210°C
and 280-310°C, respectively. The strong interactions
between coal and soy protein, such as hydrogen bond
and amide linkages, are the main reason for the
enhancement of mechanical properties and water re-
sistance of the soy protein plastics. As filler, UFC almost
not affects the biodegradability of soy protein plastics.
Furthermore, the biodegradability of coal can be
enhanced, because some protein chains bond to the sur-
face of coal particle.
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