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Hydrated cations and anions reactive towards pre- 
cursors of molecular products in radiolytic media 
constitute favourable solutes for preparing high mole- 
cular weight polyacrylamide. The conversion and degree 
of polymerization are well expressed by the formulated 
equations: 

R'~ _100 N ~I q=q.(1+ /~n) and U~_D.TI qo(1+ [~n) 

The conditions of preparing polyacrylamide having 
of 83.5 mil. at q~ 50 % are described. 

High molecular weight (HN~V) polyacrylamide has 
been the subject of very many patents. Hydrolyzing the 
monomer (ABKIN 1975 & PROF~ITT 1962), incorporating 
acrylate salt (ANDO 1975) and/or salts of inorganic 
acids (KOLODNY 1965 & SCANLEY 1968) are among the 
declared methods. However, criticism on these factors 
and their cooperative effects are not cited in the 
literature. 

Deoxygenated water was prepared by boiling double 
distilled water for 15 min then cooled and stored 
under nitrogen gas (KORNEEVA 1973). 

Monomers or comonomers dissolved in deoxygenated 
water were further deaerated by 0.2 1 N2/ml solu- 
tion at a rate of 550 ml/min. 

RIS~'S and RAYCHEM'S linear lO Mev electron beam ac- 
celerators having dose-rates (D r ) of about 5 and 
17xlO ~ Mrad/s respectively were employed. 

Polymer was precipitated in exce~s methanol, filtered 
and dried under vacuum at 50 C then 80vC over P205 

~milo stands for million and r. for rad. 
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or SICAPENT to constant weight. 
Viscosities of 0.1-0.02 gn~dl polymer in 1 N NaN03 

thermostated at 30~O.l~ were measured agains~ so- 
dium nitrate blank solution for calculating the 
weight average molecular weight ~ (BARBER 1957): 

= 3 . 7 3  

Likewise, the number average molecular weight, ~n' 
is determined using aqueous polymer solutions 
thermostated at 25+_0.1 C (COLLINSON 1957): 

[ ~ ]  = 6.8 x lO "-4 ~n 0"66 

Acrylamide at 5, l0 & 15 % in water has been ir- 
radiated at varying doses under N 2 . The data are 
shown in Figs.1 & 2 . 107 
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Monomer and dose effect Variation of M n with 
on polyacrylamide yield dose and monomer 

It is clear that highest polymer yield (Fig.l) 
and ~n (Fig.2) are as- 
sociated with lO % acryl- I~5 I0 ~ 
amide. This mostly imp- 
lies a gel-effect (NORTH 
1963). For elucidation, 
the rate of polymeriza- 
tion has been calculated 
from the definition: 

_ d L'M.] _ q/MJ (I) 
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where [ M ~  is the initial 
monomer Vconcentration 
and D is the dose. 
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Fig.3 shows that for 5 and 15 %, Rp is independ- 
ent of the absorbed ~ose up to D = 550 K.r. This is in 
consistent with the free radical theory of polymeriz- 
ation (CHAPIRO 1962). At D>550 K.r., however, R dec- 
reases with increasing dose. This may be due to Pin- 
creasing radical population and thus termination. 

On the other hand, the onset of polymerization at 
10 % acrylamide shows higher R~ values than both other 
concentrations. This is characteristic of the gel ef- 
fect, beingattributed to decreasing termination(ODIAN 
1970 & KOPECEK 1974) though the latter rises with in- 
creasing doses. Thus, R~ would decrease with increasing 
dose, as seen from the Tigure. 

It is worthy to note that the obtained data imply 
that gelation requires a definite monomer concentra- 
tion. This mostly allows formation of a spatial struc- 
ture (E/BANOV 1975) via some bonds. For instance, hy- 
drogen bridging between amino and carbonyl groups of 
neighboring molecules (LiIYAGAWA 1961) and/or enhanced 
molecular aggregation due to reinforced hydrogen bonds 
(CHAPIRO 1971 & 1973). These would hinder the solubi- 
lity of the product gel. 

On this basis, the monomer concentration has been 
kept constant at 2 N/l, i.e. 14.22 % to avoid gelation. 
The dose is chosen 500 K.r. This is the highest dose 
sustaining free radical mechanism of polymerization 
(AZZAM). 

The influence of hydroxides, bicarbonates and car- 
bonates of Li, NHA, Na, K & Rb on acrylamide polymer- 
ization has been ~tudied. The ingredients were added 
to hydrolyze monomer to 30 % degree. The results are 
given in Table 1 o 

Table 1 shows that hydroxides produce lowest q & 
~w " Considering reactions (2) & (3) : 

CH2=CHCONH 2 + ~OH ~ CH2=CHC00M + NH 3 (2) 

3CH2=CHCONH 2 + NH 3 ~ N(CH2CH2CONH2) 3 (3) 

The decrease in polymer yield could be attributed to 
the monomer depletion via (3). The reduction in ~,, 
may imply that nitrile tripropionamide, NPA~ is a~ 
efficient chain transfer agent (GROMOV 1974). Thus the 
decrease in q & ~w is evidently due to ammonia. 

Although carbonates are blacidic, they yet produce 
an overall amount of NH~ equivalent to that of hydro- 
xides. Thus, the higher2q & ~,,, values found with car- 
bonates can be related to their incomplete dissociat- 
ion. The pK a value of carbonic acid is 6.46 . On this 
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TABLE 1 
Influence of the hydrolyzing agents 

Hydro- 
lyzing 
agents 

Li 

N~Ia 4- 
K 
Rb 

Hydroxides 

q % ~ o l O  -5 
Carbonates 

q % ~.lO -5 
Bicarbonates 

q % ~.lO -5 

9.65 1.06 13.73 3.18 
7.55 0.86 16.57 6.32 20.01 15.37 
9.20 0.69 18.24 2.38 24.84 18.80 
9.03 0~ 14.97 3.56 26.12 17.26 

10.08 0.53 15.06 2~68 

account both the hydrolyzed acrylamide and NH~ would 
decrease~ Qualitative tests have proved the e~istence 
of carbonates even after refluxing for 48 hr. Only 
LioCO~ has initiated polymerization under these cond- 
it~ond. 

Bicarbonates are even 
weaker electrolytes. The pK_ 
of bicarbonic acid is 10.25 a. 
They have thus produced hig- 
her q & ~lw values .  

It is worthy to note that 
whenever constant dose rates 
and doses are employed, the 
following relation (AZZAM) 
holds: 

I ~ I  " ~ f  . . . .  " 

,.oy ,,, \ 
Io, ; .  \ 

I ' , 0.I~ , ' . ' ; '  , , 

O--pn 1~  N q (4)  

where N is the Avogadro num- ~ 20 
ber and G. is the yield of ~I0~." ~ ~ ..... & 
initiati~ species. This ex- O| ~, . , , 
plains well the proportiona- 
lity between~ and q seen 1.0.95 .9~ .6 .~ .2 0 
from Table 1 ow Mole ~ra~ions ~ acrylamlde 

~o ac ry la~e sa l ts  

Fig.~ . 
Effect of acryza~e salts 

of varying cation. 

Acrylate salts of Na, K & Rb were prepared by 
adding stoichiometric amounts of the corresponding 
hydroxides dropwise to ice-cooled acrylic acid stirred 
magnetically. These were mixed with acrylamide to 
total 2 M/1 then deaerated and irradiated. The results 
are shown in Fig. 4 . 

Fig. 4 shows that within a 0.9 to 0.2 molar ratio 
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of acrylamide:acrylate, conversion 5 
and molecular weight decrease in 
the order Na>K>Rb . This is in 
good agreement with the reactivity 
of acrylate towards acrylamide o~ I 
(PZOCHOCKA 1971). Further, the ~ 05 
order of the elements is the same IX 
for increasing cationic radii and 
decreasing degree of hydration. 
Thus, PZochocka and Wojnarowski 
have attributed this order to the 
strength of cationic binding , 
although sodium in the product 
was found by flame photometry to 
be much less than theoretically 
expected. This casts some doubt 
on the role of cations for poly- 
mer segments. On the other hand, 
cation hydration would reduce 
the unbound free water (HALLABA 
1968) in the system. This vir- 
tually increases the monomer 
concentration. On this basis, 
the conversion would increase 
(CHAPIRO 1962 & WILLIAMS 1968) 
and thus ~ (Eq. 4). 

Consequently, highly 
hydrated cations are favourable 
for producing H~W polymer. On 10 
this account lithium would be 
the best, though its acrylate 
salt spontaneously polymerizes ~ 
on removal of water. Sodium is 2 
the next element. Its salt is "~1.0 
seemingly stable, q & ~w are I~ 
highest at 7:3 acrylami~e : 
acrylate of sodium. 

At [acrylamide:acrylat~ > 0.9 01 
the behaviour is complicated by 
the predominance of acrylamide. 
The same can be said about co- 
monomer ratios < 0.2 . 

The influence of comonomer 
concentrations at this composition 
(7:3) has been studied. Raychem's 
accelerator was employed in the 
irradiation of samples at 500 K.r. 
The results are shown in Fig. 5 �9 

Fig. 5 shows that q increases 
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continuously with increasing con- prepared Na-acry- 
centration. However, ~w increases late at total 2M/1. 
with increasing concentration of 
the comonomers up to 5.63 M/1 
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then decreases. The former increase is expected from 
Eq. 4 �9 However, the latter decrease lies at 8.4 M/l, 
i.e. 59.7 % comonomers. This is very near if no ex- 
ceeding saturation occurs (GROMOV 1974). Thus the 
reasons are mostly related to a two-phase formation. 

Once again, sodium acrylate was prepared, separa- 
ted by a rotary vacuum evaporator at 30~ then dried 
in a vacuum oven at room temperature over sicapent to 
constant weight. This was employed to re-investigate 
the influence of the sodium acrylate to acrylamide 
ratio at constant comonomer conc. of 2M/1. Ris~'s ac- 
celerator was used for irradiating samples at 500 K.r. 
The results are shown in Fig. 6 . 

The relations in Pig. G are similar to the cor- 
responding of Pig. 4, irrespective of changing dose- 
rates. It shows once again the validity of the co- 
monomer ratio of 7:3 , acrylamide:acrylate of sodium. 

The influence of C1-, NO~ & SO~- as sodium salts 
on acrylamide polymerization~has been studied. Acryl- 
amide, hydrolyzed by NaOH or Na2CO ~ to 30 %,, was 
heated to near boiling to expel ammonia, then left 
overnight prior to mixing with salt solutions and 
irradiation. The 
results are shown 
in Fig. 7 �9 

Fig. 7 shows 
once more that q 
is higher with 
carbonates than 
with hydroxides. 
This further 
consolidates 
results of item 
(2) irrespective 
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of changing am- 
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of solutes. More- 
over, the vari- 
ation of q with 
increasing con- 
centration of a 
given anion has 
more or less 
the same pattern 
irrespective of 
the hydrolyzing 
agent. This can 
be attributed 
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to the effect 
of solutes on 
precursors of 
the molecular 0 
products H o 
or Hg09(AN~AR 
1968~&~VERES - 2 
HCHINSKII 
1964). This 
can be expre- 
ssed by: q 

GM ~M ~1 ~M 
(S)  

where G M r e f -  
ers to GH2 or 

o 0 
GH202 while G M 0 
is the same at 
the solute ac- 
tivity IS] = O; 
k I & k 2 are 
rate constants 
of the reactions 
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Graphical determination of k2/k I 

of the precursors with water and solute, respectively. 
Eq.5 in terms of conversion becomes: 

:1_ ~_~[5~ n (6) 
Rearranging Eq. 6 

i - I  = k~[~ n (7) 
qo K1 

and tak ing  the logari tb_~s, n was ca l cu la ted .  I n s e r t -  
ing the value of n into Eq.(6), k2/k ~ were found gra- 
phically from Fig. 8. Knowing the constants, the 

TABLE 2 
The constants of Eqs. 5-9 

Solute/Concentr- Hydro- Solute acti- 
ation range lyzing vity power 

M/1 agent@ n 

NaCI 0.86-3.42 NaOH 
1.52• 

NaC1 0.86-5.13 Na2CO 3 
NaNO~ 0.59-2.35 NaOH -1.89Z0.22 
NaNO~ 1.18-5.88 Na2CO 3 -0.40~0.04 

Na2SO 4 0.14-0.35 NaOH 
Na2SO 4 0.07-0.35 Na2CO 3 1.84Z0.57 

Rate constants 
solute : water 

kJk I 
0.26+ 0.06 
o.21+_- 0.04 

- 0.08~ 0.01 

- O.45• 0.OO5 

154.00i12 
70.00~21 

@ Calculated amounts for 30 % hydrolysis of acrylamide, 
the concentration of which is 2 M/1 . 
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influence of neutral solutes, S, on the conversion, q, 
relative to qo ,at[S]=O could be foreseen from: 

q=qo(1+ ~[~n) (8) 

All the lines drawn among the experimental data pre- 
sented in Fig.(7) are based on Eq.(8). Thus, the va- 
lidity of the equation is evident. 

From Fig.7 it is clearothat the ~olymer yield 
decreases in the order SO~->CI-> NO 3 . 

Moreover, from Eqs.(4) and (8) one gets: 

- -  lOON ~ / ~ n )  
( 9 )  

Knowing a s i n g l e  v a l u e  o f  ~n a t  a g i v e n  s o l u t e  a c t i v i t y ,  
the constant of Eq.(9) can be evaluated, although the 
average of two values has 
been employed. Fig.9 is 
an illustrative example. 

Fig. 9 shows that the 
number average molecular 
weight is decreasing i~ 
the order NO; > Cl-> SO~-. 

For C1- & SO~-the limit- 

ing values are governed 
by the solubility of the 
salts in water. However, 
NO; has shown that k2/k 1 

ratios change sign at 
podium nitrat~7 and 
< 0.5 M/1. This mostly 

implies a change in mech- 
anism of the radiolytic 
transformation beyond 
these concentrations. It 
may be related to the 
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3 
tionation of the NO2-intermediate product. For instance: 

NO; + H ~ N02 + OH- (I0) 

2NO 2 + H20 ~HNO 2 + HNO 3 (ii) 
Eqs.(lO) & (ll) show that two H-atoms are consumed in 
the reduction of one NO~-anion. The higher reactivity 
of NO; has seemingly increased ~n ,as compared to C1- 
or S~-(Fig. 9). This may be attributed to decreasing 
termination. Practically, i0 % NaNO~ has increased ~ 
from 8.64 to 18.13 mil. under the p~esent experimental 
conditions. Thus, it is concluded that anions reactive 
towards precursors of the molecular products are 
favourable for preparing H~ polyacrylamide. However, 
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at Esolut~>5 M/l, the ~n value in the presence of C1- 
exceeds that of NO; , Possibly because of changing 
mode of radiolytic transformation. 

It is concluded beyond much doubt that ammonia 
effectively terminates acrylamide polymerization in 
solutions possibly via formation of NPA . Table 3 
summarizes some of the relevant data. 

TABLE 3 
Change of q & ~ with removal of ammonia 

Ru~ 
No, Experimental Conditions 

1. Direct addition of NaOH(0.3) to 

RESULTS 
q % ~.lO -6 

acrylamide(1.O) in solutions prior 
to irradiation. 9.20 0.07 

2. Heating acrylamide(1.O) with NaOH 
(0.3) near to boiling 18.40 1.87 

3. Heating acrylamide(O.3) with NaOH 
(0.3) then leaving overnight before 
adding acrylamide(O.7). 18.00 8.64 

4. Neutralizing acrylic acid(O.3)with 
NaOH(O=3)then adding acrylamide(0.7)20.47 6.74 

5. Mixing pre-prepared sodium acrylate 
(0.3) with acrylamide(O.7) 21.50 21.62 

The numbers in brackets are the fractional molar 
concentrations of the ingredients. 

Table 3 shows that q & ~ have increased from run 
1 to 2 by heating th~ hydrol~zing media to expel NH~ . 
Further increase in ~ w by 4.6 fold has been achieved 
in run 3 by separating the hydrolyzing media from re- 
maining monomer to avoid contact of the latter with 
ammonia. In run 4, evolution of ammonia has been avoi- 
ded though ~ has decreased while q has increased. In 
run 5, the s~lt is dried before application. This has 
ncreased both q & ~ . Thus, the reasons for the low 

value of run 4 ar~ not clear. They may be related 
some NaOH contamination or macromolecular struc- 

ture if not being fortuitous. 
Keeping the monomer concentration beyond gelation 

results in sustained solubility of polyacrylamide in 
water. Practically, irradiation of 14.22 % acrylamide 
having 30 % pre-prepared sodium acrylate produces 
polyacrylamide with ~w = 21.62 mil. at q= 21.5 % . In- 
creasing the comonome~s to 40 % increases both q & ~w 
to 58.27 % and 39.78 mil. respectively. Replacing 
water by lO % NaNO~ solution results in a further in- 
crease of ~w to 83~47 mil. whereas q is reduced to 50%. 
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