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Zein fibers were successfully prepared by a wet-spinning techniquand 100% rh, respectively. A combination of chemical treatments (20%
from a zein suspension formulated with 15% zein, 60% water, 228 0.4glutaraldehyde and 95%cetic anhydride) and 115% stretching increased
sodium hydroxide, and 3% urea by weight. Tées were measured tenacities to 6.89. 6.56, and 1.17 g/tex at 11, 65,18086 rh, respec-
with an Instron machine, and flexibility was determined by noting thetively. Control zein fibers had flexibilities of 5 and 2.5 mm at 11 and 65%
smallest diameter rod around which a fiber could be looped withouth, respectively, whereas the treated fibers had flexibilities of 1.5 mm at
breaking. After spinning, the tenacity of the zein fibers was improved byoth humidities. Extrusion of zein fibers was not successful. Zein-soy
modification with several agents: acetic anhydride oetylation, glu-  protein mixture could be extruded, but properties of wet-spun fibers of
taraldehyde, and dialcohols for seslinking and physical stretching. The zein-soy blends were not much improved over those of soy protein alone.
tenacity and flexibility of the fibers were measured at 11, 65,1808 The tenacity of blended soy protein-zein fibers was greater than that of
rh. Untreated fibers had tenacities of 3.41, 2.65, and 0.17 g/tex at 11, 65y protein fibers at 11% rh.

Recent interest in the production of protein-based textile fibers Decreasing moisture absorption by the soy fibers increased tenac-
has been prompted by the uncertain and high prices for petroleum ity, so possibly, use of a more nonpolar protein such as zein would
used to make synthetic fibers, a concern for environmental safety, result in improved fibers.
and a search for new markets for agricultural commodities. In the The objectives of this study were: 1) to characterize the coagu-
1930’s and 40's, proteins from corn, soybean, milk, and peanutating properties of zein, 2) to produce and evaluate wet-spun fibers
were used to manufacture fibers. Corn Products Refining Conof zein, 3) to improve the properties of wet-spun zein fibers and
pany applied for a patent for zein fibers (Swallen 1939), and thextruded soy fibers, and 4) to produce and evaluate extruded fibers
Virginia Carolina Chemical Corporation produced a zein fiberof a soy protein-zein blend.
called Vicara in 1948 by a process similar to the production of
rayon (Croston et al 1945). The fibers reportedly had weak wet MATERIALSAND METHODS
strength, good elongation, excellent elastic recovery, a texture not
unlike wool, and excellent resistance to heat (Veatch 1941). Reagents

Soybeans were also used for fibers because of their high protein . : : :

. Commercial zein (regular grade F 4000) with a protein content
content (40%) and relatively low cost. The Ford Motor Company,t as_g604 and 8% (mc?isturegcontent Was)obtainec? from Freeman
obtained two patents for the manufacture of soybean fiber in 19 dustrial, Inc. (Tuckahoe, NY). Soy protein isolate (ARPRO
(Boyer et al 1945a,b). Lack of wet strength was considered a SefL"lOO) Wa,s ob'.[ained from ,Arche.r Daniels Midland Co. (Decatur,

ous defect of the soy fibers (Hartsuch 1950). IL). Glutaraldehyde, 1,3-propanediol, 1,3-butanediol and 1,5-

rgtgirg ;:tozt_aég}s Ezigir?\ilgrgggsﬁ‘ifeg(ésp;m?g}grﬁrunaﬁ dt:;einpsr:)rlrl]ftl)l entanediol (Aldrich Chemical Co., Milwaukee, WI), dimethyl-
P o P rmamide, dimethylsulfoxide, and 1,4-benzoquinone (Sigma

in water, absolute ethanol, and other neutral solvents, but it is SOI&'hemical Co., St. Louis, MO) and acetic anhydride, urea, and
ble in 70-80% ethanol, isopropanol, and dilute alkalis and acidsy, oo \mon reagents (Fisher Scientific, Pittsburgh, PA) were
Zein has an elongated globular shape and contains large pmpB[Irchased ’ ’

tions of glutamine, proline, leucine, and alanine (Wilson 1987). ’

Zein is relatively nonpolar, is able to form films and filaments
Reiners et al 1973, Rubens 1990), and is currently used as a ¢ o .
(Rei " ) 1S cu yu Modifications of the procedure described by Croston et al

ing agent in pharmaceutical and food applications. . A
The amino acid composition of soy protein is more heterOgené§9f55)ngegian;JnS]idé)fZ(\e/\llgt\(/avgsirt'lhg_rohueg;\kl/—\(ljv&t;/e?(i\;vcl:lgr|10eAiCc?I?n\il;/(2':’er

2epar ation of Wet-Spinning Suspension

ous than that of zein. The proteins are more polar than zein ang: . X .
y ze! protel P zel é itchen Aid Portable Appliances, St. Joseph, MO), and addi-

are soluble in water and dilute salt solutions. Huang et al (1995, | cold dded . h . 1.0
reexamined the production of textile fibers from soy protein by thdonal cold water was added to attain a smooth suspension of 1.
gin to water. Dilute (OM) sodium hydroxide (22%) and solid

wet-spinning methods described in the early literature (Croston é

al 1945) and attempted to produce improved fibers by extrusiofi2 (3%0) were added. A mixer speed of 70 rpm was maintained

and by chemical treatment of the extruded fibers. The strongel}foughout the process. After mixing, the suspensions were aged
room temperature for 10 hr before spinning.

soy fibers produced had tenacities less than those of wool afl . ; . .
Viscosity of suspensions was measured with a viscometer

acetate fibers and had low tenacities in moist conditions . . . X .
(Synchro-Lectric, Brookfield Engineering Laboratories, Inc.,

Stoughton, MA).

Lournal Paper J-16962 of the lowa Agriculture and Home Economics Experiment
Station, Ames, IA. Project 3084. Supported by Hatch Act and State of lowa Wet-Spinning Technique

funds. [ F

2Armour Swift-Eckrich, 410 Kirk Road, Saint Charles, IL 60174. A wet-spinning technique was developed by Huang (1994) at
3Department of Food Science and Human Nutrition and Center for Crops Utiliza=  lOWa State University based on the work of Croston et al (1945).
tion Research, lowa State University, Ames, |A 50011. The equipment consisted of a pressure vessel, a filter, a pump, and
*Corresponding author. E-mail: creitmei @iastate.edu a 12-L coagulating bath. Air pressure (60 psi) flowing into the
Publication no. C-1997-0820-02R. pressure vgssel forced protein suspensions through a PBA-35

© 1997 by the American Association of Cereal Chemists, Inc. filter (Ronnlngen—Peter, Portage, MI): which removed partlculate
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contaminants. A high-viscosity Zenith pump with a QM-SY 1416 M odification of Extruded Soy Fibers

digital speed controller (Parfer Hannifin Co., Waltham, MA) was Extruded soy fibers (1 g) were soaked in 1,4-benzoquinone so-
used to force the zein dope through the 368-pum spinnerette and lution (89% water, 9.5% ethanol, and 1.5% 1,4-benzoquinone),
into a coagulating bath. The pressure vessel, acid bath, and spin- dimethylformamide solution (60% water, 10% ethanol, and 30%
nerette were designed at lowa State University. A Posiflo Il pump dimethylformamide), or dimethylsulfoxide solution (60% water,
(Gelman Science, Ann Arbor, MI) was used to circulate the solu- 10% ethanol, and 30% dimethylsulfoxide) at room temperature for
tion in a coagulating bath. Various coagulating baths were used to 30 min.

test the effects of the pH and acid type on zein fiber characteris-

tics. The coagulating bath contained hydrochloric acid (pH 1.0, Evaluation of Wet-Spun and Extruded Fibers

1.5, or 2.0), acetic acid (pH 2.5), or an acetic acid and sodium Fibers were air-dried for 24 hr after spinning or modification

acetate buffer (pH 3.0, 3.5, 4.0, or 4.5). and stored in desiccators with 11 or 65% rh for 72 hr before test-
ing (ASTM 1991). Humidities of 11 and 65% were produced by

Extrusion Technique using saturated salt solutions of lithium chloride and sodium nitrite,

A Brabender Plastic-Corder PL2000 (C.W. Brabender Instru- respectively. Fiber properties were tested in a wet condition
ments, Inc., South Hackensack, NJ) with a twin-screw extruder (100% rh) by soaking them in a dilute detergent (ASTM 1991).
was used to produce protein fibers. The temperature and screw  WVater absorption by the fibers (moisture regain) was measured by
speed of the extruder were 90°C and 15 rpm, respectively, for zefieighing thg dried and conditioned fibers. Fibers were dried in an
and 96°C and 20 rpm, respectively, for soy. The exit die had eigQVen at 110°C for 24 hr. _
3684m diameter openings. Zein was mixed with water and glyc- 1€ tenacity and initial modulus of the fibers were measured by
erol or with organic solvents (1,3-propanediol, 1,3-butanediol, of?¢ UTM described previously. The rate of strain was 5 cm/min
1,5-pentanediol) in a mixer at 70 rpm for 10 min before extrusion'" @ 10-cm length of test fiber. Fiber tex is the unit of linear den-
The weight ratio was 45:40:15 for water, glycerol, and solvent. Sty Or the weight in grams of 1,000 m of fiber. Tenacity, the

Soy fibers were successfully extruded from a mixture of 450gnaximum force applied to break a single fiber, is expressed as
protein, 15% glycerol, and 40% water (Huang et al 1995). Soglte_x. Modulus (the ratio of the change in stress to the change in
protein was also mixed with water, glycerol, and 1,5-pentanedicitf@in and expressed as g/tex) was obtained from the slope of the
or 1,3-butanediol as solvents in the weight ratio of 45:40:15, Initial straight portion of a stress-strain curve. _

Blends of protein mixtures were prepared by mixing different Fiber flexibility was measured by the ability of fibers to be
proportions (80:20, 70:30, and 60:40) of soy protein and zein witlpoped three times around glass rods of various diameters without

water and glycerol in the weight ratio of 45:40:15. All mixturesPréaking at 11 and 65% rh at room temperature. The smaller the
were equilibrated for 24 hr before extrusion. diameter of the glass rod, the better was the flexibility of the fiber.

The diameters of the glass rods were 1.5-34 mm.

Wet-spun zein fibers coagulated in a pH 2.5 acetic acid bath
e . L ) were used as control fibers. Fibers finished with chemical or

For modification by acetylation and cross-linking with glutaral- v sical treatments, soy fibers, and soy protein-zein blended fibers
dehyde, wet-spun zein fibers (500 g) were modified by soaking gere compared with zein control fibers. Analysis of variance was
room temperature for 30 min in 200 mL of 100% acetic anhydride,seq 10 test for effect of the treatments on individual fibers within
95% acetic anhydride-5% acetic acid, 90% acetic anhydride-5% pqich (SAS Institute, Cary, NC). Six fibers of each treatment
acetic acid-5% sodium acetate, 95% acetic anhydride-5% sodiufiere tested at each humidity. Whervalues were significant,

acetate, or 5, 10, 15, 20, 25, 30, or 40% glutaraldehyde solutiopgean differences were compared by using a least significant
(w/w). After treatment, fibers were washed in water, air-dried, an@yitference (LSD) test at a probability level of 0.05.

stored in desiccators at various water activities before evaluation.
To stretch wet-spun zein fibers, 500 mg of fibers were soaked in RESULTSAND DISCUSSION

2 L of water at room temperature for 30 min and stretched to 110,

115, or 120% of their original length with the Instron universalOptimization of Wet-Spinning

testing machine (UTM, model 4500, Instron Corp., Canton, MA) The most desirable viscosity for the spinning dispersions of

fitted with a 100-N load cell and pneumatic-action grips (No.zein or soy protein was “at the incipient gel stage when the protein

2712-002). The stretching rate was 2 cm/min, and the initial disnass slowly flowed together when cut” (Croston et al 1945). Such

Moaodification of Wet-Spun Zein Fibers

tance between the two grips was 10 cm. dispersions had the greatest amount of solids that could be
TABLE I
Properties of Zein Fibers Coagulated at Various pH Levels and Tested after Equilibrating to 11, 65, and 100% rh?2
HCI CH,;COOH CH3;COOH and CH;COONa

Treatment 1.0 15 2.0 25 3.0 35 4.0 4.5

11%rh
Tenacity (g/tex) 0.93+0.21h 121+0.19g 1.78+0.70d 3.41+0.26a 212+0.34b 192+0.31c 150%0.37e 1.35+0.27f
Modulus (g/tex) 382 + 76b 397 + 86a 306 + 98c 261 + 19d 213 £ 12e 221 +19e 189 + 21f 156 + 12g
Moisture regain (wt %) 1.25+0.12c  1.23+0.21c 1.24+0.19c 0.84+0.07d 157+0.19a 131+0.21b 151+049a 1.49+0.36a
Flexibility (mm) 21 16 11 5 11 11 21 21

65% rh
Tenacity (g/tex) 1.13 £ 0.14f 1.46 £ 0.19e 2.02 £ 0.58¢c 2.65+0.51a 2.46 £ 0.18b 2.09+0.61c 1.62 +0.31d 0.94 £0.12g
Modulus (g/tex) 132 + 61e 147 + 81d 176 + 98b 216 + 43a 179 + 21b 169 + 45¢ 178 + 26b 132 + 16e
Moisture regain (wt %) 7.25+0.23c 7.38 £0.61c 7.01 £ 0.54d 7.07+£0.45d 8.35+0.46ab 8.56+0.30ab 8.00+0.48b 8.94+0.17a
Flexibility (mm) 5 4 4 25 3 3 4 4

100% rh
Tenacity (g/tex) 0.09+0.01d 0.15+0.02b 0.13+0.03bc 0.17+0.0la 0.11+0.0lc 0.14+0.0l1lb 0.14+0.02b 0.10+0.01c
Modulus (g/tex) 6.7+ 1.1d 6.8 +2.9d 8.9+3.7c 12.0 £5.0a 9.0+ 3.9c 9.5+8.2b 9.4 +£6.9b 9.0+ 2.8c

Moisture regain (wt %)  23.2+ 1.9c 22.9 +£3.3d 26.1£2.9b 22.0 £0.5d 28.9+1.8a 26.8 £ 3.9b 26.9 £ 2.76b 28.3+1.8a

aValues within each row (for each rh level) with same letters are not significantly differer@.05).
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pumped through the spinerettes. This required a high viscosity of M odification of Wet-Spun Zein Fibers
6,000-8,000 cps. The viscosity of zein suspensions increased with The tenacity of zein fibers treated with 95% acetic anhydride-
zein percentage and aging time and decreased with increasesS# acetic acid at pH 3.5 was greater than the tenacity of fibers
water content, sodium hydroxide, and urea. A formulation of 15%jiven other acetic anhydride treatments (Table II). The tenacity of
zein, 60% water, 22% (NVsodium hydroxide, and 3% urea (pH zein fibers exceeded those of extruded soy fibers treated with ace-
12.4) had a viscosity of 6,500 cps after 10 hr of aging and wasc anhydride (Huang et al 1995), but the increase in tenacity
satisfactory for spinnerette operation. This compares with a 19.6%aused by the acetic anhydride was much less for zein than for soy
soy protein dispersion at pH 10.9 and 9,459 cps by Huang et fibers probably because zein contains fewer polar groups to be
(1995) for wet-spinning. blocked by the acetic anhydride. Addition of sodium acetate to
Zein fibers coagulated in a pH 2.5 acid bath had greater tenabuffer the reaction at higher pH levels did not improve the tenac-
ity, less moisture regain, and greater flexibility than did fibersty. Acetic acid promoted swelling of zein fibers and access by
coagulated at other pH levels at all humidities (Table I). Thecetic anhydride, but a high concentration of acetic acid was un-
modulus decreased with decreasing pH for zein fibers coagulatéésirable because the acetylated zein fibers became too swollen
in a HCI bath. The least moisture regain at pH 2.5 may reflect and weak to be withdrawn from the modifying solutions. Five
minimum in ionizable protein groups and osmotic values. Thigercent acetic acid solution was a good compromise, allowing
minimal fiber hydration resulted in maximum tenacity and, as the@enetration into the fibers but preserving their strength. The 95%
humidity of the testing conditions increased, decreased fiber tenaciggcetic anhydride-5% acetic acid treatment also resulted in fibers
These tenacities were considerably better than the best wet-spwith the highest modulus. As with soy fiber (Huang et al 1995),
soy protein fiber prepared by Huang et al (1995). Flexibilitiesghe acetic anhydride treatments suppressed moisture regain of zein
were comparable for the zein and soy fibers. Flexibility increasefibers at 11 and 65% rh, but this effect was not as evident in wet
with increased fiber hydration. Presumably, this is due to hydrdibers. There was little correlation between tenacity and moisture
gen bonds between protein molecules being replaced by hydrogeggain except in wet fibers.
bonds between protein and water, resulting in weaker but more Glutaraldehyde is a bifunctional aldehyde and should cross-link
flexible fibers. Water-soaked fibers were so flexible that theyproteins with the formation af-, w-schiff bases (Lundblad 1991).
could be wrapped around rods of the smallest diameter and ev&tutaraldehyde could react with amino groups, which would

be knotted. sometimes be on separate molecules and cross-link them. Such
TABLE 11
Properties of Zein Fibers Finished with Various Concentrations of Acetic Anhydride for 30 min and Tested After Equilibrating to 11, 65, and 100% rh?
Treatment® pH Tenacity (g/tex) Modulus (g/tex) Moisture Regain (wt %)
11% rh
Control 3.41 +0.26b 403 H4b 1.61 40.16a
100:0:0 0.7 2.35+0.21c 261 + 19c 0.84 +0.07d
95:5:0 35 3.98 £0.12a 456 + 18a 0.98 + 0.06¢c
90:5:5 4.6 2.58 +0.32c 200 + 24d 1.15+0.28b
95:0:5 6.7 2.42 £ 0.16¢ 206 +5.1d 0.95 +0.01c
65% rh
Control 2.65+0.51b 216 £ 43b 7.07 £ 0.45a
100:0:0 0.7 2.04 +£0.43c 183 + 10c 5.85 + 0.38c
95:5:0 35 3.12 £ 0.16a 268 £ 17a 6.87 £ 0.23ab
90:5:5 4.6 2.29 + 0.04bc 166 + 18c 6.92 £ 0.21a
95:0:5 6.7 2.09 £ 0.65¢c 172 + 46¢ 6.45 £ 0.08b
100% rh
Control 0.17 £ 0.01b 12 +5.0b 22.00 + 0.51c
100:0:0 0.7 0.10 £ 0.01c 6+2.1d 27.40 +5.12b
95:5:0 35 0.68 + 0.04a 15+ 2.8a 16.00 + 0.48d
90:5:5 4.6 0.17 £ 0.04b 14 +6.1a 30.10 £ 4.82a
95:0:5 6.7 0.16 + 0.01b 10 £ 0.4c 27.70 + 3.42b

2 Values within each column (for each rh level) with same letters are not significantly differet@5).
b Solutions of acetic anhydride, acetic acid, and sodium acetate.

TABLE I11
Zein Fibers Finished with Various Concentrations of Glutaraldehyde for 30 min and Tested After Equilibrating to 11, 65, and 100% rh?

Glutaraldehyde (%)

Treatment Control 5 10 15 20 25 30 40

11%rh
Tenacity (g/tex) 341+0.26b 1.96+0.54d 2.16+0.73c 2.21+0.86c 4.53+1.05a 1.76+0.33e 1.64+0.53e 1.46+0.64f
Modulus (g/tex) 261+ 19c 209 + 39d 186 + 60e 208 + 37d 348 £ 51a 206 + 41d 278 + 84b 200 + 17d
Moisture regain (wt %) 0.84+0.07g 0.96+0.41f 153+0.31b 1.20+0.03c 1.08+0.17e 1.88+0.27a 1.15+0.37d 1.06+0.21e
Flexibility (mm) 5 11 11 5 35 11 11 11

65% rh
Tenacity (g/tex) 265+051b 1.72+0.33e 1.74+0.80e 227+0.29c 4.00+0.62a 1.86+0.45d 1.83+0.19d 1.50 + 0.29f
Modulus (g/tex) 216 +43b 136 + 33f 154 + 46e 178 + 25¢c 288 + 44a 157 + 27e 169 + 59d 155 + 19e
Moisture regain (wt %) 7.07+045e 7.21+049d 7.63+038b 7.67+0.91b 4.89+0.09f 7.39+0.26c 7.01+0.69e 7.88+0.36a
Flexibility (mm) 25 35 35 3 2 3 35 35

100% rh
Tenacity (g/tex) 0.17 £0.01f 0.34+0.06e 043+0.09d 050+0.05c 0.78+0.0la 0.55+0.15b 0.50+0.13c 0.10+0.01g
Modulus (g/tex) 12 + 5.0e 25+4.1d 36 +9.3b 39 +5.8a 38 £ 9.6a 40+ 4.2a 31+8.8c 9+ 2.8f

Moisture regain (wt %) 22.0+051b 21.1+157c 21.6+139c 21.8+1.12c 19.9+045e 21.6+1.51c 27.0+43a 20.6+1.83d

aValues within each row (for each rh level) with same letters are not significantly differer@.05).
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cross-linking should be at a maximum when the number of reac- 6.56, and 1.17 at 11, 65, and 100% rh, respectively, for zein
tive protein groups and glutaraldehyde are at amolar ratio of 2:1. fibers (Table 1V).

Twenty percent glutaraldehyde increased the tenacity of zein fibers
a al humidities (Table I11). This treatment also maximized the  Optimization of Extrusion
fiber modulus and minimized moisture regain, indicating some Although soy protein-water mixtures were readily extruded into
cross-linking. The increase in tenacity for zein fibers was not as fibers, poor solubility of zein in water and the high temperature re-
great as that reported by Huang et al (1995) for soy fibers treated guirements of zein extrusion made this impossible for zein fibers. Sus-
with 25% glutaraldehyde, but the treated zein fibers still exceeded pensions (1:4) of zein and 1,5-pentanediol, which boils at a temper-
the soy fibersin tenacity at all relative humidites. ature higher than water, resulted in weak fibers (1.62 g/tex at 11% rh).

Stretching to 115% with glutaraldehyde treatment resulted in It was possible to extrude 45% soy-zein mixtures dispersed in
the maximum fiber tenacity and flexibility at all humidities (Table ~ 40% water and 15% glycerol. The optimum soy protein-zein
IV). Stretching aso increased zein fiber modulus. The stretching blended fiber was made from a suspension containing 80% soy
effect is attributed to increased interaction between molecules as  protein and 20% zein in glycerol on the basis of total protein
the polypeptide chains are extended and aligned parallel to each (Table V). The blend was generally comparable to the soy fiber in
other. Stretching fibers too much (120%) decreased tenacity be- tenacity and inferior to the best wet-spun zein fiber in Table I. As
cause of fiber breakage. A combination of the treatments 20%  the zein content in the blended suspensions increased, the fibers
glutaraldehyde, 95% acetic anhydride, and 115% stretching pro- decreased in tenacity and became more brittle. Blended fibers had
duced fibers with greater tenacity, modulus and flexibility values less moisture regain than soy fibers because zein contains fewer
than other treatments (Table 1V). Soy fibers were capable of polar groups to absorb water.
greater stretching (150-170%) than zein fibers. Soy fibers
treated with acetic anhydride and glutaraldehyde and stretchédodification of Extruded Fibers
had tenacities of 9.11, 5.23, and 2.36 at 11, 65, and 100% rh,The treatment of zein fibers with dimethylformamide and di-
respectively (Huang et al 1995) compared to tenacities of 6.8%nethylsulfoxide solutions for possible cross-linking caused the

TABLE IV
Zein Fibers Finished with Various Treatments and Tested After Equilibrating to 11, 65, and 100% rh2
20% Glutaraldehyde 20% Glutaraldehyde + AA
Treatment Control 20% Glutaraldehyde AAb 110% ST¢ 115% ST 120% ST 0% ST 115% ST
11%-rh
Tenacity (g/tex) 3.41 £ 0.26f 4.53 + 1.05d 3.98+0.12e 457+0.79d 550+1.64b 4.23+0.68d 5.04+0.31c 6.89+0.46a
Modulus (g/tex) 261 +19d 348 £ 51c 456 + 18b 287 +29d 334+ 27c 370+ 3% 251 + 31d 484 + 48a
Moisture regain (wt %) 0.80 + 0.07f 1.10+0.17d 0.98+0.06e 1.40+0.09c 140+0.0lc 1.60+0.15a 1.60+0.11a 1.50+0.26b
Flexibility (mm) 5 35 4 3 25 3 3 15
65% rh
Tenacity (g/tex) 2.65+0.51g 4.00 £ 0.62e 3.12+0.16f 4.13+0.86d 4.25+0.27c 4.00+x0.96e 4.46+0.16b 6.56 +0.92a
Modulus (g/tex) 216 + 43f 288 + 44d 268 £ 17e 304 + 46d 369 + 33b 285 + 50d 354 + 38c 375 + 38a
Moisture regain (wt %) 7.10 + 0.45a 4.90 £ 0.09f 6.89+0.23b 6.00+x0.17c 541+0.15d 5.02+0.09e 552+0.78d 5.04+0.16e
Flexibility (mm) 25 2 3 2 15 2 15 15
100% rh
Tenacity (g/tex) 0.17 £ 0.01g 0.78 £ 0.01de 0.68£0.04f 0.79+£0.13d 0.90+0.20b 0.75+0.18¢ 0.83+£0.09c 1.17 +0.09a
Modulus (g/tex) 12 +5.0e 38+ 1.0a 15+2.8d 19+2.6b 19 +4.5b 18 + 8.1bc 17 +1.9c 17 +x4.1c

Moisture regain (wt %) 22.00 + 0.51a 19.90 + 0.45b 16.00 +0.48c 21.40+0.17a 20.90+0.06a 21.60+0.09a 20.90+0.41a 20.80+0.6la

a Values within each row (for each rh level) with same letters are not significantly diffErer@.05).
b AA = 95% acetic anhydride and 5% acetic acid.
¢ ST = stretching.

TABLEV
Extruded Soy Fibers, Wet-Spun Zein Fibers, Extruded Soy-Zein Blended Fibers* and Extruded Soy Fibers Treated with 1,4-Benzoquinone (BQ),
Dimethyfor mamide (DMF), or Dimethysulfoxide (DM SO) and Tested After Equilibrating to 11, 65, and 100% rhb

Soy-Zein Blended Fibers Treated Soy Fibers®

Treatment Soy Fibers Zein Fibers 80:20 70:30 60:40 BQ DMF DM SO

11% rh
Tenacity (g/tex) 154+0.24f 162+047e 1.70+0.17d 0.19+0.06g 0.21+0.08g 3.54+0.18a 3.22+0.29b 2.65+0.30c
Modulus (g/tex) 64 + 10e 46 + 11f 96 + 14d 15+ 5.6h 31 +5.5g 278 + 26b 289 + 42a 237 +73c
Moisture regain (wt %) 1.60+0.05b 2.01+0.12a 1.17+0.11d 1.06+0.21e 1.32+0.18c  0.89 +0.10f 0.67 £0.12f  0.79 + 0.48f
Flexibility (mm) 21 21 11 25 34 3 3 3

65% rh
Tenacity (g/tex) 0.55+0.12e 2.12+0.62d 0.44+0.04f 0.15+0.03g 0.18+0.04g 3.37+0.08a 253+0.12c 2.93+0.02b
Modulus(g/tex) 22 + 6d 152 + 26¢ 17 + le 7.1+ 1f 14 + 2e 280 + 36a 183 + 18b 190 + 37b
Moisture regain (wt %) 13.1+0.67a 8.01+0.33d 9.83+0.34c 11.3+0.18 11.2+0.37b 8.20+0.56d 6.78+0.83e 9.83+1.62c
Flexibility (mm) 25 11 15 2 3 15 15 15

100% rh
Tenacity (g/tex) 0.076 £ 0.02d  0.01 +0.00f 0.072+0.0le 0.015+0.01f 0.011+0.01f 0.53+0.12a 0.43+0.15b 0.31+0.17c
Modulus (g/tex) 7.40 +3.0c 0.21 £ 0.1f 7.1+1c 51+2d 45+ 1e 32+x6a 23 +5b 22 +9b

Moisture regain (wt %) 88.10 + 1.56a 26.40+0.79d 87.20+2.78a 83.80+0.27a 89.70+0.69a 37.90+5.56b 30.60*2.57c 3&00*2.57b

a Protein, water, and glycerol (45:40:15).

b Values within each row (for each rh level) with same letters are not significantly different (P>0.05).

¢ DMF = 60% water, 10% ethanol, and 30% dimethyformamide; DMSO = 60% water, 10% ethanol, and 30% dimethysulfoxide; BQ = 89%%vater
ethanol, and 1.5% 1,4-benzoquinone.
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fibers to disintegrate and dissolve. Zein fibers did not swell suffi-
ciently in polar solvents to allow effective cross-linking within the
fibers.

The tenacity, modulus, and flexibility of extruded soy fibers
treated with 1,4-benzoquinone solution were improved compared
with untreated soy fibers (Table V). 1,4-Benzoquinone is a good
cross-linking agent for soy fibers, especialy in wet conditions,
because the cyclohexadiene ring can stabilize the cross-linked com-
pounds by yielding a conjugated system. The tenacity and modu-
lus of soy fibers were increased with treatments of dimethylform-
amide and dimethylsulfoxide solutions. Both solutions contained
60% water, which could supply enough water to swell soy fibers and
allow the ethanol and 30% dimethylformamide or dimethylsulfox-
ide to enter the fibers. Dimethylformamide- and dimethylsulfoxide-
trested soy fibers were more flexible than untreated soy fibers. Treat-
ment of extruded soy fibers with glutaraldehyde, acetic anhydride,
and stretching to 150% also improved tenacity (Huang et al 1995).

CONCLUSIONS

Wet-spun zein fibers were successfully prepared by mixing
15% zein, 60% water, 22% dilute sodium hydroxide, and 3% urea
and spinning into an acid bath of pH 2.5 acetic acid for 10 min.
Optimum conditions for the suspension were pH 11.3-12.7 and

viscosity of 6,000-8,000 cps after 10 hr of aging. The results co
firm and extend the pioneering studies of Croston et al (1945).
Modification of wet-spun zein fibers by acetylation, cross-

tenacity than treatment with 1,4-benzoquinone, dimethylforma-
mide or dimethylsulfoxide (Huang et al 1995).

Improvements in protein fibers were made by chemical treat-
ments and by stretching, but the major limitations of poor wet
strength and limited flexibility in low-humidity conditions were
not overcome. Extrusion was a more suitable process for soy pro-
tein fiber production than was zein because of soy protein’s solu-
bility in water and glycerol. Zein and soy proteins have the poten-
tial to be used as textile fibers because of their renewability and
biodegradability. Because of the lower cost of soy protein, it has a
greater potential for use as textile fibers than zein.
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