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SYNOPSIS 

Poly(acry1amide)-starch graft copolymer was treated independently with sodium hydroxide 
and different acid solutions. The different acids include phosphoric, hydrochloric, and sul- 
phuric acid. The treatment was carried out under a variety of conditions including sodium 
hydroxide concentration, time, and duration of hydrolysis as well as type of acid used. The 
extent of hydrolysis was assessed by estimating amide and carboxyl content as well as the 
acrylate and starch content before and after treatment. It was found that the increment 
in carboxyl content is equal to the decrement in amide on using sodium hydroxide con- 
centration up to lN, while using higher concentration than 1N leads to a difference in 
formed carboxyl and decreased amide groups. The magnitude of this difference depends 
on sodium hydroxide concentration as well as temperature and duration of hydrolysis. The 
maximum value of carboxyl content obtained was 593 meq/100 g sample. The acidic treat- 
ment of the starch copolymer does not affect the conversion of amide groups to carboxyl 
groups, and the sole effect was hydrolysis of starch component of the copolymer. Evaluation 
of the alkali-treated copolymer as cation exchanger was carried out. The absorption efficiency 
% of different cations depends on the associated anions and follow the order: Cu2+ > Zn2+ 
> CO" > Mg2+. 0 1995 John Wiley & Sons, Inc 

INTRODUCTION 

Previous have dealt with carboxyl-con- 
taining polymers and the ability of the latter to bind 
heavy metals. It has also been reported7-" that in- 
troduction of reactive functional groups in the 
backbone of highly crosslinked starches brings about 
products that were capable of  removing heavy metal 
ions from industrial waste water. Thus, anionic 
starch was prepared by reacting crosslinked starch 
with monochloroacetic acid."-13 Cation exchange 
starch could also be prepared by saponification of 
poly ( acrylonitrile ) -starch graft copolymers l4,I5 and 
cyanoethylated starch l5 under the influence of alkali. 
It was found15 that beside conversion of the cyanide 
groups to carboxyl groups, alkaline hydrolysis brings 
about cleavage of ether linkage of the copolymer 
and cyanoethyl starch. Cleavage of  the ether linkage 
is greater with cyanoethyl starch than the poly- 
(acrylamide) -starch graft copolymer. The maxi- 

* To whom correspondence should be addressed 
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mum conversion of cyanide groups into carboxyl 
groups at the optimum conditions was 43.2%. 

The present work is undertaken with a view of 
studying the hydrolysis of crosslinked poly- 
(acrylamide ) -starch graft copolymer in both alka- 
line and acidic medium. Hydrolysis was carried out 
under a variety of conditions including sodium hy- 
droxide concentration, acid type, and concentration 
as well as treatment temperature and duration. This 
was done to find out the most appropriate conditions 
for converting the amide groups in the copolymer 
to carboxyl as a prerequisite for preparing anionic 
starch. The evaluation of the hydrolysis product as 
ion exchange is also studied. 

EXPERIMENTAL 

Materials 

Maize starch, acrylamide, potassium persulphate, 
and sodium hydroxide were of pure grade chemicals. 
Hydrochloric acid, sulphuric acid, and phosphoric 
acid were of laboratory grade chemicals. Also, the 
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acetate, chloride, and sulphate of zinc, cobalt, cop- 
per, and magnesium were of pure grade. 

Preparation of Poly (acrylamide) -Starch Graft 
Copolymers 

Maize starch (500 g) was slurried into (5000 mL) 
of solution containing (1000 g) acrylamide and PO- 

tassium persulphate (60 mmol/L) and purged for 
15 min with nitrogen to remove oxygen. The reaction 
mixture was heated in an oven at 100°C for 4 h. The 
reaction product was Soxhlet, extracted with a mix- 
ture of ethanol : water (80 : 20) and dried. The pre- 
pared poly (acrylamide) -starch graft copolymer was 
analyzed for nitrogen and carboxyl contents ac- 
cording to reported  method^.'^,'^ The prepared 
poly ( acrylamide) -starch graft copolymer contained 
785 mmol amide group and 125 mmol carboxyl 
group/ 100 g sample. 

Alkaline Hydrolysis 

Saponification of the aforementioned starch co- 
polymer was performed as follows: 4 g of poly- 
( acrylamide ) -starch graft copolymer was added to 
30 mL of sodium hydroxide solution (0.5-2.5N) in 
100 mL stoppered flask. This mixture was placed in 
thermostated water bath at specified temperature 
(60-100°C) for different times (15-120 min). A t  
the end of the required reaction time the content of 
the flask was poured into 400 mL ethyl alcohol con- 
taining the necessary amount of H,SO, to adjust the 
pH to 3. The product was filtered and washed with 
ethanol : water mixture (70 : 30) and finally with 
ethanol and dried. The reaction product was ana- 
lyzed for amide and carboxyl contents. 

Acid Hydrolysis 

Acid hydrolysis of starch copolymer was performed 
as follows: 4 g of poly (acrylamide ) -starch graft co- 
polymer was added to 50 mL of acid (1N) in 100 
mL stoppered flask. This mixture was placed in 
thermostated water bath at specified temperatures 
(80-100°C) for different times (15-120 min). At 
the end of the required reaction time, the content 
was poured into 300 mL ethanol. The product was 
washed several times with ethanol : water (70 : 30) 
and finally with ethanol and dried. The product was 
analyzed for amide and carboxyl contents. 

Heavy Metaf Ions Removal 

A solution (50 mL) of metal ion (0.01 mol) was 
treated with the prepared sample (0.25 g) added as 

solid. After 24 h contact time, the solution were fil- 
tered and the residual metal ions concentration in 
the filtrate were measured. 

RESULTS AND DISCUSSION 

It is known that amides undergo hydrolysis to car- 
boxylic acids in alkaline or acidic medium.18 Cross- 
linked poly (acrylamide ) -starch graft copolymer was 
saponified under alkaline and acidic medium to 
study the validity of preparing cation exchange 
starch. 

Alkaline Hydrolysis of Starch Copolymer 

On treating poly ( acrylamide) -starch graft copoly- 
mer with sodium hydroxide solution the following 
reactions were expected ( 1 ) saponification of amide 
groups to carboxyl groups;15 (2)  deetherification and 
depolymerization reactions of the polyacrylate com- 
ponent of the c o p ~ l y r n e r . ' ~ ~ ' ~ - ~ ~  The extent of these 
reactions depend on the treatment conditions. 

Crosslinked poly ( acrylamide ) -starch graft co- 
polymer with 785 mmol amide and 125 mmol car- 
boxyl group/100 g was subjected to the action of 
sodium hydroxide of different concentrations (0.5- 
2.5N) at various temperatures (60-100°C) for dif- 
ferent times ( 15-90 min) . The hydrolytic effect of 
the alkali was assessed by monitoring the amide 
content as well as the carboxyl content of the co- 
polymer before and after hydrolysis. The results ob- 
tained are set out in Tables 1-111. 

Amide Content 

The results (Tables 1-111) signify that alkaline hy- 
drolysis is accompanied by a decrement in the amide 
content of the copolymer, irrespective to the con- 
ditions used. However, the magnitude of this dec- 
rement is determined by sodium hydroxide concen- 
tration as well as temperature and duration of hy- 
drolysis, being higher the higher the magnitude of 
these parameters. 

It is further noted that the decrement in the amide 
content during the first 15 min hydrolysis was rel- 
atively high, particularly a t  a sodium hydroxide 
concentration higher than 0.5N. The decrement in 
the amide content of the copolymer amount to 3.8%, 
10.2%, 16.6%, 41.5%, 50.1%, and 53% when hydro- 
lysis was carried out using 0.50, 0.75, 1.0, 1.5, 2.0, 
and 2.5N sodium hydroxide, respectively, at 60°C: 
this against 14.6%, 27.4%, 43.3%, 55%, 66%, and 
65% at 80°C and 30.6%, 36.3%, 49.7%, 58.1%, 61.5%, 
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and 67% at 100°C. Beyond 15 min hydrolysis, the 
decrement in amide content continues but in a reg- 
ular manner. 

Carboxyl Content 

Tables 1-111 show the carboxyl content of the pre- 
pared copolymer before and after alkaline hydrolysis 
under different conditions. The data show that: 

1. The carboxyl content of the hydrolyzed 
poly ( acrylamide) -starch graft copolymer 
samples depends on sodium hydroxide con- 
centration as well as duration and tempera- 
ture of the treatment. 

2. The carboxyl content increases on increasing 
reaction duration and/or reaction tempera- 
ture within sodium hydroxide concentration 
0.5-1.5N and 0.5-1.ON at  60-80°C and 
100°C, respectively. On the other hand, the 

4 JOC ./ 
300 ‘3 

+ 
,$ zoc 
1, 

3 100 
c 

0 
t) 70 40 60 80 100 120 1 J O  

T i m e ( m  i n~ 

Figure 1 Cleaved groups (expressed as rn.mol/lOO g 
sample) under the influence of sodium hydroxide on 
poly(acry1amide)-starch graft copolymers at  different 
conditions. 0, 1.5N, 0, 2 N ,  V, 2.5N. 
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C, 10 40 60 80 100 129 1-10 

T i m e (m i n )  

Figure 2 Conversion (%) of amide groups into carboxyl 
groups through alkali treatment of poly(acry1amide)- 
starch graft copolymers at different conditions. 0, 1.5N; 
a, 2N; 0, 2.5N. 

carboxyl content increases with reaction du- 
ration to reach a maximum and then de- 
creases on using sodium hydroxide concen- 
tration higher than 1.5N. 

3. The values of these maxima depend on so- 
dium hydroxide concentration as well as 
temperature, i.e., at 60°C the maxima occur 
after 45 min and 15 rnin on using 2.ON and 
2.5N sodium hydroxide, respectively, and at  
8O-10O0C, the maxima occur after 15 rnin on 
using sodium hydroxide concentration higher 
than 1.5N. 

4. The increment in the carboxyl content during 
the first 15 min hydrolysis is higher compared 
to those formed during the next equal periods 
of hydrolysis. This is particularly observed 
on using all sodium hydroxide concentration 
at  80-100°C and 0.75N upward at  60°C. The 
increment in carboxyl content within the first 
15 min on using 1.5Nwere 33.5%, 44.6%, and 
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55.8% of the original amide groups at  60, 
80, and 100°C respectively, while the incre- 
ment within 120 min under the same condi- 
tions were 43.3%, 49.2%, and 34.4%, respec- 
tively. 

5. The carboxyl content increases with increas- 
ing sodium hydroxide concentration to reach 
a maximum and then decreases. The value of 
this maximum depends on reaction temper- 
ature and duration, i.e., on using reaction du- 
ration of 15 min, the maxima occur at 2.5N, 
and 1.5N sodium hydroxide for 60°C, and 80- 
100°C, respectively. 

6. It is further noted (Tables 1-111) that the in- 
crease in carboxyl content is equal to the de- 
crease in amide content at all temperatures 
on using sodium hydroxide concentration 
0.5-1.ON. On the other hand, on using a so- 
dium hydroxide concentration higher than 
l.ON, the formed carboxyl groups is much 
less than the corresponding decrement in 
amide content, a point that calls for substit- 
uents cleavage. Cleavage of substituents was 
also observed when poly (acrylonitrile ) -starch 
graft copolymer was treated with alkali.15 

7. The difference between the increment in car- 
boxyl content and the decrement in amide 
content increases with increasing sodium hy- 
droxide concentration as well as reaction 
temperature and/ or duration. 

8. The maximum value of carboxyl content ob- 
tained by alkali treatment of poly( acryl- 
amide ) -starch graft copolymer was 593 meq 
COOHI 100 g sample. This was achieved on 
carrying out the saponification reaction at 
100°C with sodium hydroxide (1.ON) for 2 h. 
The increase in carboxyl content is equal to 
59.6% from the original amide content. 

4 
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Cleavage of Substituent 

The sum of carboxyl and amide contents of 
poly (acrylamide) -starch graft copolymer before and 
after alkali treatment (using NaOH concentration 
more than 1.ON) were calculated. It reveal a large 
difference, indicating cleavage of some substituent 
groups. The dependence of this cleavage on the con- 
dition of alkali treatment is shown in Figure 1. It is 
obvious that the amount of cleaved groups increases 
with increasing sodium hydroxide concentration, 
treatment duration and temperature. 
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Table VI Absorption Behavior of Saponified Poly(acry1amide)-Starch Graft Copolymer for Different 
Metal Cations 

Exchanger's Mg2+ co2+ Zn2+ cu2+ 
Capacity 

meq100g c1- SO;- AC- c1- SO;- AC- ci- SOL- A ~ -  ci- SOL- A ~ -  

340 3.5 3.5 48.5 6.2 6.2 56.5 7.6 7.6 76.0 17.2 17.2 83.0 
445 4.0 4.0 50.6 6.7 6.7 58.0 8.1 8.1 77.0 23.6 23.6 84.3 
575 7.8 7.8 52.2 10.4 10.4 60.0 12.0 12.0 78.3 25.0 25.0 86.1 

Conversion Percent of acid solutions was assessed by monitoring the 
amide as well as the carboxyl contents of the co- 
polymer before and after hydrolysis. The results ob- 
tained were set out in Tables IV and V. The data 
show that: 

The conversion % of amide groups of the starch co- 
polymer after treatment with sodium hydroxide was 
calculated as follows: 

formed carboxyl groups 
decrement in amide groups 

Conversion % = x 100. 1. The amide content depends on the acid type 
and/or the temperature used. 

2. The amide content increases with increasing 
the treatment temperature as well as duration 
on the contrary of alkaline treatment. 

3. The increment in amide content follow the 

The conversion % of amide groups to carboxyl 
groups during alkali treatment were set out in Figure 
2. The data show that: 

1. The conversion % depends on sodium hy- 
droxide concentration, i.e., the conversion % 
was 100% on using sodium hydroxide con- 
centration, up to l.ON, while it decreases on 
using higher concentrations and the magni- 
tude of the decrement is higher, the higher 
concentration used. 

2. The conversion % decreases in general with in- 
creasing either reaction duration or temperature 
specially at higher sodium hydroxide concen- 
tration. The decrement in conversion can be at- 
tributed to the deetherification, depolymeriza- 
tion, and cyclization  reaction^.'^*'"^ 

From the above findings, it is shown that on using 
sodium hydroxide concentration up to 1.ON the sa- 
ponification reaction (conversion of - CONH2 
group into -COOH) is the lonely reaction, while 
on using higher concentration, the deetherification 
and depolymerization reactions occur simulta- 
neously with the saponification reaction. 

Acid Hydrolysis of Starch Copolymer 

Crosslinked poly ( acrylamide ) -starch graft copol- 
ymer (785 mmol amide and 125 mmol carboxyl 
group/lOO g sample) was subjected to acid hydro- 
lysis at 80°C and 100°C using LON solutions of dif- 
ferent acids. These acids were phosphoric, hydro- 
chloric, and sulphuric acids. The hydrolytic effect 

order: HCl 2 H2S04 > H3P04. 
4. The carboxyl content has the same behaviour 

as the amide content. 
5. The sum of amide and carboxyl content in- 

creases with increasing treatment tempera- 
ture and/or duration. 

6.  The acrylate content of the poly(acry1- 
amide) -starch graft copolymer increases with 
acid treatment while the starch component 
decreases. 

From these data it is obvious that the hydrolysis 
of amide group to carboxyl group does not occur, 
and the main effect is the hydrolytic effect of these 
mineral acids on the starch component of the 
poly (acrylamide) -starch graft copolymer, as shown 
in Tables IV and V. The same phenomenon occurs 
on hydrolysis of polyacrylonitrile in the presence of 
sulphuric acid, which shows that the reaction ceased 
a t  the amide group step and not to the carboxyl 
step.22 

Heavy Metal Absorption 

The alkali treated poly ( acrylamide ) -starch graft 
copolymer were evaluated as a cation exchanger. 
Saponified copolymers having different capacities 
were treated with solutions containing cations of 
Mg2+, Co2+, Zn2+, and Cu2+. The cations were in 
the form of acetate, chloride, and sulphate. The ab- 
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sorption values of these cations are shown in Table 
VI. The data show that: 

1. The absorption % increases with increasing 
the capacity of exchanger used. 

2. The absorption % of the different cations fol- 
low the order: Cu 2+ > Zn 2+ > Co 2f > Mg2+. 

3. This is in accordence with Irving-Williams 
series.23 The difference in absorbancy % of 
these different metals is due to the difference 
in ( a )  their ability to form covalent bonds 
with the carboxyl group; (b)  ion potential of 
these metals. 

The absorption % of any cation depends on the 
associated anion and follow the order; acetate 
> chloride, and sulphate. This difference is attrib- 
uted to the difference in ionization values (pK,) of 
these anions and its effect on the salt formed after 
sorption of the cation on the cation exchanger. 
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