
J7877 

Alkali-Modified Soy Proteins: Effect of Salts and Disulfide 
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ABSTRACT: Soy protein isolates were treated with NaCI, 
Na2SO4, or Na2SO 3 (disulfide bond-cleaving agent) at a pH of 
10.0 and 50~ and the effects of these salts on viscosity, adhe- 
sive strength on woods, and water resistance of the treated iso- 
lates were investigated. Viscosity and adhesive strength de- 
creased with increasing concentrations of these salts. At a con- 
centration of 0.1 M, these three salts reduced the viscosity of 
soy proteins with no significant adverse effects on adhesive 
strength and water resistance. Addition of 0.1 M NaCI, Na2SO 4, 
or Na2SO 3 reduced adhesive strength insignificantly from 1230 
N to 1120, 1060, or 1013 N, respectively. The viscosity of pro- 
tein isolate modified at pH 10.0 and 50~ in the absence of salts 
was >30,000 cP. Treatment with NaCI or Na2SO 4 resulted in 
viscosity reductions to 6000 or 1050 cP, respectively. The 
Na2SO 3 treatment yielded an isolate with the lowest viscosity 
of 110 cP and which retained adhesive and water-resistive 
properties. The water resistance of modified soy proteins with 
and without 0.1 M Na2SO 3 treatment was not significantly dif- 
ferent with 3.3 and 6.6% cumulative delaminations occurring 
after four water soaking cycles. Treatment with 0.1 M Na2SO 3 
resulted in an isolate with a 28% decrease in disulfide linkages. 
IAOC$ 73, 1063-1066 (1996). 
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Soy proteins have long been used as ingredients in wood ad- 
hesives (1,2). However, petrochemical products have re- 
placed the use of soy proteins in wood adhesives because they 
are comparatively inexpensive and have superior qualities. 
High adhesive strength, water resistance, and low viscosity 
are the basic requirements for a wood glue. Improved adhe- 
sive strength and water resistance have been observed for ad- 
hesives prepared from alkali-modified soy proteins (3). How- 
ever, alkali-modified soy proteins had high viscosity (>30,000 
cP at 14% solids concentration). The high viscosity of the 
modified soy proteins is a result of increased intermolecular 
interactions due to unfolded protein molecules. A possible ap- 
proach to solving this problem is to minimize this intermole- 
cular interaction. The major forces that facilitate such inter- 
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actions are electrostatic and covalent disulfide bondings. 
Hence, any physicochemical factors that weaken or disrupt 
these forces will minimize these interactions. 

Ionic environments weaken the electrostatic interactions 
between protein molecules by electrostatic shielding. An 
ionic environment affects the solubility of proteins as a result 
of its effect on protein-protein and protein-solvent interac- 
tions. The effect of ionic strength on functional properties of 
soy proteins, such as emulsification, foaming, water binding, 
and gelation, has been well documented (4--6). 

Reducing agents, such as sulfites, cleave the inter- and in- 
tradisulfide bonds in protein molecules. The presence of 
disulfide bonds in native protein molecules affects their flexi- 
bility and unfolding properties. Cleavage of disulfide bonds 
by reducing agents leads to an increase in surface hydropho- 
bicity, foaming capacity, and foam stability (7). German et al. 
(8) showed that foaming and foam stability of soy 11S globu- 
lin was improved by reducing disulfide bonds. Klemazewski 
and Kinsela (9) observed improved emulsion properties of 
whey proteins as a result of disulfide bond cleavage. Hence, 
the effect of disulfide bonds on functional properties may de- 
pend on the type of proteins and thiol/disulfide interactions. 
Sulfites (7,10) and thiols (11,12) have been widely used to 
cleave disulfide bonds in proteins. 

Circle et al. (13) reported the effects of ionic salts, lipids, 
polysaccharides, and disulfide-reducing agents on the viscos- 
ity of soy protein dispersions. A decrease in viscosity of soy 
protein dispersions was observed with the addition of ionic 
salts and disulfide-reducing agents. 

The objectives of this work were to investigate the effect 
of treating soy protein isolate with NaCI and Na2SO 4, and 
with a disulfide reducing agent, Na2SO 3, on viscosity, water 
resistance, and adhesive strength of modified soy proteins. 
Chloride and sulfate were selected as ionic salts because of 
inherent differences in their effect on solubility profiles of soy 
proteins (6). 

EXPERIMENTAL PROCEDURES 

Materials. Soy protein isolate (Ardex D, a general-purpose 
food-grade protein) was obtained from Archer Daniels Mid- 
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land Co. (Decatur, IL). All chemicals were from Sigma 
Chemical Company (St. Louis, MO). Soft-maple wood 
blocks (5 x 2 x 0.3 cm) were purchased from White River 
Hardwoods, Woodworks, Inc. (Fayetteville, AR). 

Alkali-modified soy proteins. Alkali-modified soy proteins 
were prepared by the method of Hettiarachchy et al. (3) with 
the following modification to incorporate ionic salts and 
disulfide-reducing agent. Ten-gram amounts of soy protein 
isolate (SPI) were dispersed in 140 mL of deionized water 
and stirred magnetically for 10 min to obtain uniform disper- 
sions. Dispersions were then adjusted to 0.0, 0.1, 0.2, 0.5, or 
1.0 M with NaCI, Na2SO 4, or NazSO 3. Each resulting disper- 
sion was adjusted to pH 10.0 with 1 N NaOH and incubated 
in a shaker at 180 rpm for 1 h at 50~ These products were 
frozen at -5~ freeze-dried, and stored at ambient tempera- 
ture (23~ 

Adhesive strength. The procedures used for gluing of wood 
pieces and for determining adhesive strengths were as de- 
scribed by Kalapathy et al. (14). The reader is referred to this 
reference for details of the procedures. One hundred mil- 
ligrams of 8.0% (w/w) protein solution was placed on oppo- 
site ends of a wood piece (5 x 2 • 0.3 cm) and spread on an 
area of 2 • 2 cm to give a protein concentration of 2.0 mg/cm 2. 
Two other wood pieces of similar size were superimposed on 
these glued areas and pressed with a load of 5 kg for 2 h. A 
total of 5 blocks per treatment were prepared. The glued wood 
pieces were allowed to dry overnight at ambient conditions. 
The force (N) required to shear the glued wood pieces was 
measured with an Instron Model 1011 (Instron Corporation, 
Canton, MA) by pulling them apart from two edges at a load- 
ing rate of 20 mm/min, and was expressed as adhesive strength 
of protein glue. All values for the adhesive strength reported 
are means of five measurements. 

Water soaking test. A total of 30 blocks per treatment were 
prepared. The glued wood pieces were placed in a 4-L con- 
tainer, submerged in 4 L of tap water (23~ and allowed to 
soak for 24 h (a weight was used to keep the wood pieces sub- 
merged). The wood pieces were air-dried at ambient tempera- 
ture (23~ for 10 h under a fume hood with fan-forced air cir- 
culation. The wood pieces were subjected to four additional 
cycles of soaking and air-drying treatments. After each cycle, 
wood pieces were examined for delamination, and the delami- 
nated wood pieces were removed. The percentage of the total 
number of glue joints that were delaminated was used as an 
indicator of lack of water resistance of the protein adhesive. 

Viscosity. Viscosity of modified soy protein adhesives at 
14% solid dispersions was determined by Brookfield vis- 
cometer (Stoughton, MA). Industrial formulation of adhe- 
sives requires a viscosity of <5000 cP at 20% solids (personal 
communication, National Casein). However, in the case of 
soy protein adhesives, 20% solids gave a paste rather than a 
dispersion. Hence, the highest possible concentration of 14% 
that gave uniform dispersions with all protein samples was 
selected for viscosity measurement. However, an 8% disper- 
sion was used to glue wood pieces because it gave uniform 
spread on wood during the adhesion. The spindle speed was 

20 rpm. All measurements were made in duplicate at ambient 
temperature (23~ 

Sulfhydryl (SH) and disulfide (SS) content of proteins. The 
SH and total SH/SS contents were determined with 5,5'- 
dithiobis(2-nitrobenzoic acid) (DTNB) according to the 
method of Beveridge et al. (i5). Modified soy protein sam- 
ples (100 mg) were suspended in 10.0 mL of 0.08 M Tris- 
glycine buffer (pH 8.0), containing 8 M u r e a  a n d  3 mM eth- 
ylene diaminetetraacetic acid (EDTA), and stirred for 1 h. Ten 
milliliters of 12% trichloroacetic acid (TCA) was added to 
this solution, vortexed, and incubated for 1 h at 23~ The so- 
lution was then centrifuged at 12,000 rpm for 10 rain. The 
precipitate was washed twice with 5 mL 12% TCA to remove 
Na2SO 3 and resuspended in 10 mL Tris-glycine buffer that 
contained urea and EDTA. 

For SH determination, 4.5 mL of Tris-glycine buffer with 
urea and EDTA, and 0.05 mL DTNB reagent (4 mg/mL) were 
added to 0.5 mL of the above solution. Absorbances were 
measured at 412 nm, and the SH contents were calculated at 
an extinction coefficient of 13.6 mM -t. 

For total SH/SS, 50 taL mercaptoethanol was added to SPI 
suspended in Tris-glycine/urea/EDTA buffer and stirred for 
1 h at 23~ The total SH/SS was determined from this solu- 
tion as described above for alkali-modified soy proteins. 

Statistical analysis. The general linear models procedure 
(SAS Institute, Cary, NC) was used for data analysis. The dif- 
ferences between means were tested with Tukey's studentized 
range test at the 5% level. 

RESULTS A N D  D I S C U S S I O N  

Effect of ionic environment on adhesive strength and viscos- 
ity. Figures 1 and 2 show the effect of various concentrations 
of NaC1 and NazSO 4 on adhesive strength and viscosity of 
modified soy proteins. A 14% concentration of solids was 
used for viscosity measurement because higher concentra- 
tions gave thick pastes. Adhesive strength decreased gradu- 
ally as the concentration of salts increased from 0 to 1.0 M. 
However, the adhesive strength values for the control alkali- 
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FIG. 1. Effect of various concentrations of NaCI on adhesive strength 
and viscosity of modified soy proteins. 
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FIG. 2. Effect of various concentrations of Na2SO 4 on adhesive strength 
and viscosity of modified soy proteins. 
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FIG. 3. Effect of various concentrations of Na2SO 3 on adhesive strength 
and viscosity of modified soy proteins. 
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modified proteins (no additives) vs. the modified soy proteins 
treated with 0.1 M salts were not significantly different (P < 
0.05). Further, increases in salt concentration from 0.1 to 
0.2 M resulted in a significant decrease in adhesive strength, 
from 1120 to 837 N for NaCI and from 1060 to 693 N for 
Na2SO 4. The decrease in adhesive strength at higher salt con- 
centrations may be a result of weakening of the interaction of 
the polar groups of the proteins with the polar groups in 
woods. When the NaC1 concentration increased further, up to 
1.0 M, no significant change in adhesive strength was ob- 
served, but with Na2SO4, adhesive strength decreased signifi- 
cantly. These observed differences could be due to the differ- 
ences in effective wood-adhesive interfacial area in the pres- 
ence of NaC1 and Na2SO 4. 

Sharp decreases in soy protein dispersion viscosity were 
observed with increasing salt concentrations up to 0 2  M. The 
viscosity decreased from >30,000 cP to 6000 cP for NaC1 and 
to 1050 cP for Na2SO 4 as the salt concentration was increased 
from 0 to 0.1 M. The viscosity decreased progressively with 
further increases in salt concentrations. However, the maxi- 
mum concentration of NaC1 or Na2SO 4 that could be used for 
viscosity reduction with no significant decrease in adhesive 
strength under the conditions tested was 0.1 M. 

Effect of reducing agent on adhesive strength and viscos- 
ity. The effect of reducing agent Na2SO3, at concentrations 
ranging from 0 to 1.0 M on adhesive strength and viscosity, is 
shown in Figure 3. Again, adhesive strength decreased grad- 
ually with an increasing concentration of Na2SO 3. However, 
there was no significant decrease (P < 0.05) in adhesive 
strength of modified soy proteins when the concentration of 
Na2SO 3 increased from 0 to 0.1 M. Adhesive strength de- 
creased significantly from 1013 to 759 N when the concen- 
tration of Na2SO 3 was increased from 0.1 to 0.2 M. As ob- 
served with Na2SO 4, a further increase in Na2SO 3 concentra- 

tion also resulted in a significant decrease in adhesive 
strength. Although SH groups were converted to more polar 
-SSO 3 groups due to the reaction with Na2SO 3, the adhesive 
strength gradually decreased with increasing concentration of 
Na2SO 3. This suggests that the increase in interaction result- 

ing from the conversion of SH to -SSO 3 is insufficient to 
compensate for the decrease in adhesive strength resulting 
from a decrease in effective wood-protein interfacial area due 
to the presence of ions. 

The viscosity sharply decreased from >30,000 to 110 cP 
when the Na2SO 3 concentration increased from 0 to 0.1 M. 
Hence, treatment with 0.1 M concentration of Na2SO 3 at an 
alkaline pH of 10.0 is desirable to obtain modified soy pro- 
teins with low viscosity without causing a significant effect 
on adhesive strength on wood. 

Free SH contents of modified soy proteins, treated with var- 
ious concentrations of Na2SO 3, are given in Table 1. Free SH 
contents of soy protein isolate at pH 10.0 and modified soy 
protein treated with 0.1 M Na2SO 3 were i.35 and 10 pM/g 
protein, respectively. Total SH content of reduced soy protein 
isolate was 70.35 pM/g protein. Hence, the percentage of 
disulfide bonds cleaved in modified soy proteins due to the 
treatment with 0.1 M Na2SO 3 was 28%. 

Water resistance�9 Water resistance is an important prop- 
erty that determines glue durability (3). The water resistive 
properties of unmodified SPI, SPI at pH 10.0, and modified 
soy protein treated with 0.1 M Na2SO 3, as measured by the 
water soaking test, are shown in Table 2. A total of 30 blocks 
(three replicates with 10 blocks in each) were tested for each 
sample. The total number of blocks delaminated after the 
fourth cycle of the soaking test for unmodified SPI, control 
alkali-modified soy protein, and modified soy protein treated 

TABLE 1 
Amounts of Free Sulfhydryl (SH) Groups Present in Modified Soy 
Proteins Treated with Various Concentrations of NazSO 3 

Na2SO 3 concentration Free SH group Percentage of SS 
(M) (pM/g of protein) groups cleaved 

0.0 1.35 - -  
0.O5 8.24 2O 
0.1 10.97 28 
0.2 13.89 36 
0.5 16.49 44 
2-Mercaptoethanol 70.35 a 100 

aTotal disulfide (SS) and SH as micromoles of SH/gram of protein. 
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TABLE 2 
Water Resistance of Modified and Unmodified Soy Protein Glues 

Cycle b 

Sample a I 2 3 4 Total 

Unmodified SPI 3.3 6.7 16.7 46.7 72.3 
Control soy proteins 

at pH 10.0 0 0 0 3.3 3.3 
Soy proteins treated 

with 0.1 M Na2SO 3 3.3 0 0 3.3 6.6 

aA total of 30 blocks of wood were used for each treatment. 
/~/alues are percentages of wood blocks delaminated during each cycle of 
water soaking test. 

with 0.1 M Na2SO 3 was 22, 1, and 2, respectively. These re- 
sults show that the water resistance of  modified soy proteins 
was not significantly affected by the incorporation of  0.1 M 

Na2SO 3. 
In conclusion, the data show that cleavage of  28% of  the 

disulfide bonds in alkali-modified soy proteins resulted in a 
product with low viscosity without adversely affecting the ad- 
hesive and water-resistive properties. Low-viscosi ty adhe- 
sives allow easy handling and are useful for gluing highly ab- 
sorbing materials, such as dry woods in particle board. 
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