
PHYSICAL PROPERTIES 

EVALUATION OF COMPOUNDS 
AND MATERIALS 

1 

Conductivity of Sodium Sulfate Solutions 

Containing Sodium Hydroxide or Sulfuric Acid 

R. V. LUNDQUIST AND R. W. LEWIS 
Bureau of Mines, U.  S. Department of the Interior, Boulder City, Nev. 

T h e  conduct ivi ty  of s o l u t i o n s  of sodium s u l f a t e  mixed 
with sodium hydroxide or su l fur ic  a c i d  w a s  inves t iga ted  by 
t h e  Bureau  of Mines in conjunct ion  with t h e  preparat ion of 
su l fur ic  acid and sodium hydroxide by the  e lec t ro lys i s  of 
sodium s u l f a t e  so lu t ions .  T h e  sulfur ic  acid w a s  used t o  
leach  manganese  f r o m  i t s  low-grade ores;  t h e  sodium hy- 
droxide w a s  u s e d  for t h e  precipi ta t ion of manganese f r o m  
solut ion.  T h e  e l e c t r o l y s i s  of sodium s u l f a t e  in  a three-  
compartment c e l l  produces three  so lu t ions  of different  
composi t ions,  e a c h  of which contr ibutes  t o  the  to ta l  con-  
duct ivi ty  of t h e  cell. Conduct ivi ty  d a t a  were  obtained for 
s o l u t i o n s  of sodium su l fa te ,  sodium s u l f a t e  mixed with 
sodium hydroxide, and  sodium s u l f a t e  mixed with su l fur ic  
ac id  a t  th ree  l e v e l s  of concentrat ion and  a t  th ree  tempera-  
tu res  for e a c h .  

PREVIOUS WORK 
T h e  l i te ra ture  reports  t h e  conduct ivi ty  of sodium s u l f a t e  

so lu t ions  a t  s e v e r a l  concent ra t ions  and temperatures ,  but 
n o  d a t a  were found for mixtures  of sodium s u l f a t e  with 
su l fur ic  a c i d  or with sodium hydroxide. Mellor (3) repor t s  
the equiva len t  conduct ivi ty  of a 1.ON solu t ion  of sodium 
s u l f a t e  t o  be  50 .80  ohms-' per l i t e r  or 0 .05080 ohm-'cm.-' 
a t  18OC. T h e  Internat ional  Cr i t ica l  T a b l e s  (2)  give a 
va lue  of 0.0503 ohm-' cm." for t h e  s a m e  temperature .  
Stender  and Seerak  (4)  report spec i f ic  conduct ivi ty  for 
sodium s u l f a t e  s o l u t i o n s  over  a cons iderable  range of con-  
centrat ion a t  35OC. T h e s e  d a t a  a r e  plot ted in  F i g u r e s  4 
and 5 for comparison with t h e  d a t a  reported i n  t h i s  paper .  

MATERIALS AND EQUIPMENT 
Analyt ical  reagent-grade c h e m i c a l s  were  used  t o  prepare 

s t o c k  so lu t ions .  T h r e e  s t o c k  s o l u t i o n s  of e a c h  of t h e  t h r e e  
reagents-sodium hydroxide, sodium su l fa te ,  and  su l fur ic  
acid-were prepared t o  normali t ies  of 1.0, 2.0,  and  2.8. 
T h e  sodium hydroxide conta ined  a maximum of 1.2% of 
sodium carbonate  and t h e  sodium s u l f a t e  conta ined  a n  

Figure 1. Specific conductance V S .  sodium sulfote 
replacements for 1N solutions 
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Table  1. Specific Conductivity of Sodium Sulfate Solutions 

Solution Volumes, M1. 
NapSO4 
Replaced, 70 Na2S04 

100.0 
80.0 
75.0 
60.0 
53.5 
50.0 
40.0 
35.8 
30.0 
28.6 
21.4 
20.0 
14.3 
10.0 

7.15 
5.0 
3.57 
0.0 
3.57 
5.0 
7.15 

10.0 
14.3 
20.0 
21.4 
28.6 
30.0 
35.8 
40.0 
50.0 
53.5 
60.0 

.75.0 
80.0 

100.0 

0 
50.0 
62.5 

100.0 
116.1 
125.0 
150.0 
160.7 
175.0 
178.6 
196.4 
200.0 
214.3 
225.0 
232.1 
237.5 
241.1 
250.0 
24;. 1 
237.5 
232.1 
225.0 
2 14.3 
200.0 
196.4 
178.6 
175.0 
160.7 
150.0 
125.0 
116.1 
100.0 
62.5 
50.0 

0 

NaOH 

250.0 
200.0 
187.5 
150.0 
133.9 
125.0 
100.0 
89.3 
75.0 
71.4 
53.6 
50.0 
35.7 
25.0 
17.9 
12.5 
8.9 
0 ... 

. . I  . . .  ... ... ... . . .  . . .  ... . . .  ... ... 
I . ,  ... ... 
. I .  . . .  

H&OI 
... ... ... . . .  ... ... 
. I .  . . .  ... . . .  . . .  
. . I  . . .  . . .  ... . . .  ... 
0 
8.9 

12.5 
17.9 
25.0 
35.7 
50.0 
53.6 
71.4 
75.0 
89.3 

100.0 
125.0 
133.9 
150.0 
187.5 
200.0 
250.0 

Specific Conductance, Ohm-' Cm. 

1.ON Solutions 2.W Solutions 2.W Solutions 

25.2OC. 

0.1815 
0.1559 

0.1308 
... 
... . . .  

0.1062 ... ... ... . . .  
0.0821 

0.0705 
... 
... 
. I .  . . .  

0.0598 ... ... . . .  
0,0644 

0.0699 
... 
... ... ... .... 

0.0874 ... ... 
0.1180 

0.1615 
0.2126 

... 

49.4OC. 

0.2603 
0.2244 

0.1898 
... 
... . . .  

0.1557 ... 
I . .  

. . I  

I . .  

0.1225 

0.1064 
. . .  
. . .  ... ... 

0.0925 ... ... . . .  
0.0909 

0.0917' 
I , .  

... ... * . .  . . .  
0.1005 ... 

. . I  

0.1327 

0.1908 
0.2594 

. I ,  

74.9OC. 

0.3398 
0.2950 

0.2499 
... 
... ... 

0.2071 . . .  . . .  . . .  . . .  
0.1648 

0.1446 
... 
. . .  . . .  ... 

0.1264 
I . .  

. . I  ... 
0.1206 

0.1150 
. . .  
I . .  ... ... 
I . .  

0.1103 
. . I  . . .  

0.1417 

0.2142 
0.2960 

... 

25.2"C. 

... 
0.2435 ... 

. I .  

0.1925 
0.1716 

0.1514 
. I .  

... ... 
0.1314 

0.1123 

0.1028 

0.0949 

0.0998 

0.1046 

0.1168 

. . .  

. . .  

. I ,  

. . I  

4 . .  

* . .  
. . .  
. . I  

0.1315 

0.1518 
0.1790 

. . .  

I . ,  . . .  
0.2 783 ... ... 

49.4OC. 

... . . .  
0.3582 ... ... 
0.2858 
0.2569 

0.2280 
... 
... ... 

0.1999 

0.1732 

0.1599 

0.1485 

0.1502 

0.1514 

0.1562 

... 

... 

... 

... 

. . .  

. . .  

. . .  . . .  
0.1623 
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0.2013 

... 

. . .  . . .  
0.3311 ... . . .  

74.9OC. 

. . .  . . .  
0.4760 

* I .  . . .  
0.3792 
0.343 1 

0.3059 
... 
. . .  ... 

0.2695 

0.2351 

0.2179 

0.2040 

0.2021 

0.1982 

0.1930 

. . .  

. . .  

... 

. . .  

. . .  

. . .  

... 
. I .  

0.1900 

0,1910 
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* . .  

. . .  . . .  
0.3689 . . .  . . .  

25.2'C. 
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* . .  
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0.144 1 
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0,1199 
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0.1175 

0.1227 

0.1334 
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0.1611 
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... 

... 

... 

... 
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... 

... 
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0.2470 ... . . .  . . .  ... 
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. . .  . . .  ... . . .  
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0.2990 
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0.2242 
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0.1850 

0.1901 
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0.2039 
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. . I  
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... 
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* . .  
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0.2812 * . .  . . .  ... 
. I .  
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... . . .  . . .  ... 

0.4916 . . .  ... 
0.4060 

0.3733 
0.3409 

0.3085 
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0.2640 
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0.2511 
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. I .  

* . .  
... 
... 

. . .  

... 

... 
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. .. . . .  
a , .  

undetermined small quantity of sodium bisulfate .  Ordinary 
d is t i l l ed  water  w a s  red is t i l l ed  in borosi l icate  g l a s s  and 
boi led j u s t  before  u s e  as t h e  so lvent .  T h e  conduct ivi ty  of 
the  water  w a s  considered ins igni f icant  for t h i s  work. 

T h e  Kohlrausch al ternat ing current bridge method w a s  
u s e d  for t h e  conduct ivi ty  measurements .  T h e  components  
of t h e  apparatus  were: a Kohlrausch s l ide-wire ,  a r e s i s t a n c e  
box wound for a minimum of c a p a c i t a n c e  and inductance,  
a microphone hummer having  a s tab le  100CLcycle frequency 

I I I 
0.2 0.3 0.4 

SPECIFIC CONDUCTANCE 

Figure 2. Specific conductance V S .  sodium sulfate 
replacement for 2N s 0 1 ~ t i o n ~  

output, a s imple  amplifier uni t ,  earphones,  a Washburn high 
conductivity c e l l ,  and a cons tan t  temperature bath con- 
trolled to  f 0.03"C.  All component par ts ,  except  the s l i d e  
wire, were wel l  sh ie lded .  

PROCEDURE AND EXPERIMENTAL RESULTS 
T h e  equat ion L = K/R re la tes  the  spec i f ic  conduct ivi ty  

L, expressed  in ohm-' cm.-', and R,  t h e  measured res i s t -  
a n c e  in ohms of the  solut ion in the  conduct ivi ty  ce l l .  K i s  
t h e  cell constant  expressed  by t h e  unit cm.-' and cor rec ts  
the  geometry of t h e  a c t u a l  conduct ivi ty  cell t o  that  of a 
s tandard ce l l .  

To determine t h e  value of t h e  c e l l  cons tan t ,  K ,  a 1.OOOON 
solut ion of s p e c i a l  g rade  chemical ly  pure potassium chlo- 
ride w a s  used. T h e  spec i f ic  conduct ivi ty  of the  solut ion 
w a s  given a s  0.11219 ohm-' cm.-' a t  25.2"C. ( I )  and f r o m  
t h i s  va lue  t h e  c e l l  cons tan t ,  K ,  w a s  determined t o  b e  
33.961 f 0.0145 cm-'. T h i s  value was  used  in a l l  sub-  
sequent  ca lcu la t ions  t o  der ive t h e  spec i f ic  conductance  of 
t h e  s tock  so lu t ions  and mixtures. 

T h i s  s tudy  w a s  on t h e  products  formed when a solut ion 
of sodium su l fa te  i s  fed cont inuously to  a compartmented 
electrolyt ic  c e l l .  T w o  product so lu t ions  a r e  recovered from 
w c h  a c e l l ,  o n e  r ich i n  sodium hydroxide and t h e  other 
rich in su l fur ic  ac id .  E a c h  of t h e s e  so lu t ions  contr ibutes  
t o  the  total  conduct ivi ty  of t h e  ce l l .  T o  eva lua te  individual 
contr ibut ions,  appropriate  volumes of s tock  so lu t ions  of 
equal  normali t ies  were  mixed. For example,  on mixing 
equinormal so lu t ions  of sodium s u l f a t e  and sodium hydrox- 
ide,  the  en t i re  range of replacement  of t h e  su l fa te  ion by 
equivalent  hydroxyl ions  could be s tudied  without changing  
t h e  concentrat ion of the  sodium ion. Similarly, sodium i o n s  
were replaced by equiva len t  hydrogen ions  on t h e  a c i d i c  
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S P E C I F I C  C O N D U C T A N C E  ,OHM-’ CM:’ 

Specific conductance V S .  sodium sulfate Figure 3. 
replacement for 2.8N solutions 

s i d e  by mixing equinormal so lu t ions  of sodium s u l f a t e  and 
su l fur ic  acid for a cons tan t  s u l f a t e  ion  concentrat ion.  

E a c h  so lu t ion  mixture w a s  placed in  the  conduct ivi ty  c e l l  
and r e s i s t a n c e  w a s  measured at  the  temperature  ind ica ted .  
E a c h  va lue  for t h e  s p e c i f i c  conductance  reported i s  a n  
a v e r a g e  of f ive individual  determinat ions.  T h e  maximum 
s tandard  deviat ion d id  not e x c e e d  f 0.00024 for any s e t  of 
five va lues .  Fur ther ,  t h e  majority of s e t s  showed a devia-  
tion l e s s  than  i 0.00010. 

T a b l e  I records t h e  s p e c i f i c  conduct iv i t ies  of sodium 
s u l f a t e  so lu t ions  mixed wi th  sodium hydroxide or su l fur ic  
acid at  th ree  l e v e l s  of concentrat ion a n d  a t  th ree  tempera-  
tu res  for e a c h .  T h e  f i r s t  column s h o w s  t h e  fract ion of 
sodium su l fa te ,  e x p r e s s e d  a s  a percentage number, that  
w a s  rep laced  by sodium hydroxide on the  c a u s t i c  s i d e  or by 
su l fur ic  ac id  on t h e  ac id ic  s i d e .  T h e  next t h r e e  co lumns  
under “so lu t ion  volumes”  show the  volumes of so lu t ions  
used  for e a c h  fract ional  replacement .  T h e  remainder of t h e  
t a b l e  records the  s p e c i f i c  conduct ivi ty  of e a c h  so lu t ion  
mixture a t  t h r e e  different temperatures .  

T h e  curves  in  F i g u r e s  1, 2,  and 3 show graphical ly  t h e  
spec i f ic  conduct ivi ty  var iance  with temperature ,  with s a l t  
concent ra t ions ,  and with c h a n g e s  in ion  replacements  for 
both t h e  c a u s t i c  and a c i d i c  s i d e s  of neutral  sodium s u l f a t e .  
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- 
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Figure 4. Temperature V S .  specific conductance for 
sodium sulfate solution 

T h e  var ia t ions  of conduct iv i ty  a s  i l lus t ra ted  by t h e s e  
curves  a r e  c o n s i s t e n t  with what might be expec ted .  In t h e  
c a u s t i c  replacement  s e r i e s  t h e  conduct ivi ty  change  i s  
near ly  a l inear  funct ion of t h e  sodium hydroxide replace-  
ment. As t h e  sodium hydroxide concentrat ion i s  increased ,  
t h e  s u l f a t e  i o n s  a r e  replaced by hydroxyl i o n s ,  which h a v e  
a much greater  ion ic  mobility, thus  increas ing  t h e  con- 
duc t iv i ty  of t h e  so lu t ion .  

T h e  conduct ivi ty  c h a n g e s  d u e  t o  t h e  su l fur ic  a c i d  re- 
placement a r e  not s t ra ight  l i n e s ,  b e c a u s e  t h e  formation of 
b isu l fa te  ions cont r ibu tes  t o  t h e  to ta l  effect .  T h e  b isu l fa te  
ion partly i o n i z e s  t o  hydrogen a n d  s u l f a t e  ions ,  but with t h e  
e x c e s s  s u l f a t e  ions present  t h e  equilibrium i s  sh i f ted  a n d  
t h e  b isu l fa te  i o n s  tend t o  remain a s  such .  Consequent ly  
the  to ta l  number of ions  in so lu t ion  a r e  ac tua l ly  d e c r e a s e d ,  
and t h u s  t h e  conduct ivi ty  i s  d e c r e a s e d .  T h i s  d e c r e a s e  i s  
partly offset  by t h e  p r e s e n c e  of hydrogen i o n s  which h a v e  a 
very high mobility. T h e  in te rac t ion  of hydrogen and s u l f a t e  
ions  i s  greater  a t  t h e  higher  temperatures .  After a l l  of t h e  
s u l f a t e  ions have  been  converted t o  b isu l fa te  ions ,  t h e  con-  
duct ivi ty  i n c r e a s e s  rapidly a s  t h e  hydrogen i o n s  increase .  
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Figure 5. Concentration V S .  specif ic  conductance for 
sodium sulfate solutions 

Figure  4 s h o w s  t h e  plot of s p e c i f i c  conduct ivi ty  vs. 
temperature  for pure sodium su l fa te  solut ions.  Similar 
curves  may be drawn for any  other par t icular  ion replace- 
ment. Another family of c u r v e s  may be drawn by plot t ing 
s p e c i f i c  conduct ivi ty  a g a i n s t  concentrat ion.  F i g u r e  5 
shows o n e  member of t h i s  family, tha t  for pure sodium 
su l fa te  so lu t ions .  

SUMMARY 
T h e  conduct iv i t ies  of mixtures  of pure so lu t ions  of so- 

dium s u l f a t e ,  sodium hydroxide,  and su l fur ic  acid w e r e  
determined at  th ree  l e v e l s  of s a l t  concent ra t ions  and a t  
three temperatures  for e a c h  concentrat ion.  T h e  rep lace-  
ment of s u l f a t e  i o n s  by equiva len t  hydroxide ions  increased  
the s p e c i f i c  conduct ivi ty  with increas ing  replacement .  At 
r o o m  temperature  t h e  equiva len t  replacement  of sodium 
i o n s  with hydrogen i o n s  appeared  t o  i n c r e a s e  t h e  s p e c i f i c  
conduct ivi ty ,  but a t  higher  temperatures  a tendency w a s  
noted for t h e  s p e c i f i c  conduct ivi ty  t o  remain cons tan t  or t o  
d e c r e a s e  s l ight ly  as t h e  composi t ion of t h e  solut ion ap-  
proached tha t  of sodium bisulfate .  After tha t  composi t ion 
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was p a s s e d  t h e  s p e c i f i c  conduct ivi ty  increased  a g a i n  with 
increas ing  hydrogen ion concentrat ion.  
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Solubility 

Aqueous 

of Acrylonitrile in 

Bases and Alkali Salts 

ELIAS KLEIN, J.  W .  WEAVER, AND BEVERLY G. WESRE 
Southern Regional Research Laboratory, New Orleans, La. 

During  a s tudy of t h e  react ion in  which cot ton c e l l u l o s e  
w a s  cyanoethyla ted  with acryloni t r i le  us ing  aqueous  a lka l i  
b a s e s  a s  c a t a l y s t s ,  t h e  so lubi l i ty  of acryloni t r i le  i n  
aqueous  s y s t e m s  w a s  required. S i n c e  the  liquid p h a s e  
a s s o c i a t e d  most int imately with t h e  cotton c e l l u l o s e  during 
t h e  reaction i s  a di lute  aqueous  solut ion of sodium hydrox- 
i d e  or other b a s e ,  t h e  solubi l i ty  of t h e  acryloni t r i le  i n  t h i s  
p h a s e  w a s  bel ieved t o  b e  a determining factor in both the  
ra te  of the  react ion and t h e  ex ten t  of cyanoethylat ion a t  
equilibrium. T h e  solubi l i ty  of acryloni t r i le  in water  h a s  
been reported for var ious temperatures  ( I ) ,  but no solubi l i ty  
da ta  for acryloni t r i le  in  var ious  a lka l i  and  s a l i n e  so lu t ions  
could b e  found. 

MATERIALS USED 

T h e  acryloni t r i le  w a s  of commercial grade, containing 
0.8% of water. In order t o  fac i l i t a te  reading of t h e  in te r face  
with aqueous  l a y e r s  t h e  acryloni t r i le  w a s  colored with 
0.005% Cell i ton F a s t  Red  GGA Ex.  Conc. (Pr. 236). (Pr. 
236  refers  to  t h e  prototype dye  number l i s t e d  in t h e  AATCC 
Yearbook for 1955.) All a lka l i  hydroxides  and s a l t s  were 
of reagent  grade,  except  Naxonate  G ,  a commercially avai l -  
a b l e  mixture of xylene su l fona tes .  

PROCEDURE 
B e c a u s e  acryloni t r i le  r e a c t s  with water  in  the  presence  

cf b a s e s ,  i t  w a s  n e c e s s a r y  to  use a solubi l i ty  determination 
procedure not b a s e d  on equilibrium measurements .  T h e  
measurements  were carr ied out  a t  2 5 ”  i 1 C. in  a n  a i r  
bath. T h e  techniques  employed a r e  essent ia l ly  t h o s e  
reported by Booth and  Everson  (2 )  in  their  s tudy of hydro- 
t ropic  s a l t s .  In t h e  procedure adopted, 45  m l .  of var ious  con- 
cent ra t ions  of a lka l i  b a s e s  were  weighed into s toppered,  
graduated sulfonat ion bot t les  (ASTM D 875-46T); a m e a s -  

ured volume of acryloni t r i le  w a s  then added rapidly, and 
t h e  b o t t l e s  were s e a l e d  and tumbled end over end. Thir ty  
minutes  a f te r  t h e  addi t ion of acryloni t r i le  t h e  tumbling w a s  
s topped and t h e  volume remaining w a s  read on t h e  gradu- 
a ted  s c a l e  of t h e  bottle. Thereaf ter  readings were taken  
every 15 minutes  unt i l  t h e  residual  acryloni t r i le  w a s  less 
than 1.0 ml. 

T h e  change  in  the  volume of acryloni t r i le  w a s  d u e  to  
two causes .  T h e  f i r s t ,  a rapid change  complete  in less 
than 30 minutes ,  w a s  due  to t h e  solut ion of t h e  acryloni t r i le  
in t h e  aqueous  phase .  T h e  second,  and  s lower change,  w a s  
due to t h e  hydration of acryloni t r i le  to  e thylene  cyanohydrin. 
A s  t h e  aqueous  p h a s e  w a s  sa tura ted  with respec t  to  acrylo- 
ni t r i le  during t h e  en t i re  measurement period, and  the  b a s e  
concentrat ion remained e s s e n t i a l l y  unchanged, the  ra te  of 
acryloni t r i le  hydration w a s  evident ly  zero  order. A plot  of 
t h e  volume of acryloni t r i le  remaining vs. t ime w a s  found to  
b e  linear. Extrapolat ion of t h i s  plot t o  zero t ime permitted 
a correct ion to  b e  made for t h e  l o s s  of acryloni t r i le  due  to  
react ion,  and yielded t h e  volume of acryloni t r i le  d i sso lved  
in  t h e  aqueous  phase.  Use of t h e  densi ty  of t h e  acryloni- 
t r i l e  and t h e  known weight of water  in  the  f lask al lowed 
calculat ion of t h e  molality of acryloni t r i le  in  t h e  aqueous  
phase.  

When both a lka l i  b a s e s  and s a l t s  were present  simul- 
taneously,  t h e  s a m e  procedure w a s  followed. T h e  aqueous  
b a s e  w a s  weighed into t h e  f lasks ,  and  weights  of t h e  s a l t  
ca lcu la ted  t o  give a cons tan t  molality of s a l t  solut ion were  
added. 

When t h e  solubi l i ty  of acryloni t r i le  w a s  determined i n  
s a l t  so lu t ions  alone,  t h e  previous method w a s  not neces-  
sary. Weighed amounts  of s a l t  so lu t ions  were p laced  in  t h e  
f l a s k s  and increments  of acryloni t r i le  were added unt i l  a 
second p h a s e  pers is ted.  T h e  so lu t ions  were tumbled for 
30 minutes  between addi t ions  of acrylonitrile. 
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