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Evaluation of Organic Additives For Use in 
Zinc Electrowinning 

R. C. KERBY, H. E. JACKSON, T. J .  O ' K E E F E ,  AND YAR-MING WANG 

Organic  addi t ives  a r e  used ex tens ive ly  in z inc e l ec t rowinn ing  to a s s i s t  in con t ro l l i ng  
the p r o c e s s .  A cycl ic  v o l t a m m e t r y  technique  has b e e n  developed to provide  a rapid ,  
quant i ta t ive  eva lua t ion  of the e f fec t iveness  of se lec ted  o rgan ic  addi t ives  in m i n i m i z i n g  
the de le t e r ious  effects that i m p u r i t i e s ,  such as an t imony,  have on zinc deposi t ion.  Re-  
su l t s  have indicated that a n i m a l  glues a re  more  effect ive than the other  o rgan ic  addi t ives  
tested,  which included s e v e r a l  gums,  e n z y m e s ,  and amino  acids ,  in r e l a t i o n  to the c u r r e n t  
eff ic iency of zinc product ion .  Of the va r ious  a n i m a l  glues compared  in this  r e s e a r c h ,  the 
most  effective appeared  to have average  m o l e c u l a r  weights in the 25,000 to 30,000 range .  
The effects of c e r t a i n  p r o c e s s  v a r i a b l e s  on the tes t  r e s u l t s  have a l so  been  evaluated;  
these included the acid concen t ra t ion  of the z inc  sulfate  solut ion and the cathode p r e p a r a -  
tion. 

THE addit ion of an ima l  glue to the zinc e lec t ro ly te  
used in zinc e l ec t rowinn ing  p lants  1"4 s e r v e s  s e v e r a l  
pu rposes .  The glue addit ions cont ro l  cathode growth 1 
to give smooth cathode zinc deposi ts ,  inhibi t  the de-  
l e t e r ious  effects that i m p u r i t i e s  such as an t imony  
have on the c u r r e n t  eff ic iency of z inc e l ec t rodepos i -  
t ion, 1 and dec rea se  acid mis t  evolut ion by fo rming  
s table  foam l aye r s  on the e l ec t ro ly t i c  cel l  tops in con- 
junc t ion  with addi t ives  such as m - p - c r e s o l ,  s 

A la rge  n u m b e r  of sol id and l iquid a n i m a l  glues a r e  
ava i lab le  c o m m e r c i a l l y ,  with va r i a t i ons  in phys ica l  
and chemica l  p rope r t i e s  due to d i f fe rent  raw m a t e r i a l  
sou rce s  and methods of p repa ra t ion .  These  a n i m a l  
glues a re  often evaluated  for  use  in z inc e l ec t rowinn ing  
by tes t ing  in s m a l l  pi lot  e l e c t r o l y s i s  cel ls  p r i o r  to 
the i r  use  in the zinc t ankrooms .  This  technique has 
the disadvantage of be ing both tedious and not p a r t i c u -  
l a r l y  sens i t ive  to va r i a t i ons  in  addi t ive p r o p e r t i e s  
among  the va r ious  glues.  

A cyclic vo l t ammet ry  technique has been developed 7 
in  which the effects of va r ious  p a r a m e t e r s  on the ove r -  
potent ia l s  a s soc ia t ed  with z inc  e l ec t rowinn ing  can be 
read i ly  observed  and measu red .  Ant imony,  an e lec -  
t ro ly te  impur i ty  which is ha rmfu l  to the c u r r e n t  effi-  
c iency of z inc e lec t rowinning ,  was shown to d e c r e a s e  
the overpo ten t ia l s  a s soc i a t ed  with zinc e l ec t rodepos i -  
t ion. Animal  glue, an organic  addi t ive which modif ies  
the growth of the zinc depos i t s  and inhibi ts  impur i ty  
effects ,  i n c r e a s e d  the overpo ten t ia l  when added to the 
zinc e lec t ro ly te  and thereby counte rac ted  the effect 
that an t imony as an impur i ty  had on the overpo ten t ia l .  
These  opposing effects that i m p u r i t i e s  and organic  
addi t ives  have on the zinc overpo ten t i a l  were  used to 
develop a cycl ic  v o l t a m m e t r i c  method for  rap id ly  
eva lua t ing  the e f fec t iveness  of va r ious  o rgan ic  addi-  
t ives  in coun te rac t ing  impur i ty  effects in z inc e l ec t ro -  
winning.  

R. C. KERBY is Research Metallurgist and H. E. JACKSON is 
Senior Research Chemist at the Technical Research Centre, Cominco 
Ltd., Trail, B.C., Canada. T. J. O'KEEFE is Professor of Metallurgical 
Engineering and Senior Investigator (Materials) and YAR-MING WANG 
is Lecturer and Investigator (Materials) at GCMR, University of 
Missouri-Rolla, Rolla, MO 65401. 
Manuscript submitted April 18, 1977. 
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EXPERIMENTAL 

The cyclic voltammetry tests for the evaluation of 
organic  addi t ives  and of the effects  of e l ec t ro ly t i c  acid 
concen t r a t i ons ,  which were  done at C o m i n c o ' s  T e c h n i -  
cal  R e s e a r c h  Cent re  at T r a i l ,  were  made on 500 ml  
acid zinc solutions r g/1 Zn, 150 H2SO4, 0.02 m e  
1 Sb) held at  25~ The addi t ives  were  added to the 
e l ec t ro ly te  as concen t ra t ed  aqueous  so lu t ions  5 min  
p r i o r  to the s t a r t  of the t e s t s .  High pur i ty  (6'9) a lu -  
m i n u m  mounted in Tef lon  was used as the cathode 
s u b s t r a t e .  The a l u m i n u m  cathode was pol i shed with 
600 gr i t  paper  and washed with ace tone  and d i s t i l l ed  
water  p r i o r  to every  tes t .  P l a t i n u m  foil  was used for  
the anode and a ca lome l  e l ec t rode  (SCE) for  the r e f e r -  
ence e lec t rode .  The cathodic po ten t ia l  was cycled be -  
t w e e n - 7 0 0  a n d -  1400 mV v s  (SCE)at  apo ten t i a l  sweep 
ra te  of 100 m V / m i n .  The cycl ic  v o l t a m m o g r a m s  were  
r e c o r d e d  as i v s  V plots  on an X-Y r e c o r d e r .  A typi -  
cal  cycl ic  v o l t a m m o g r a m  is shown in Fig .  1. The r e -  
corded vol tage sweep was s t a r t e d  a t  point  A and the 
curve  A B  is  the in i t i a l  d e c r e a s i n g  voltage por t ion  of 
the curve  in which the appl ied po ten t ia l  i s  g r e a t e r  
than the zinc r e v e r s i b l e  potent ia l ,  t he re fo re  no z inc  
e l ec t rodepos i t i on  occu r s .  The point  B is  the po ten t ia l  
at which the curve  D E  c r o s s e s  the zero  c u r r e n t  l ine 
and app rox ima te s  the zinc r e v e r s i b l e  po ten t ia l  for  the 
so lu t ion  being tes ted .  The  l ine B C  c o r r e s p o n d s  to the 
ac t iva t ion  overpo ten t i a l  a s soc i a t ed  with zinc depos i -  
t ion  onto the A1 cathode s u b s t r a t e .  The point  C cor -  
r e sponds  to the in i t i a l  z inc  depos i t ion  onto the a l u m i -  
num cathode. The  curve  CD is  the p o l a r i z a t i o n  ove r -  
po ten t ia l  a s soc i a t ed  with z inc  depos i t ion  onto the a lu-  
m i n u m  s u b s t r a t e .  At point  D the d e c r e a s i n g  poten t ia l  
appl ied to the ce l l  by the po ten t ios ta t  is  changed to an 
i n c r e a s i n g  potent ia l .  The curve  D B  c o r r e s p o n d s  to the 
po l a r i za t i on  overpo ten t i a l  a s soc i a t ed  with z inc  de-  
pos i t ion  onto f r e sh ly  deposi ted z inc,  which is  n o r m a l l y  
l e s s  than the po l a r i za t i on  overpo ten t i a l  for z inc depos i -  
t ion onto a l u m i n u m  (CD).  The curve  CDB in fact  r e p r e -  
sen t s  a n o n s t e a d y - s t a t e  condi t ion  in which the A1 sub-  
s t r a t e  is i n c r e a s i n g l y  covered  by zinc,  hence the shape 
of the curve  wil l  va ry  depending  on the vol tage s can -  
n ing speed.  The curve  B E  r e p r e s e n t s  the anodic  d i s -  
so lut ion of the p r e v i o u s l y  e l ec t rodepos i t ed  z inc .  
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Fig. 1--Cyclic voltammogram for acidified zinc sulfate elec- 
trolyte. (a) start of recorded signal, (b) crossover potential, 
(c) potential at which zinc deposition is first observed, (d) 
reversing potential, (e) end of recorded signal. 

The ac t iva t ion  overpoten t ia l  for  z inc depos i t ion  onto 
a luminum,  i . e .  the voltage d i f fe rence  between points  
B and C, was the m e a s u r e m e n t  used  to d e t e r m i n e  the 
p r e s e n c e  of impur i t i e s  and o rgan ic  addi t ives  in zinc 
e lec t ro ly te .  Point  B was taken where  l ine D E  c r o s s e s  
the zero  c u r r e n t  l ine,  while point  C was taken at 0.4 
m A / c m  2 c u r r e n t  densi ty .  Act iva t ion  overpo ten t ia l  
m e a s u r e m e n t s  were r ep roduc ib le  to within 2 mV. The 
cycl ic  v o l t a m m e t r y  tes ts  for the effect of cathode sub-  
s t ra fe  p r epa ra t i on  on the ac t iva t ion  overpoten t ia l ,  
which were done at the m e t a l l u r g i c a l  l a b o r a t o r i e s  at 
the Un ive r s i t y  of M i s s o u r i - R o l l a ,  were  genera l ly  
s i m i l a r  to the organic  addit ive eva lua t ion  tes t s .  A 
potent ia l  sweep ra te  of 60 m V / m i n  was used in these 
tes t s .  The cycl ic  v o l t a m m o g r a m s  were  r eco rded  as 
log i v s  V plots on an X-Y r e c o r d e r .  The log i v s  V 
plots allowed cathodic overpo ten t ia l  effects at s m a l l  
c u r r e n t s  to be examined  in g rea t e r  detai l .  To obta in  
zinc deposi ts  for  scann ing  e l ec t ron  mic roscope  (SEM) 
s tudies ,  the potent ia l  was s t a r t ed  a t - 7 0 0  mV v s  SCE, 
swept in a cathodic d i r ec t ion  unt i l  a c u r r e n t  dens i ty  
of 50 m A / c m  2 was obtained,  then the potent ia l  sweep 
was r e v e r s e d  unt i l  the c u r r e n t  dens i ty  reached  35 
m A / c m  2, held for two min  at this c u r r e n t ,  then the 
cathode was r emoved  f rom solut ion.  

The 24 h z inc  deposi ts  in the c u r r e n t  eff ic iency tes t s  
for  o rgan ic  addit ive eva lua t ion  were  obtained f r o m  
s m a l l  pilot e l ec t rowinn ing  cel ls  at C o m i n c o ' s  Tech-  
n ica l  R e s e a r c h  Cent re  at T r a i l .  Each ce l l  held 7.5 
1 of solut ion,  1 a l u m i n u m  cathode, 2 0.75 wt pct  A g - P b  
anodes and a s t i r r e r .  A t e m p e r a t u r e  of 40~ was 
main ta ined  us ing  hot water  baths .  Neu t r a l  so lu t ion  
(150 g/1 Zn) conta in ing  the addi t ives  was fed to the 
ce l l s  du r ing  the course  of the runs .  Cell  e l ec t ro ly te  
(55 if/1 Zn, 150 g/1 H2SO4, 0.02 mg/1 Sb) was p r e p a r e d  
f rom neu t r a l  degypsumized  zinc sulfate  so lu t ion  ob- 
ta ined f rom the Cominco zinc p lants  at T r a i l ,  B.C. 
(ana lys is :  Zn 155 g/ l ,  Mn 1.5 g/ l ,  Fe  0.01 g/ l ,  Cd 0.3 
mg/1, Sb 0.02 rag/ l ,  Co 0.3 mg/1, Ge 0.01 m g / l ,  Ni 

< 0.05 mg/1, C1 70 mg/1, F 5 mff/1, no e l e c t r o c h e m i -  
cal ly act ive  o rgan ic s ) .  All  t e s t s  were  r un  at a c u r r e n t  
dens i ty  of 43 r n A / c m  2. The  depos i t s  were  e x a m i n e d  by 
opt ica l  and s cann ing  e l e c t r o n  (SEM) mic roscopy .  

The pe a r l  glue used in the t e s t s  was a s t anda rd  s a m -  
pie of the a n i m a l  glue suppl ied  by Croda P o l y m e r s  
Ltd,,  England,  for use  in the Cominco zinc t a n k r o o m s  
at  T r a i l ,  B.C. The gums which were  tes ted  were  ob-  
ta ined f rom Stein  Hal l  and Company Ltd, while the 
gela t ins ,  amino  ac ids  and e n z y m e s  were  obta ined 
f rom chemica l  supp l i e r s .  The Swift glue s a m p l e s  
were  suppl ied  by the Swift Chemica l  Company,  a long 
with the i r  ave rage  m o l e c u l a r  weights .  Most of the 
Swift glue s a m p l e s  had been  p r e p a r e d  by pro teo ly t ic  
enzyme degrada t ion  of high m o l e c u l a r  weight p r o t e i n  
de r ived  f rom col lagen.  Six of the Swift TPCIV glues  
had been  t r e a t e d  with 6N NaOH at 71~ for  v a r i o u s  
per iods  of t ime  and then n e u t r a l i z e d  with HC1. T h e s e  
glues tended to have low a v e r a g e  m o l e c u l a r  weights .  
The concen t ra t ions  r e p o r t e d  for  the l iquid glues were  
based  on the d ry  weight of the glues,  taken a f te r  hea t -  
ing s a mp l e s  of the glues for  seven  h at 105~ 

RESULTS AND DISCUSSION 

Effect of Subs t ra te  and Acid Concen t r a t i on  on 
Overpo ten t i a l  and Morphology 

The po la r i za t ion  behav io r  of a s y s t e m  is d i r e c t l y  in-  
f luenced by the chemica l ,  phys i ca l  and e l e c t r o c h e m i c a l  
p a r a m e t e r s  used for the p r o c e s s .  The na tu re  of the 
cathode subs t r a t e  and the ionic na tu re  of the e l e c t r o -  
lyte a re  two such v a r i a b l e s  whose effects  on ac t iva -  
t ion overpo ten t i a l  have to be d e t e r m i n e d  in o r de r  to 
s t anda rd i ze  the cycl ic  v o l t a m m e t r y  technique.  

The inf luence  of a l u m i n u m  cathode su r face  p r e p a r a -  
t ion ( i . e .  by 600 gr i t  po l i sh ing  or  wheel po l i sh ing  with 
a l u m i n a  powder) on the ac t iva t ion  ove rpo ten t i a l  for  
z inc  depos i t ion  onto the a l u m i n u m  s u b s t r a t e  is l i s ted  
in Tab le  I. The obse rved  d e c r e a s e s  in ove rpo ten t i a l  
with i n c r e a s i n g  an t imony  addi t ions  to the e l ec t ro ly t e  
were  g rea t e r  for the wheel  pol i shed cathodes than for  
the gr i t  pol ished cathodes,  as  were  the o b s e r v e d  in -  
c r e a s e s  in ove rpo ten t i a l  with i n c r e a s i n g  glue addi t ions .  
The zinc depos i t s  obta ined on the wheel  pol ished 
a l u m i n u m  cathodes were  l e s s  adheren t ,  had a l a r g e r  
c r y s t a l l i t e  s ize  (Fig. 2) and the i r  c r y s t a l l i t e  s t r u c t u r e  
was more  inf luenced by an t imony  and glue addi t ions  
than the z inc  depos i t s  obtained on the 600 gri t  po l i shed  
a l u m i n u m  cathodes.  

I n c r e a s e s  in z inc  e l ec t ro ly t e  concen t r a t i ons  be tween  
40 and 70 g/1 and acid e l ec t ro ly t e  concen t r a t i ons  be-  

Table I. Effects of Cathode Surface Preparation on Overpotential of Zinc 
Deposition as Measured by Cyclic Voltammetry 

(55 g/I Zn, 150 g/I H2S04, Cathode Sweep 60 mV/min) 

Sb Content, Glue Additive, Overpotential (mV) 
mg/1 15 mg/l 600 Grit Wheel Polished 

0.0035 - 85 92 
0.0035 Swift EZ3 117 145 
0.0200 - 80 77 
0.0200 Swift TPC IV 95 122 

(treated 16 hours) 
0.0200 Swift EZ3 111 135 

662 VOLUME 8B, DECEMBER 1977 METALLURGICAL TRANSACTIONS B 



Table II. Effect of Antimony and Glue Additions on the Activation Overpotential 
for Zinc Deposition from Neutral and Acid Zinc Electrolyte 

(Cathode Sweep 100 mV/min, AI polished to 600 grit) 

Zn, g/I H2SO4, g/l Sb, mg/l Pearl Glue, m g / l  Overpottntial, mV 

55 0 0.01 0 91 
55 0 0.03 0 84 
55 0 0.01 15 106 
55 50 0.01 0 112 
55 50 O.03 0 70 
55 50 0.01 15 172 
55 100 0.01 0 105 
55 100 0.03 0 69 
55 100 O.O1 15 168 
40 150 0.01 0 121 
40 150 0.03 0 72 
40 150 0.01 15 181 
55 150 0.01 0 I04 
55 150 0.03 0 70 
55 150 0.01 15 151 
70 150 0.01 0 104 
70 150 0.03 0 78 
70 150 0.01 15 152 
55 200 0.01 0 92 
55 200 0.03 0 71 
55 200 0.01 15 123 

c o m p l e t e l y  s u c c e s s f u l  in p r o v i d i n g  r e p r o d u c i b l e  glue 
p roduc t s  for  u se  in z inc  e l ec t row inn ing .  

The c u r r e n t  e f f i c iency  of z inc  e l e c t r o d e p o s i t i o n  
(Table  IV) f r o m  acid z inc  e l e c t r o l y t e s ,  each  con ta in -  
ing 15 mg//l  of a glue and 0.02 mg//1 to ta l  Sb, was 
g e n e r a l l y  found to be g r e a t e r  when g lues  with high 
r e l a t i v e  glue addi t ive  s t r e n g t h s  w e r e  used  than when 
g lues  with low addi t ive  s t r e n g t h s  w e r e  used ,  ind ica t ing  

tween 50 and 200 g/1 d e c r e a s e d  the ac t iva t ion  o v e r -  
po ten t i a l s  for  zinc e l e c t r o l y t e s  with o r  without ant i -  
mony and glue addi t ions  (Fig.  3). Neu t r a l  (pH 5.2) z inc  
e l e c t r o l y t e  gave d e c r e a s e d  p o l a r i z a t i o n  e f fec t s  f r o m  
ant imony and glue addi t ions as c o m p a r e d  to acid  z inc  
e l e c t r o l y t e  (Table II). Zinc c r y s t a l l i t e  s i z e  was s ign i -  
f ican t ly  l a r g e r  for  neu t r a l  z inc  e l e c t r o l y t e  than for  
ac id  zinc e l e c t r o l y t e  ( compare  Fig .  2(b) to F ig .  4), 
which would indicate  a d e c r e a s e d  c r y s t a l l i t e  nuc lea t ion  
r a t e  in neu t ra l  e l e c t r o l y t e .  

Evaluat ion  of Organ ic  Addi t ives  fo r  Zinc  
E lec t rowinn ing  

The i n c r e a s e d  ac t iva t ion  o v e r p o t e n t i a l s  fo r  z inc  de-  
pos i t ion  onto a luminum cathodes  (600 gr i t  pol ished)  
a r i s i n g  f r o m  v a r i o u s  addi t ions of a n i m a l  glues ,  gums,  
amino  ac ids  and e n z y m e s  to ac id  z inc  e l e c t r o l y t e  w e r e  
m e a s u r e d  by cyc l ic  v o l t a m m e t r y  and a r e  l i s t ed  in 
Tab le  III. The r e l a t i v e  glue addi t ive  s t r eng ths  in Tab le  
III w e r e  computed by ass ign ing  glue s ample  Swift EZ3 
(Sample 2) a value  of 100 and then c o m p a r i n g  the a v e r -  
age ac t iva t ion  ove rpo ten t i a l  changes  caused by this  
glue at 5, 10 and 15 rag/1 concen t r a t ion  in z inc  e l e c -  
t ro ly t e  with those  caused  by the o ther  addi t ives ,  based  
on a s ca l e  of 100. Marked  d i f f e r e n c e s  w e r e  o b s e r v e d  
among  the va r i ous  o rgan ic  add i t ives  in the i r  ab i l i ty  
to i n c r e a s e  the ac t iva t ion  ove rpo ten t i a l .  

An ima l  glues w e r e  the mos t  ac t i ve  in i n c r e a s i n g  the 
ac t iva t ion  o v e r p o t e n t i a l  of z inc  depos i t ion ,  with the 
mos t  ac t i ve  g lues  fa l l ing  in the a v e r a g e  m o l e c u l a r  
weight  r ange  of 25,000 to 30,000 (Fig.  5). However ,  
even  among  the mos t  ac t ive  g lues ,  s ign i f ican t  d i f f e r -  
ences  w e r e  noted in the i r  e f fec t s  on ac t iva t ion  o v e r -  
potent ia l .  F o r  example ,  Swift EZ3 (Sample 1) and 
Swift EZ3 (Sample 2) gave d i f f e ren t  changes  in o v e r -  
po ten t ia l  at the s a m e  addi t ion l e v e l  (Table III). Th is  
would sugges t  that  the n o r m a l  c r i t e r i a  such as gel  
point and v i s c o s i t y  which a r e  spec i f i ed  dur ing  the 
manufac tu re  of " s t a n d a r d i z e d "  glue p roduc t s  a r e  not 

(a) 

(b) 
Fig. 2--(a) Scanning electron mierograph of deposit obtained 
from acidified zinc sulfate electrolyte (55 g/1 Zn, 150 g/1 
H2SO4, 4 ~g/1 Sb) using a 600 grit  polish aluminum cathode. 
Magnification 950 times. (b) Scanning electron micrograph 
of deposit obtained from acidified zinc sulfate electrolyte 
(55 gJ1 Zn, 150 g/1 HzSO o 5 gg/1 Sb) using a wheel polished 
aluminum cathode. Magnification 950 times. 
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Table I l l .  Effects of Various Organic Additives on Increasing the Overpotential of Zinc Deposition, as Measured by Cyclic Voltammetry 
(55 g/I Zn, 150 g/I HaSO4, Cathode Sweep 100 mV/min,  600 Grit Polished AI)  

Change in Overpotential, mV 

Organic Additive + 0.02 mg/1 Total Sb 
5 mg/l 10 mg/l 15 mg/l Relative Glue Average 

Additive Additive Additive Additive Strength* Molecular Weight 

A. Glues 
Swift TPC IV (untreated) 25 34 42 64 47,000 
Swift TPC IV (treated 10 min) 31 40 47 75 18,000 
Swift TPC IV (treated 2 h) 22 31 35 56 ! ,200 
Swift TPC IV (treated 4 h) 19 25 27 45 1,050 
Swift TPC IV (treated 8 h) 17 22 32 45 910 
Swift TPC IV (treated 16 h) 9 9 16 22 760 
Swift TPC IV (treated 24 h) 7 20 18 28 850 
Swift EZ2 (sample 1) 33 47 56 86 27,000 
Swift EZ3 (sample 2) 44 52 62 100 --~29,000 
Swift TPC 5V (CPE no. 5) 36 37 51 78 45,000 
Swift TPC 5V (sample 2) 32 41 49 77 ~50 ,000  
Swift TPC 2185 29 38 41 68 --~10,000 
Swift TPC 2226 32 38 47 74 ~--80,000 
Swift TPC 2268 28 32 34 59 --~ I 0,000 
Swift TPC 69C 29 41 55 80 ~--30,000 
G e l a t i n  (sample 1) 30 44 47 77 -----80,000 
Gelatin (sample 2) 19 28 42 56 --~80,000 
Pearl Glue 30 39 55 78 ~--50,000 

B. Gums 
Gum Shiraz 9 14 25 30 
Gum Arabic 26 23 25 47 --~240,000 
Guar Gum 14 7 16 12 

C. Amino Acids 
Glycine - 0 - 0 75 
Proline - 7 - 15 115 
Lysine - 10 22 146 

D. Enzymes 
Tryspin 16 18 15 31 24,000 
Pepsin 17 22 29 43 34,500 
Catalase 8 6 5 12 240,000 

*Relative glue additive strength calculated on basis of average overvoltage for 5, 10 and 15 mg/l additions, after assigning Swift EZ3 (sample 2) a value of 100. 

that  g lues  with high r e l a t i v e  glue add i t ive  s t r e n g t h s  
we re  the m o s t  e f fec t ive  in con t ro l l i ng  the d e l e t e r i o u s  
e f fec t s  that  i m p u r i t i e s  such  as  an t imony  have on z inc  
e l e c t r o w i n n i n g  (F ig .  6). 

Amino a c i d s ,  which a r e  f o r m e d  dur ing  the h y d r o l y s i s  
of a n i m a l  g lues  and hence have low m o l e c u l a r  weights ,  
we re  r e l a t i v e l y  inac t ive  a s  add i t ion  agen t s  in z inc  
e l e c t r o d e p o s i t i o n  (Tab les  III and IV). T h r e e  e n z y m e s ,  
s o m e t i m e s  found in a n i m a l  glues ,  we re  a l so  t e s t e d  for  
add i t ive  ac t i v i t y  (Table  III). T r y p s i n  and c a t a l a s e  we re  
r e l a t i v e l y  inac t ive  as  addi t ion  agen t s ,  even  though they 
had m o l e c u l a r  weights  s i m i l a r  to g lues .  P e p s i n  showed 
s o m e  ac t i v i t y  a s  an add i t ion  agent  in z inc  e l e c t r o d e -  
pos i t ion .  Of the gums which we re  t e s t ed ,  guar  gum 
and gum s h i r a z  w e r e  inac t ive ,  w h e r e a s  gum a r a b i c  
showed some  ac t i v i t y  a s  an o rgan i c  add i t ive .  Gum 
a r a b i c  is  u sed  as  an add i t ive  in s o m e  e l e c t r o l y t i c  z inc  
p lan t s  .lo 

T h e r e  is  no c l e a r  consensus  on the m e c h a n i s m s  by 
which o rgan ic  add i t i ves ,  in p a r t i c u l a r  a n i m a l  g lues ,  
a l t e r  z inc  c r y s t a l  growth  and inhib i t  i m p u r i t y  e f fec t s  
d u r i n g  e l ec t rowinn ing .  The m o l e c u l a r  f o r m s  that  o r -  
ganic add i t i ve s  such as  g lues  a s s u m e  in ac id  z inc  e l e c -  
t r o l y t e  a p p a r e n t l y  p lay  an i m p o r t a n t  r o l e .  A n i m a l  
g lues  a r e  p r o t e i n e o u s  m a t e r i a l  d e r i v e d  f r o m  co l l agen ,  
a f i b rous  p r o t e i n  found in sk ins  and f ib rous  t i s sues .6  

The  co l l agen  m o l e c u l e ,  shown s c h e m a t i c a l l y  in F ig .  7, 
c o n s i s t s  of long cha ins  of amino  a c i d s ,  p r i n c i p a l l y  
g lyc ine  and p r o l i n e ,  j o in ted  by pep t ide  l i n k a g e s  (i.e. 
the amide  g r o u p i n g - C O N H - ) .  The m o l e c u l a r  weight  
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55911Zn, 10 1,1911 ,~, 15 I~J/I glue 

[ Sgll Zn, 10 I.XJII Sb 
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i 55 g/I Zn, 30 pg/I ,Sb 

~ l  I l I I I I I 
0 50 100 150 

.~so 4 ~m 

F i g .  3 - - E f f e c t  o f  a c i d  c o n c e n t r a t i o n  o n  t h e  a c t i v a t i o n  o v e r -  
p o t e n t i a l  a s s o c i a t e d  w i t h  z i n c  d e p o s i t i o n  f r o m  s u l f a t e  e l e c -  
t r o l y t e .  
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Table IV. Effect of Organic Additions on the Current Efficiency of Zinc Electrowinning 
(24 h Deposits, 43 mA/cm 2, 40~ 

Current Efficiency, Pet Average Molecular 
Glue + 0.02 mg/l Total Sb 7.5 mg/1 Glue 15 mg/l Glue 25 mg/l Glue 40 mg/l Glue Average CE, Pet Weight of Glues 

No organic additives 83.0 
Swift TPC IV (untreated) 89.9 91.9 90.5 88.9 90.3 47,000 
Swift TPC IV (treated l 0 min) 89.7 91.8 91.2 90.7 90.9 18,000 
Swift TPC IV (treated 2 h) 83.9 87.8 87.1 90.3 87.3 1,200 
Swift TPC IV(treated 4 h) 87.6 89.2 87.0 88.5 88.1 1,050 
Swift TPC IV (treated 8 h) 89.0 90.6 87.1 88.7 88.9 910 
Swift TPC IV (treated 16 h) - - 86.1 88.2 87.2 760 
Swift TPC IV (treated 24 h) 80.6 88.3 85.8 87.0 85.4 850 
Swift EZ2 (sample 1) - 93.0 90.1 90.0 91.0 27.000 
Swift EZ3 (sample 2) 90.6 - 89.9 - 90.3 ~--29,000 
Swift TPC 5V (CPS no. 5) 90.8 93.7 90.9 90.2 91.4 45,000 
Swift TPC 5V (sample 2) 90.3 - 90.9 - 90.6 "50,000 
Swift TPC 2185 90.1 - 90.6 90.4 ~--10,000 
Swift TPC 2226 90.3 - 90.8 - 90.6 ~--80,000 
Swift TPC 2268 88.5 - 89.8 - 89.2 210,000 
Swift TPX 69C 93.8 - 91.0 - 92.4 230,000 
Lysine 86.0 - 86.0 146 
Cominco pearl glue 91.2 91.0 91.0 89.4 90.7 ~--50,000 
Glycine 85.0 - - - 85.0 75 

(MW) of the  c o l l a g e n  m o l e c u l e  i s  a t  l e a s t  300,000.  
N a t i v e  c o l l a g e n  i s  i n s o l u b l e  in  w a t e r ,  but  i s  c o n v e r t e d  
in to  w a r m  w a t e r  s o l u b l e  g e l a t i n  d u r i n g  the  p r o c e s s e s  of 
c u r i n g  and  e x t r a c t i o n .  T h i s  g e l a t i n  m a y  be  d e g r a d e d  
in to  s m a l l e r  m o l e c u l e s  by the  a p p l i c a t i o n  of  h e a t ,  
s t e a m ,  a c i d s ,  a l k a l i e s  o r  e n z y m e  a c t i o n  to g ive  r i s e  
to d e r i v e d  p r o t e i n s  (MW 5 0 , 0 0 0 -  250,000) ,  p r o t e o s e  
f r a c t i o n s  (MW 5 0 0 0 - 5 0 , 0 0 0 ) ,  p e p t o n e  f r a c t i o n s  
(MW 2 0 0 - 5 0 0 0 )  and  f ina l ly  a m i n o  a c i d s .  T h e  p r o d u c -  
t i on  of  g e l a t i n  is  c o n t r o l l e d  s o  a s  to  p r o d u c e  a p r o d u c t  
c o n t a i n i n g  p r i m a r i l y  d e r i v e d  p r o t e i n s .  L e s s  c a r e  i s  
n o r m a l l y  t a k e n  in  the  p r o d u c t i o n  of a n i m a l  g l u e s ,  

h e n c e  t h e y  n o r m a l l y  c o n t a i n  l a r g e r  p r o p o r t i o n s  of p r o -  
t e o s e  f r a c t i o n s  and  i n s o l u b l e  p r o d u c t s .  E n z y m e s  a r e  
a l s o  p r o t e i n e o u s  m a t e r i a l s ,  w i th  e a c h  h a v i n g  a d i f f e r -  
e n t  s e q u e n c e  of  a m i n o  a c i d s  in  the  p r o t e i n  c h a i n .  
A n i m a l  g l u e s ,  g e l a t i n s  and  e n z y m e s  a l l  t end  to  h y -  
d r o l y z e  in a c i d  s o l u t i o n  to  f o r m  l o w e r  w e i g h t  m o l e c u -  
l a r  f r a c t i o n s .  

T h e  a d d i t i v e  a c t i v i t i e s  of  t he  g l u e s  w e r e  s h o w n  to be  
r e l a t e d  to t h e i r  a v e r a g e  m o l e c u l a r  w e i g h t  ( F i g .  5), 
w i t h  g l u e s  of  an a v e r a g e  m o l e c u l a r  w e i g h t  of 25,000 to  
30,000 ( m e a s u r e d  p r i o r  to s o l u t i o n  in  a c i d  z i n c  e l e c -  
t r o l y t e )  h a v i n g  the  m o s t  a c t i v i t y .  T h i s  wou ld  s u g g e s t  
t h a t  it  i s  t he  p r o t e o s e  c o n t e n t  of  t h e  a n i m a l  g l u e s  
w h i c h  i s  t he  m o s t  a c t i v e  in  c o n t r o l l i n g  t h e  e f f e c t s  of 
t he  i m p u r i t i e s  on z i n c  d e p o s i t  g r o w t h .  An a n a l y s i s  ( fo r  
m e t h o d ,  s e e  R e f .  8) of f o u r  of  t he  g l u e s  s h o w e d  i n c r e a s -  
i n g  r e l a t i v e  p r o t e o s e  c o n t e n t s  w i t h  i n c r e a s i n g  r e l a t i v e  
glue  a d d i t i v e  s t r e n g t h s  (T ab l e  V).  T h e  p r o t e o s e  f r a c -  
t i o n s  of a n i m a l  g l u e s  t e n d  to e x h i b i t  m i l d l y  c o m p l e x -  
i ng  p r o p e r t i e s  in the  p r e s e n c e  of  m a n y  m e t a l  c a t i o n s ,  6'8 
and  wou ld  t h e r e f o r e  a f f e c t  t h e  d i s t r i b u t i o n  of i m p u r i -  

Fig. 4--Scanning e lec t ron  mic rograph  of deposit  obtained 
f rom neutral  zinc sulfate e lec t ro ly te  (55 g/1 Zn, 4 ~g]l Sb) 
using a wheel polished aluminum cathode. Magnification 950 
t imes .  

Fig. 5--Relat ionship between re la t ive  glue additive s t r eng ths ,  
as de te rmined  f rom overpotent ia l  data, and the average  mole-  
cular  weights of the glues.  
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t i e s  in the d e p o s i t s .  F o r  example ,  i n c r e a s i n g  the glue 
concen t r a t i on  in z inc  e l e c t r o l y t e  con ta in ing  an t imony  
r e s u l t e d  in i n c r e a s e d  an t imony  c o n c e n t r a t i o n s  in the 
z inc  d e p o s i t s  (F ig .  8), ye t  c u r r e n t  e f f i c i e n c i e s  we re  
a l so  h ighe r .  Th i s  would ind ica te  that  the  an t imony  in 
the d e p o s i t s  p r o d u c e d  f rom these  so lu t ions ,  even  
though h ighe r  in concen t ra t ion ,  was  d i s t r i b u t e d  in 
such  a m a n n e r  so a s  to m i n i m i z e  z inc  r e s o l u t i o n .  Th i s  
would r e s u l t  if the i m p u r i t i e s  we re  d i s t r i b u t e d  in a 
m o r e  even m a n n e r  throughout  the d e p o s i t  r a t h e r  than 
concen t r a t i ng  in l oca l i z ed  spo ts  on the depos i t .  Inhi-  
b i t ion  of z inc  r e s o l u t i o n  by i m p u r i t i e s  could a l so  r e -  
su l t  if the  p r o t e i n e o u s  m a t e r i a l  i n c o r p o r a t e d  into the 
de pos i t  with the i m p u r i t i e s  p r e v e n t e d  the i m p u r i t i e s  
f r o m  p a r t i c i p a t i n g  in a r e s o l u t i o n  p r o c e s s .  

A l l  g lues  with a v e r a g e  m o l e c u l a r  we igh t s  above 
10,000 showed good l eve l l i ng  p r o p e r t i e s ,  (as d e t e r -  
mined  by v i s u a l  examina t i on  of z inc  d e p o s i t s  r e c o v e r e d  
f r o m  t e s t s  l i s t e d  in Tab le  IV) i nd i ca t i ng  that  z inc  
c r y s t a l  g rowth  dur ing  e l e c t r o w i n n i n g  i s  a f f ec t ed  by  
both the p r o t e o s e  and p r o t e i n  f r a c t i o n s  of the g lues .  
The  co l lo ida l  p r o p e r t i e s  of the p r o t e o s e  f r a c t i o n s  of 
the glues  a r e  thought to p lay  an i m p o r t a n t  r o l e  in a l t e r -  
ing the c r y s t a l  growth of the z inc  depos i t .  9 The co l -  
lo ids  b lock  ac t ive  growth s i t e s  th rough  i n c o r p o r a t i o n  
into the z inc  depos i t  and t h e r e b y  f a c i l i t a t e  i n c r e a s e d  
nuc lea t ion  of z inc  c r y s t a l l i t e s ,  r e s u l t i n g  in a f ine-  
g ra ined  c r y s t a l  growth.  

Effec t  of H y d r o l y s i s  on Glue Add i t ive  S t r eng ths  

The p r o t e i n s  p r e s e n t  in a n i m a l  g lues  h y d r o l y z e  
(i.e. b r e a k  apa r t )  to f o r m  s m a l l e r  m o l e c u l a r  weight  
f r a c t i o n s  when they a r e  a l lowed to s tand  under  ac id  
condi t ions  such  as  o c c u r  in ac id  z inc  e l e c t r o l y t e .  
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Fig. 6- -Rela t ionship  between re la t ive  glue additive s t r e n g t h s  
as de t e rm in ed  f ro m  overpotent ia l  data,  and the ave rage  c u r -  
ren t  eff ic iency of zinc deposi t ion f rom acid zinc e l ec t ro ly t e s  
(55 g/1 Zn, 150 g/1 H2SO 4, 20 pg]] Sb) conta in ing 7.5 rag/l,  15 
mg/1, 25 mg/1, or 40 rag/1 glue. 

PORTION OF PROTEIN MOLECULE 

Fig.  7 - -Schemat ic  r e p r e s e n t a t i o n  of a por t ion  of the p r o -  
te ineous  m a t e r i a l  p r e s e n t  in an imal  g lues ,  which is composed  
of a n u m b e r  of amino acids  joined by c~-peptide l inkages .  
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61ue In Electrolyte (r~/l) 
Fig.  8- -Effec t  of an t imony and glue concen t r a t ions  in acid 
zinc e lec t ro ly te  on ant imony r epo r t i ng  in e lec t ro ly t i c  zinc.  

Amino  a c i d s ,  p r e v i o u s l y  shown to be r e l a t i v e l y  i nac -  
t ive  a s  add i t i on  agen t s  in z inc  e l ec t rowinn ing ,  a r e  
f o r m e d  du r ing  the p r o c e s s .  S e v e r a l  t e s t s  w e r e  made  
to d e t e r m i n e  how qu ick ly  a n i m a l  g lues  would b e c o m e  
ine f fec t ive  a s  add i t ion  agen t s  when a l lowed  to s t and  
fo r  s e v e r a l  d a y s  in ac id  z inc  e l e c t r o l y t e .  

Synthe t ic  r e t u r n  ac id  so lu t ions  (55 g/1 Zn, 150 g//1 
H2SO4, 0.02 mg/1  Sb) con ta in ing  15 mg/1  glue o r  o t h e r  
a d d i t i v e s  w e r e  m a i n t a i n e d  at  40~ for  s p e c i f i e d  p e r i o d s  
of t i m e .  At  the  end of t h e s e  t i m e s ,  the s a m p l e s  w e r e  
t e s t e d  by c y c l i c  v o l t a m m e t r y  to d e t e r m i n e  if t h e r e  
had been  any changes  in o v e r p o t e n t i a l  e f fec t s  a s  c o m -  
p a r e d  to f r e s h l y  p r e p a r e d  e l e c t r o l y t e  so lu t i ons  con ta in -  
ing s i m i l a r  glue c o n c e n t r a t i o n s  (Tab le  VI). Many of the  
g lues  showed a p p a r e n t  s l igh t  i n c r e a s e  in add i t ive  
s t r e n g t h  a f t e r  s t and ing  for  4 h in a c i d  z inc  e l e c t r o l y t e ,  
a s  i nd i ca t ed  by  s l i gh t ly  i n c r e a s e d  o v e r p o t e n t i a l .  (F ig .  
9) A f t e r  s t a n d i n g  for  24 h in ac id  z inc  e l e c t r o l y t e ,  
the  low m o l e c u l a r  weight  Swift T P C  IV (NaOH) g lues  
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Table V. Glue Analysis* 

Protein, Pro teose ,  Peptone, Amino Acid, 
Glue Wt Pet Wt Pet Wt Pct Wt Pet 

Pearl 26.7 37.3 4.6 31.3 
Gelatin 87.8 11.3 0.7 0.2 
Swift 2226 0.0 31.9 27.8 40.3 
Swift EZ-3 5.5 41.7 17.4 30.4 

*The weight percentages of protein, proteose, peptone and amino acid are 
based on their respective nitrogen contents relative to the nitrogen content of the 
original glue after removal of water and insoluble fractions. 

Table VI. Changes in Glue Additive Strengths, as Indicated by 
Overpotential Measurements, After Standing in Acid 

Zinc Electrolyte for Varying Periods of Time 
(55 g/I Zn, 150 g/I H2SO4, Cathode Sweep 100 mV/min, 600 Grit Polished AI) 

15 mg/l Glue + Overpotential (mV), After Standing at 40~ 

0.02 mg/l Total Sb 0 h 4 h 24 h 7 Days 

Swift TPC IV 117 125 119 
(untreated) 

Swift TPC IV 110 - 97 - 
(treated 2 h) 

Swift TPC IV 107 - 93 
(treated 8 h) 

Swift EZ3 (sample 1) 131 135 129 - 
Swift EZ3 (sample 2) 137 139 133 
Swift TPC 5V 126 140 127 - 

(CPE no. 5) 
Swift TPC 5V 126 138 127 118 

(sample 2) 
Swift TPC 2185 120 122 132 - 
Swift TPC 2226 128 147 128 
Swift TPC 2268 120 128 130 - 
Swift TPC 69C 123 132 124 
Gelatin (sample 1) 122 144 140 116 
Pearl glue 125 131 122 114 

Table VII. Effect of Glue Hydrolysis on the Current 
Efficiency of Zinc Electrowinning 
(24 h Deposits, 43 mA/cm 2, 40~ 

15 mg/l Glue + 0.05 mg/l Total Sb Current Efficiency, Pet 

Pearl glue 
Glue allowed to stand in acid zinc solution for 3 days 

prior to electrolysis 
Glue allowed to stand in acid zinc solution for 5 days 

prior to electrolysis 
Glue boiled in 150 g/l H2SO4 for 2 h prior to adding 

to electrolyte 

90.4 
86.0 

82.2 

37.8 

s h o w e d  a s i g n i f i c a n t  d e c r e a s e  in  a d d i t i v e  s t r e n g t h s ,  
w h e r e a s  t he  o t h e r  g l u e s  s t i l l  s h o w e d  good a d d i t i v e  
s t r e n g t h s .  H o w e v e r ,  a f t e r  s t a n d i n g  f o r  s e v e n  d a y s  a l l  
t h e  g l u e s  t e s t e d  s h o w e d  a d e c r e a s e  in  a d d i t i v e  s t r e n g t h .  

T h e  i n i t i a l  a c t i v a t i o n  m a y  b e  due  to t h e  e x p o s u r e  of  
a d d i t i o n a l  a c t i v e  s i t e s  (i.e. c o m p l e x i n g  g r o u p s )  on  t h e  
p r o t e i n s  c o m p r i s i n g  t h e  a n i m a l  g l u e s .  T h e  s l o w  d e -  
c r e a s e  in  the  a c t i v i t y  of t h e  g l u e s  w o u l d  s u g g e s t  a 
r e l a t i v e l y  s l o w  h y d r o l y s i s  r a t e  in  a c i d  z i n c  e l e c t r o l y t e  
a t  40~ 

To  c h e c k  t he  a b o v e  results, z i n c  e l e c t r o w i n n i n g  t e s t s  

[ i i l ] 

130 "~ 
]20 

110 

~ 1~1 C 1Vl6hrs. I 

9O I I 1 1 
1 I0 100 

Log Residence Time (Hrs. I For Glue In Solution 
Prior To Measurement 

Fig. 9- -Effect  of glue hydrolys is  on the ac t iva t ion  o v e r p o t e n -  
t ial  a s soc i a t ed  with zinc deposi t ion f rom acid sulfate  e l ec -  
t ro ly te  (55 g/1 Zn, 150 g/1 H2SO4, 20 Dg/1 Sb) conta ining 15 
rag/1 glue. 

w e r e  m a d e  w i t h  p e a r l  g lue  s a m p l e s  t h a t  h a d  b e e n  a l -  
l o w e d  to  h y d r o l y z e .  A s  s h o w n  in  T a b l e  VII,  t he  c u r r e n t  
e f f i c i e n c y  f o r  z i n c  d e p o s i t i o n  d r o p p e d  w h e n  t he  g l u e s  
w e r e  a l l o w e d  to h y d r o l y z e  p r i o r  to  t h e  e l e c t r o w i n n i n g  
t e s t s .  A p a r t i c u l a r l y  s h a r p  d r o p  in  c u r r e n t  e f f i c i e n c y  
w a s  f o u n d  f o r  t h e  g lue  s a m p l e  t h a t  h a d  b e e n  b o i l e d  in  
s u l f u r i c  a c i d ,  i n d i c a t i n g  t h a t  t h e  g lue  h a d  b e e n  a l m o s t  
c o m p l e t e l y  h y d r o l y z e d  a n d  w a s  no  l o n g e r  a f f e c t i n g  
z i n c  d e p o s i t i o n .  T h e s e  r e s u l t s  a r e  s i m i l a r  to  t h o s e  
r e p o r t e d  f o r  g lue  h y d r o l y s i s  in  h e a t e d  a c i d  c o p p e r  
e l e c t r o l y t e s  .11 

S U M M A R Y  

O r g a n i c  a d d i t i v e s ,  in  p a r t i c u l a r  a n i m a l  g l u e s ,  a r e  
u s e d  in  z i n c  e l e c t r o w i n n i n g  to c o n t r o l  c a t h o d e  d e p o s i t  
g r o w t h  s o  a s  to  p r o v i d e  s m o o t h  d e p o s i t s ,  c o n t r o l  t h e  
a d v e r s e  e f f e c t s  t h a t  i m p u r i t i e s  s u c h  a s  a n t i m o n y  a n d  
c o b a l t  h a v e  o n  t he  c u r r e n t  e f f i c i e n c y  of  z i n c  d e p o s i -  
t i o n ,  a n d  a s s i s t  i n  a c i d  m i s t  c o n t r o l  o v e r  t h e  c e l l s .  A 
c y c l i c  v o l t a m m e t r y  t e c h n i q u e  h a s  b e e n  d e v e l o p e d  to 
p r o v i d e  a r a p i d ,  q u a n t i t a t i v e  e v a l u a t i o n  of  t h e  e f f e c t i v e -  
n e s s  of  o r g a n i c  a d d i t i v e s  in  c o n t r o l l i n g  i m p u r i t i e s  in  
z i n c  e l e c t r o w i n n i n g .  T h e  t e c h n i q u e  i n v o l v e d  m e a s u r -  
i n g  t h e  r e l a t i v e  i n c r e a s e s  in  a c t i v a t i o n  o v e r p o t e n t i a l  
f o r  z i n c  d e p o s i t i o n  o n t o  a n  a l u m i n u m  c a t h o d e  a s  
c a u s e d  by  s p e c i f i e d  a d d i t i o n  of v a r i o u s  o r g a n i c  a d d i -  
t i v e s  to s i m i l a r  z i n c  e l e c t r o l y t e s .  A d d i t i v e s  w h i c h  
s h o w e d  t he  g r e a t e s t  o v e r p o t e n t i a l  e f f e c t  f o r  s i m i l a r  
a m o u n t s  a d d e d  to  t h e  e l e c t r o l y t e  (i.e. h a d  t h e  g r e a t e s t  
r e l a t i v e  g lue  a d d i t i v e  s t r e n g t h )  w e r e  a l s o  t h e  m o s t  e f -  
f e c t i v e  i n  c o n t r o l l i n g  i m p u r i t y  e f f e c t s  in  z i n c  e l e c t r o -  
w i n n i n g .  

A n i m a l  g l u e s  w e r e  t h e  m o s t  e f f e c t i v e  of t h e  a d d i t i v e s  
t e s t e d ,  w h i c h  i n c l u d e d  s e v e r a l  g u m s ,  e n z y m e s  a n d  
a m i n o  a c i d s .  T h e  m o s t  e f f e c t i v e  a n i m a l  g l u e s  h a d  
a v e r a g e  m o l e c u l a r  w e i g h t s  of 25 ,000  to  30 ,000 .  T h e  
e f f e c t i v e n e s s  of the  g l u e s  in  c o n t r o l l i n g  i m p u r i t y  e f -  
f e c t s  a p p e a r e d  to  b e  r e l a t e d  to  t he  p r o t e o s e  c o n t e n t  
of  t he  g l u e s ,  w h e r e a s  t h e  r e q u i r e m e n t s  f o r  good  l e v e l -  
l i n g  p r o p e r t i e s  w a s  f o r  t h e  g l u e s  to  h a v e  a m o l e c u l a r  
w e i g h t  of a t  l e a s t  10 ,000 .  
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