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ABSTRACT: A series of water-resistant composites were
successfully prepared from a mixture of soy dreg (SD),
castor oil, and 2,4-toluene diisocyanate (TDI) by a one-step
reactive extrusion (REX) process. The structure and proper-
ties of the composites were characterized by Fourier trans-
form infrared spectroscopy, scanning electron microscopy,
differential scanning calorimetry, dynamic mechanical anal-
ysis, tensile testing, and swelling experiments. The results
indicated that the toughness of the composites prepared
from castor oil based polyurethane and SD was significantly
improved. In this case, TDI played an in situ compatibiliza-
tion role through the crosslinking reaction of —NCO groups
with —NH,, —NH—, and —OH groups in SD and castor

oil. With an increase in the molar ratio of —NCO groups of
TDI and —OH groups of castor oil, the degree of crosslink-
ing, tensile strength, glass-transition temperature, water re-
sistivity, and solvent resistivity of the composites increased.
With an increase in the SD content of the composites, the
tensile strength and solvent resistivity of the composites
increased because of the reinforcement of the cellulose com-
ponent in SD. This work provided a simple and effective
way of preparing SD-based composites by a REX process.
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INTRODUCTION

Commercially available soy products such as soy pro-
tein isolate (SPI), soy flour (SF), and soy protein con-
centrate (SPC) have been regarded as biodegradable
polymer resources with extensive applications in ad-
hesives, plastics, and biomedical fields.' Soy dreg
(SD) is an abundant byproduct from the isolation pro-
cess of soy protein, which mainly contains cellulose,
dietary fiber, and soy protein.® Great attention has
been paid to research on SPI and SF to make soy-based
plastics in recent years,” ! whereas the efforts with SD
have been too little.%** The difficult processibility re-
sults from no effective ways of dissolving or melting
SD, and the poor water resistivity of SD is caused by
hydrophilic groups in the protein and cellulose mo-
lecular chains. Thus, it is most important for the de-
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velopment of SD in material fields to enhance its pro-
cessibility and water resistivity.

Reactive extrusion (REX) is an effective way of mod-
ifying polymers. A one-step process is to directly mix
compatibilizers containing reactive groups with two
or more polymers having incompatibility or bad com-
patibility.'®> The compatibility of the polymers in this
system can be greatly improved because of the obvi-
ous in situ compatibilization of the reactive compatil-
izers.'”>'* Zhong and Sun'' reported that 0.5-5 wt %
methylene diphenyl diisocyanate plays a role in the
enhancement of the compatibility of blends of SPI and
polycaprolactone (PCL). The compatibility, tensile
strength, and water resistivity of SPI/PCL blends can
be improved by the reaction of —NCO groups with
the end reactive groups in SPI and PCL in a one-step
REX process. Recently, Narayan et al.'® reported that
biodegradable blends could be prepared by a REX
process from SPC and polyester with glycerol as a
compatibilizer. However, except for the interactions
between functional groups of the protein with glycerol
under the conditions of a high temperature and a high
shearing force, no other chemical reactions happened
in that case.

Castor oil (CO), another natural material, has been
used to enhance the water resistivity of wood-based
tools via coatings on wood baskets, wood basins, and
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TABLE 1
Compositions and Data of DSC and DMTA of the Composite Sheets
DSC DMTA
Sample R Wsp % Wipe % Weo %° T, (°C) T, (°C) tan 8.,
STC-50-0 2.00 50.0 16.8 33.2 22.4 49.0 0.26
STC-50-1 1.67 50.0 14.8 352 4.70 33.3 0.34
STC-50-2 1.33 50.0 12.6 37.4 —3.30 22.2 0.45
STC-50-3 1.00 50.0 10.1 39.9 —24.3 —1.80 0.68
STC-60-0 2.00 60.0 13.4 26.6 14.7 40.0 0.21
STC-60-1 1.67 60.0 11.8 28.2 — 28.2 0.26
STC-60-2 1.33 60.0 10.0 30.0 — 11.8 0.30
STC-60-3 1.00 60.0 8.1 31.9 — —5.30 0.47
STC-70-0 2.00 70.0 10.1 19.9 9.90 37.8 0.15
STC-70-1 1.67 70.0 8.8 21.2 — 21.1 0.19
STC-70-2 1.33 70.0 7.5 22.5 — 10.9 0.23
STC-70-3 1.00 70.0 6.0 24.0 — —29.5 0.25

@ Weight percentage of in the original mixtures.

boats in China for thousands of years.'® As its contains
three reactive —OH groups in each molecule, it is
always used to prepare polyurethane (PU). The struc-
ture and properties of natural polymer-based PU
could be improved with CO as the soft segment of
PU." In practice, it is difficult to blend CO with SD
because of their incompatibility. However, blending
incompatible materials together with diisocyanate
through a one-step REX process is an effective way of
enhancing their compatibility. In this case, the —NCO
groups in diisocyanate may react with —OH groups
in CO and other natural polymers to form new PU
molecular chains. Therefore, we attempted to prepare
water-resistant composites by mixing SD, 2,4-toluene
diisocyanate (TDI), and CO together and then ex-
truded and compression-molded the mixture by in
situ reactions. The effects of the molar ratio (R) of
—NCO and —OH groups and the content of SD on
the structure and properties of the composites were
investigated in this work.

EXPERIMENTAL
Preparation of the composite sheets

SD, supplied by DuPont Yunmeng Protein Technol-
ogy Co. (Yunmeng, China), was milled through an
80-mesh sieve and then treated with acetone and vac-
uum-dried for 24 h at 60°C. The main components of
SD were determined to be about 77 wt % cellulose, 12
wt % protein, and 11 wt % polysaccharide.® TDI, sup-
plied by Shanghai Chemical Reagent Co. (Shanghai,
China), was vacuum-dried at 80°C for 2 h before use.
CO (hydroxyl value = 163) from Zhenzhou Chemical
Factory (Zhenzhou, China) was vacuum-dried at
100°C for 24 h before use.

A mixture of SD, CO, and TDI was pestled in a
mortar for 30 min and then extruded by a single-screw
extruder (PolyDrive with Rheomex R252, Thermo-

Haake, Karlsruhe, Germany; diameter = 19.1 mm,
length/ diameter = 25 : 1). The screw rotation speed
was 12 rpm, and the temperature profile along the
extruder barrel was 100, 110, and 120°C (from the feed
zone to the exit). The extrusion process was repeated.
The blends that exited from the extruder were imme-
diately compression-molded by a hot presser (769YP-
24b, Tianjin Science and Technology Co., Tianjin,
China). The procedure was as follows: 3 g of the
material was placed in a mold and covered with a
polished stainless steel plate on both sides. The tem-
perature of the molding was controlled to be 120°C,
and the pressure was quickly increased from 0.5 to 20
MPa for 1 min and then retained for 7 min. The mold
was cooled to 50°C with a fan at a rate of 10°C/min.
The sheet was released from the mold and stored in a
desiccator. R of —NCO groups from TDI and —OH
groups from CO was 2.0, 1.67, 1.33, and 1.0, respec-
tively; the weight percentage of SD (Wgp) in the blends
was 50, 60, and 70%, respectively. By changes in R and
Wep, a series of sheets (STC series) based on SD, TDI,
and CO were prepared. The codes and compositions
of the samples are listed in Table I.

Characterization

Attenuated total reflection/Fourier transform infrared
(ATR-FTIR) spectra of the samples were recorded on
a Fourier transform infrared (FTIR) spectrometer
(1600, PerkinElmer Co., Wellesley, MA). The samples
were taken at random from the flat sheets, and data
were collected over 16 scans with a resolution of 4
cm™ ! at room temperature. The SD powder was mixed
with KBr to laminate it for the FTIR analysis in a range
of wave numbers from 4000 to 400 cm .

The morphology was observed on a scanning elec-
tron microscope (5-570, Hitachi, Ibaraki, Japan) with
20 kV as the accelerating voltage, and the images were
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obtained by a high-resolution imaging treatment sys-
tem (HLPAS-1000, Tongji Medical College, Huazhong
University of Science and Technology, Wuhan,
China). The samples were frozen in liquid nitrogen
and fractured immediately, and then the cross sections
were coated with gold for scanning electron micros-
copy (SEM) observation.

Differential scanning calorimetry (DSC) was mea-
sured on a DSC-204 apparatus (Netzsch Co., Selb,
Germany) under a nitrogen atmosphere at a heating
rate of 10°C/min from —80 to 200°C. Before the test,
the specimens were heated from room temperature to
100°C to remove moisture and then cooled to —80°C
with liquid nitrogen.

Dynamic mechanical thermal analysis (DMTA) was
carried out on a dynamic mechanical thermal analyzer
(DMTA-V, Rheometric Scientific Co., Piscataway, NJ)
at a frequency of 1 Hz. The samples were dried in a
desiccator containing P,O5 for 3 days before the test.
The test temperatures ranged from —100 to 300°C with
a heating rate of 5°C/min.

The tensile strength and the elongation at break of
the sheets in the dry state (o3, and ¢, respectively)
were tested on a universal testing machine (CMT6503,
Shenzhen SANS Test Machine Co., Ltd., Shenzen,
China) according to ISO527-2:1993 with a tensile rate
of 50 mm/min. The mean values of o, and g, were
obtained from more than three specimens, and the
standard deviations were calculated. The sheets were
immersed in water at 25°C for 1 h, and then the tensile
strength and elongation at break of the sheets in the
wet state [0y yery aNd &jyer), respectively] were mea-
sured in the same way mentioned previously.

The water absorption (W,) was determined accord-
ing to ASTM Standard D570-81 with minor modifica-
tion. The samples were vacuum-dried at 50°C for 24 h.
Subsequently, they were cooled in a desiccator for a
few minutes, weighed (W,), and submerged in dis-
tilled water at 25°C for 26 h. The sheets were taken
out, the surface moisture was wiped off with a paper
towel, and then the sheets were weighed (W;). After
the sheets were removed from water, they were vac-
uum-dried at 50°C for 24 h and weighed again (W,).
W, was calculated as follows:

W, = {[(W1 = Wy) + (Wy — W2)]/Wo} X 100% (1)

The percentage of weight loss (W,,) of the membranes
in water was calculated as follows:

Wy, = [(Wo — W2) /W] X 100% (2)

The swelling procedure of the sheets in toluene was
tested according to Favre’s method with minor mod-
ification.'® The initial dry weight (W,) of the samples
was measured, and then the samples were immersed
in a sealed flask containing toluene for 5 days to be
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balanced. The swollen samples were taken out, the
excess solvent on the samples was quickly wiped off,
and the samples were weighed (W,). At last, the sam-
ples were vacuum-dried at 50°C for 24 h and weighed
again (W,). The swelling ratio (S) and the percentage
of weight loss of the samples in toluene (W, were
calculated as follows:

S = [(W, — W,/ W,] X 100% (3)

W = [(W; — Wy)/Wi] X 100% (4)

RESULTS AND DISCUSSION
Structure and morphology

FTIR spectra of SD powder and ATR-FTIR spectra of
the STC-50-0, STC-50-3 and STC-70-0 composite sheets
with different R and Wy, values are shown in Figure
1. No obvious absorption of —NCO groups (at ca.
2272 cm™ 1) in the ATR-FTIR spectra of the resulting
composites can be observed; this indicates the absence
of free —NCO groups. The absorption of N—H and
O—H at about 3374 cm ™' in SD shifts to a lower
wavelength as a result of the reactions between
—NH,, —NH—, and —OH groups in SD and —NCO
groups in TDI; this indicates the N—H stretching oc-
curred with hydrogen bonding.” The decrease in the
relative intensity at 1651 cm™ " (ve_g, amide I)*! in SD
and the increase at 1724-1732 cm ™! (vc_g, in urethane
linkages) in the composites suggest that new urethane
bonds formed in the composites.”> At the same time,
the increase in the relative intensity at about 1530
cm ' (81 + Vc_o in urea linkages, amide II) and
1219 cm ™! (8 + Sy in urea linkages, amide IIT)
indicates the formation of new urea bonds in the com-
posites.”>*® The results from ATR-FTIR show that the
—NCO groups in TDI reacted with —NH,, —NH—,
and —OH groups in SD and CO to from new urea and
urethane bonds. In general, —NH,, —NH—, and
—OH groups compete with one another when they
react with —NCO groups, and —NH, exhibits higher
reactivity than the —OH group. However, under the
conditions of a high temperature and shearing force in
the extrusion process, the —OH groups in CO also
exhibited high reactivity with —NCO groups. There-
fore, TDI played an in situ compatibilization role by its
reaction with SD and CO simultaneously in the com-
plex system, resulting in an increase in the compati-
bility of SD and CO and an enhancement of the pro-
cessibility of the mixtures.

Because there are two —NCO groups in every TDI
molecule, three —OH groups in every CO molecule,
and many reactive groups such as —NH,, —NH—,
and —OH in every protein and cellulose molecular
chain, the formation of PU crosslinking networks was
undoubted in the reaction and compression-molding
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Figure1 IR spectra of the SD powder and composites with
different R and Wy, values.

process. In this case, TDI molecules acted as bridges to
crosslink CO, soy protein, and cellulose molecules
together to form PU networks. The degree of the
crosslinking networks increased with an increase in
the R value. Most of the soy protein, CO, and cellulose
reacted with TDI during this process. However, the
cellulose, protein, and CO, which did not react with
TDI, were filled in the networks as fillers. TDI greatly
enhanced the compatibility of SD and CO, which were
incompatible because of the hydrophilicity of SD and
hydrophobicity of CO.

SEM images of cross sections for composite sheets
with different R and Wy, values are shown in Figure
2. Because SD contains several components and more
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complex components formed in the heterogeneous re-
action and extrusion process, multiphases with differ-
ent components were observed in the cross sections.
From STC-50-0 to STC-60-0 to STC-70-0 in Figure 2,
the roughness and phase separation in the cross sec-
tions of the sheets with the same R value (2.0) and
different Wqp values (50, 60, and 70 wt %) increased
with an increase in Wgp. From STC-50-0 to STC-50-1 to
STC-50-2 to STC-50-3, when Wgp, (50 wt %) was the
same, the roughness in the cross sections of the sheets
increased with a decrease in R from 2.0 to 1.0. This
showed that the adhesion and compatibility of the
components decreased with an increase in Wgp and a
decrease in R.

Thermal and mechanical properties

DSC thermograms are shown in Figure 3, and the
corresponding data for the composites are listed in
Table I. The glass-transition temperature (T,) from
—24 to 22°C has been assigned to T, of the PU com-
ponent in the composites because cellulose and soy
protein, the main components in SD, have no obvious
glass transitions in this temperature range. For the
composites with the same Wgp, value (50 wt %), T, of
the PU component increased from —24.3 to 22.4°C
with an increase in R from 1 to 2.0 as a result of an
increase in the degree of crosslinking with an increase
in the TDI content** [weight percentage of TDI (Wxpy)]
from 10.1 to 16.8 wt %. For the composites with the
same R value (2.0), T, decreased from 22.4 to 9.9°C
with an increase in Wy, from 50 to 70 wt %. However,
Wipr is not the only factor influencing T,. For exam-
ple, T, in the STC-50-3 sheet (R = 1.0, Wgp = 50 wt %,
Wipr = 100 wt %, T, = —24.3°C) is very different
from that in STC-70-0 (R = 2.0, Wgp = 70 wt %, Wypy
=10.1wt %, T, = 9.9°C). Therefore, the value of R also
has a great effect on T, of the PU component in the
composites because of the effect of R values on the
microphase structure of the composites. In this case,
SD competes with CO to react with TDI in a mixture of
TDI, CO, and SD. Therefore, with an increase in the R
values, SD has more chances than CO to react with
TDI, and this results in the formation of more rigid PU
chains and more crosslinking domains containing cel-
lulose and protein molecules and in an increase in T,
of the PU component in the composites.

The dependence of tan 6 on the temperature for
composites with different R and Wgp, values is shown
in Figure 4, and the corresponding data are summa-
rized in Table I. The « transition in DMTA corre-
sponds to the glass transition of PU. For the compos-
ites with the same Wgp, value (e.g., Wgp = 50 wt %),
with an increase in R from 1.0 to 2.0, T, of the PU
component increased from —1.8 to 49°C, and the
height of the tan & peak decreased from 0.68 to 0.26;
this indicated that the increase in the R value in-
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Figure 2 SEM images of cross sections of composite sheets with different R and Wy, values.

creased the degree of crosslinking and limited the
motion of PU molecules. When the R value was the
same (e.g., R = 2.0), T, decreased, and the height of the
tan & relaxation peak decreased with an increase in
Wsp. Multipeaks occurred in the composite with Wgp,
= 70 wt %, and the height of tan § and T, decreased as
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Figure 3 DSC thermograms of composite s with different R
and Wy, values.

a result of the decrease in the TDI and CO contents in
the composites. In this case, more complex compo-
nents containing crosslinked PU and uncrosslinked
SD coexisted to result in multimolecular motions, and
the crosslinking network and compatibility decreased.
Therefore, the result from DMTA showed that the
composites prepared with higher R values and lower
Wqp values exhibited a higher degree of crosslinking.
The T, value obtained from DMTA was about 30°C
higher than that measured by DSC because of the
dynamic nature of the DMTA test.>> A similar phe-
nomenon was observed in other PU and PU interpen-
etrating networks modified by natural polymers.'”*

Figure 5 shows the effects of the R value on ¢, and
g;, of composite sheets. In comparison with composites
prepared from SD with glycerol,®'? the composites
prepared from TDI, CO, and SD exhibited higher o,
g, and toughness because of the introduction of
—NCO groups and the formation of PU molecular
chains. With an increase in the R value, o}, increased
rapidly. o3, of the composite with R = 2.0 and Wgp
= 70 wt % reached 22.4 MPa. For the composites with
the same Wq, value (50 wt %), with an increase in R
from 1.0 to 2.0, oy, increased from 1.82 to 15.9 MPa,
indicating the great effect of the R value on the tensile
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Figure 4 Dependence of tan & and the storage modulus
(log E') on the temperature for composite sheets with dif-
ferent R and Wy, values.

strength. With an increase in the R value, the degree of
crosslinking increased, and this resulted in an increase
in the tensile strength of the composite.”” " At the
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same R, oy, also increased with an increase in Wqp, as a
result of the reinforcement of the cellulose component
in SD. With an increase in Wgp, &, of the composites
increased as a result of the decrease in the crosslinking
network. The composite with R = 1.33 and W, = 50%
exhibited the highest g, value. It has been reported
that PU-based composite materials prepared by a one-
step REX exhibit higher o, values than those by a
two-step REX when the compositions are the same.?®
In comparison with the two-step REX in our work
with the same R and Wgp, values, the advantages of the
one-step REX are as follows: the processing is shorter;
the tensile strength, water resistivity, and solvent re-
sistivity are higher on the whole; and the TDI content
in composites with similar properties is lower.

Op(wety AN Ep ey Of the composite sheets are shown
in Figure 6. The 0y values of the composites are
lower than the o}, values shown in Figure 5. However,
the &) values are higher than the g, values of the
sheets as a result of the plasticization of water to the
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Figure 5 Effects of R on o0, and g, of composite sheets.
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Figure 6 Effects of R on 0,y and g,y of composite
sheets.

Water and solvent resistivity

W, and W, of the composites dipped in water are
shown in Figure 7. The results indicated that the W,
values ranged from 32 to 68%. The water resistivity of
the composites increased with an increase in R as a
result of an increase in the degree of crosslinking. W,
of the composites dipped into water for 24 h was less
than 4%, indicating that the formation of a PU
crosslinking network greatly inhibited the SD compo-
nent in the composites from dissolving into water.
With an increase in the R value, both W, and W, of the
composites decreased, and this resulted in an increase
in the water resistivity. Interestingly, the composite
with R = 1.33 exhibited the highest elongation at
break and water resistivity. This suggested that the
important factors affecting the physical properties of
the composites included not only the degree of
crosslinking, decided by R, and Wgp, but also a certain
R value of the —NCO groups reacted with SD and the
—NCO groups reacted with CO.

S and W, of the composites in toluene are shown in
Figure 8. With an increase in the R value, the S value
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decreased as a result of the increase in the degree of
crosslinking. With an increase in Wgp, the S value also
decreased, and this was attributed to the oleophobic
SD crosslinking with CO in the composites. Therefore,
the sheets exhibited a certain toluene resistivity. Their
weight loss mainly came from the unreacted CO and
linear PU molecules. W, of the composites with R
= 1.0 ranged from 4 to 6.5%, and this indicated that a
small amount of CO did not react with TDI and was
easily dissolved in toluene. However, W, of the com-
posites with R > 1.33 was less than 1%, and this
suggested that most CO reacted with TDI to form a
crosslinking network. This indicated that the —OH
groups in CO easily reacted with —NCO groups in
TDI at a certain temperature and pressure. In a word,
TDI played an in situ compatibilization role by the
crosslinking reaction of —NCO groups with —NH,,
—NH—, and —OH groups in SD and CO during the
one-step REX process, which greatly contributed to
the improvement of the processibility, mechanical
properties, water resistivity, and solvent resistivity of
the composites.
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Figure 7 Effects of R on W, and W, of composite sheets
with different Wy, values.
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CONCLUSIONS

A series of composite sheets based on SD and CO were
successfully prepared by a one-step REX and com-
pression-molding process without the addition of a
plasticizer. The composites exhibited good mechanical
properties, water resistivity, and solvent resistivity as
a result of the formation of a crosslinking structure.
TD], as the reactive compatibilizer, played an impor-
tant role in in situ compatibilization during the REX
process, leading to an improvement of the compatibil-
ity between SD and CO. The R value of —NCO groups
from TDI and —OH groups from CO and Wgp, in the
original mixture had great effects on the structure and
properties. With an increase in R, the degree of
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crosslinking increased, and this improved the proces-
sibility, T,, tensile strength, water resistivity, and sol-
vent resistivity of the composites. With an increase in
Wsp, the tensile strength of the sheets increased,
whereas S of the composites decreased. In comparison
with the two-step process, the one-step REX process
provided shorter processing, better properties, and a
more environmentally friendly formula and process.
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