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Abstract A new copolymers, high molecular weight
poly(acrylamide) [AM2A0.01W20] and [AM1AO0.1W20]
were synthesized by radical adiabatic copolymerization in
aqueous solution. The [AM2A0.01W20] copolymer was
hydrolysed in basic medium by using sodium hydroxide
solution and leads to a new hydrolysed poly(acrylamide)
[AM3A0.01W20-H]. The structure and composition of the
copolymers were established by "H NMR, IRTF and con-
ductivity. The molecular weights are obtained by size
exclusion chromatography [SEC] and by viscosity. The
variation of the reduced viscosity of aqueous copolymer
solutions with copolymer concentration revealed a strong
viscosity values showing very high [PAM] molecular
weights. In the present work, several copolymer formula-
tions are tested by the process of Coagulation/Flocculation/
Decantation with a Jar-test, using a 30 mg L™" clay sus-
pension. The optimization process shows that the copoly-
mers present different flocculation efficiencies. The
copolymers with the best performances were tested on a
semi-industrial experimental pilot for the Coagulation/
Flocculation/Decantation process. Good Flocculation yield
superior than 70 % are observed for the [AM3A0.01W20-
H] with high molecular weight.
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Introduction

Due to their properties, water-soluble copolymers have
continuously attracted widespread interest. In fact, the
modified poly(acrylamide) are an extremely important
class of synthetic copolymers which are used widely in
industrial and laboratory applications [1-6].

Cationic and multiple-functional polyacrylamide (PAM)
are important industrial reagents particularly for wastewa-
ter treatment thanks to the excellent flocculation function
originating from synergistic effects of charge neutralization
and bridging adsorption [7-9]. Indeed, the viscosity study
of the copolymer poly(acrylamide-co-4-vinylpyridine)
was reported in two studies [10, 11]. Baojiao et al. [10]
have synthesized poly(acrylamide-co-(4-vinylpyridine)) in
organic solvents using potassium persulfate (K,;S,0g) as
initiator. The obtained copolymers have low intrinsic vis-
cosities [n] and therefore low macromolecular weight
(Mw).

Gui et al. [11] synthesised and characterised a zwitte-
rionic copolymer of acrylamide and 4-vinylpyridine
propylsulfobetaine (AMVPPS) in NaCl solution at 30 °C
using potassium persulfate (K,S,0g) and sodium bisulphite
(NaHSO3) as initiator. It was found that AMVPPS
copolymer was a good flocculent for both anionic kaolin
and cationic hematite suspensions and the flocculation
performance of copolymer was much better than that of
pure poly(acrylamide). The obtained copolymers have also
low intrinsic viscosities [n] and therefore low macro-
molecular weight (My).
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The physicochemical processing of Coagulation/Floc-
culation are suitable methods to reduce the colloidal
materials [12, 13]. The coagulation, as the first step into
process of wastewater treatment, consists in neutralizing by
decreasing the electric loads and to contribute to linking
between the colloidal particles with a size varying between
0.01 and 1 pm. Flocculation is the step which follows the
coagulation and promotes contact between the colloidal
particles to form agglomerates requiring flocculants such as
poly(acrylamide)s [13].

The purpose of this work consists in preparing and char-
acterizing a new poly(acrylamide) copolymers and to test
them by the process of Coagulation/Flocculation/Decantation
with a Jar-test, and on a semi-industrial experimental pilot.

Materials and Methods
Materials
Bentonite

Suspension solutions were prepared using clay Bentonite
issued from the fields of Hammam—Boughrara—Maghnia—
Algeria and supplied by a local company known as ENOF.
The granulometric analysis of the bentonite has been per-
formed locally in the Civil Engineering Department
(Tlemcen University) using a sedimentation technique with
a 0.1 % solution of sodium hexametaphosphate. Its
chemical composition has been determined by X RAY
Fluorescence in the central laboratory of the ENOF [15].
Only the Bentonite fraction with a size <1 pm was only in
this work.

Reagents

The acrylamide monomer compound was provided by
Merck. Ammonium persulfate (APS) was provided by
Aldrich and was used without further purification.
Solvents

The solvent used is bi-distilled water (analytical grade).

Turbidity

Turbidity measurements were conducted on well calibrated
HANNA apparatus.

Synthesis of Poly(acrylamide) [PAM]

High weight PAM is prepared by radical adiabatic poly-
merization of acrylamide [AM] [1] in a reactor (Dewar), in

aqueous solution, with ammonium persulfate (APS) as ini-
tiating agent. The mixture is stirred and purged with nitrogen
for 15 min. One starts the reaction by rapid external heating
of the mixture. The High weight PAM polymer is dissolved
in water and precipitated in ethanol. The product is then dried
under vacuum at room temperature to constant weight and
stored in a desiccator. In this paper, the copolymers are noted
(AMx/A%/Wy-H) Such that:

AMx: Mass of acrylamide in the mixture,

A%: Mass percentage of initiator compared to that of
the monomer,

Wy: Mass of water in the mixture,

H: Hydrolysed copolymer

Characterization of Poly(acrylamide) [PAM]

The structure was checked by 'H NMR and FTIR spec-
troscopies. The molecular weight was estimated by the
viscosity technique using water as solvent, and by Size
exclusion chromatography (SEC).

Conductivity

Conductivity was measured by use of a CDM 210 conduct-
meter (Radiometer, Meter Lab.). The studied solutions were
contained in a cell glass with double thermostated wall
maintained at 25 £ 0.1 °C by use of a circulating thermostat.

Infrared Analysis FTIR

The IR spectra were recorded on an FTIR Perkin-Elmer-
2000 spectrophotometer with samples in the form of KBr
pellets.

NMR Spectroscopy

'"H NMR (400 MHz) spectra were recorded on a Bruker
Avance 400 spectrometer, in the solvent D,0.

Viscosity

Viscosity was measured with a standard Ubbelohde capil-
lary viscometer, with a thermostated bath at 25 £ 0.1 °C.
The reduced viscosity (mn) of the polymer solution was
measured at the desired concentration (g mL*I). The vis-
cosity molar mass was then deduced from the intrinsic
viscosity [n] using the Mark—Houwink law [2, 14].

Size Exclusion Chromatography (SEC)

Number and weight average molecular weights, M,, and
My, respectively and polymolecularity index.
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Ip = M,,/M,, were determined by size exclusion chro-
matography (SEC) using a Waters Alliance 2690 equipped
with Waters Ultrahydrogel 250, 500 and 2000 and
refractive-index (RI) detector. The equipment was cali-
brated with poly(ethyleneoxide) (PEO) standards, and
NaNO; at 0.1 mol L™' was used as eluent with
0.5 mL min~"' flow.

Results and Discussion

In the present work, we have synthesized new poly(acry-
lamide) copolymers in order to test them in the process of
Coagulation/Flocculation/Decantation. These copolymers
were repeatedly precipitated in ethanol and were then dried
under vacuum at room temperature to constant weight and
stored in a desiccator (Table 1). They were purified by
several cycles of dissolution/precipitation in the couple of
solvent/non-solvent (water/ethanol).

The copolymers were characterized by proton nuclear
magnetic resonance ('H NMR) spectra with a DMX-500
(Bruker, Germany) and in D,O as solvent. The '"H NMR
spectrum of AM1A0.1W20 copolymer is shown in Fig. 1
and the related spectral data are reported on the Table 2
[15, 16] and confirms its chemical structure. The signal at
4.7 ppm corresponds to the protons of the solvent.

The molecular weight was determined by water size
exclusion chromatography (SEC) using a set of three col-
umns TSK PWXL obtained from TOSO HAAS (length:
30 cm, interior diameter: 7.8 cm) and coupled to an auto-
matic refract-meter and a light scattering apparatus. The
molecular weight was also determined by a capillary
standard Ubbelohde viscometer, with a thermostated bath
at 25 £+ 0.1 °C. The molecular weights of newly synthe-
sized copolymers are summarized in Table 3.

Characterization by FTIR Spectroscopy

The copolymers were also characterized by FTIR spec-
troscopy. The spectral data confirm their chemical struc-
tures (Fig. 2). Table 4 summarizes the vibration bands
which are attributed to the bonds elongation and defor-
mation. The characteristics of the AMIAO0.1W20

Table 1 Polymerization conditions of the acrylamide monomer

polyacrylamide Spectrum are presented in Table 4 [17,
18]. We note that the copolymers AM2A0.01W20 and
AM3A0.01W20-H present similar spectra.

Determination of the Basic Hydrolysis Rate
of the [AM3A0,01W20-H] Copolymer

The basic hydrolysis rate of the [AM3A0.01W20-H]
copolymer was estimated by using the conductivity technique
which shows that the percentage of the carboxylate functions
[COO™] was about 38 %. In this experiment, the copolymer is
dissolved in an excess of sodium hydroxide (10_2 N) to
transform all COOH to COO™ functions. Then, the OH™
functions are firstly neutralized (V; = 24.16 mL), followed
by the COO™ functions neutralization which corresponds to
the volume (V,—V,). This volume is determined as follows:
(V,—V; = 50.73-24.16 ~ 50.7-24.2 = 26.5 mL) (Fig. 3).
The general equation is as follows:

m — (MAA X I’lAA)
Mam

nam

where:

Nap = (Vz - Vl) x 1073 x Cual

nAA
Yoan = —
nr

m: mass of acrylamide; Cycpr concentration of
hydrochlorid acid; ns,.: Acrylamide number of moles;
M4, molecular weight of the carboxylate function; nyu:
Carboxylate function number of moles, M,,,: molecular

weight of acrylamident = nap + nam-

Jar-Test Flocculation Tests

The samples of the Bentonite suspension are put in four
500 mL containers then flocculent copolymer are added.
The process of the flocculation was led during 5 min with a
An estimated stirring speed of 100 rpm for a few seconds
and 50 rpm. until the end. This step was followed by a
decantation for 5 min. Then, samples were taken for tur-
bidity determination.

Copolymer AM initial (g) APS/AM Water (g) Hydrolysis rate (CO, ™) Conversion rate (%)
AMI1A0.1W20 7 0.1 <0.1 % 78
AM2A0.01W20 7 0.01 <0.1 % 98
AM3A0.01W20-H 7 0.01 38 % >99

AM acrylamide (g), APS ammonium persulfate, Solvent bi-distilled water
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Fig. 1 "H NMR spectrum of Spectre am
AMI1AO0.1W20 polyacrylamide
in Dzo

remmns—

1
ppm

Bl

Table 2 '"H NMR signals of the AMIA0.1W20 polyacrylamide
spectrum in D,O

Structure d (ppm) Attribution
a b (14-1.8; m; 2H)  H,
—fme—m—f— ecaumm n,
| n
C=0

NH,

The flocculent [AM3A0.01W20-H] copolymer shows
the following optimized testing results summarized in
Table 5. The curve depicted in Fig. 4 shows a maximum of
reduced turbidity at Vmax = 5.6 mL. The quantity of the
flocculent [AM3A0.01W20-H] was optimized by testing
the copolymer using a Jar-test flocculation apparatus. A
mother copolymer solution was prepared in aqueous media
With a weight concentration of 101 mg L™'. The floccu-
lation tests were conducted on a Bentonite suspension
which the weight concentration was 30 mg L™" and which
the initial turbidity was 7.9NTU. The optimization of the
dose of the used flocculent was realized at the initial pH
value of 6.7. The measured final pH was about 6.8. This

fact, the flocculent based poly(acrylamide) are usually used
in the pH range of 6.2-7.0 [3, 6].

The flocculent [AM2A0.01W20] copolymer shows
the following optimized testing results summarized in
Table 6. The curve (Fig. 5) of the reduced turbidity per-
centage shows a maximum at about 54.5 % corresponding
to a Vmax = 4.3 mL. The quantity of the flocculent
[AM2A0.01W20] was optimized by testing the copolymer
using a Jar-test flocculation apparatus. A mother copolymer
solution was prepared in aqueous media which the weight
concentration was 107.66 mg 1~". The flocculation tests
were conducted on a bentonite suspension which the
weight concentration was 30 mg~' and which the initial
turbidity was 7.9NTU. The final turbidities are given in the
Table 6. The Bentonite suspension has an initial pH of 6.7
and which rests constant after the flocculation tests.

The flocculent [AM1A0.1W20] copolymer shows the
following optimized testing results summarized in Table 7.
The curve of the eliminated turbidity percentage shows a
maximum at about 31.7 % corresponding to a
Vimax = 4.2 mL (Fig. 6).

The quantity of the flocculent [AM1AO.1W20] was
optimized by testing the copolymer using a Jar-test floc-
culation apparatus. A mother copolymer solution was
prepared in aqueous media having a weight concentration

shows that the pH variation is small and non significant. In  of 105.66 mg/100 mL. The flocculation tests were
Table 3 Viscosity and SEC molecular weight results

Copolymer [n] (mL g~ " M, 107¢ (g mol™") M, 107¢ (g mol™") M,, 107 (g mol™") Ip
AMIA0.1W20 528.8 2.05 1.8 29 2
AM2A0.01W20 884.1 4.03 4.16 6.20 1.49
AM3A0.01W20-H 911.3 4.24 4.03 6.37 1.58
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Fig. 2 FTIR Spectrum of
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Table 4 FTIR Spectrum of AM1A0.1W20 polyacrylamide: vibration
bands Attribution of non hydrolysed polyacrylamide [17, 18]

Fréquence v (cm™ 1) Attribution Nature
3168-3331 N-H Elongation
2928 C-H Elongation
1647 C=0 Elongation
1446 —CH»- Deformation
1413 C-N Elongation

0,44 -

0,42

— 0,40

0,38

X (ms/cm

0,36

0,34

T T T T T T T T T T T T T
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Fig. 3 Conductivity determination of the hydrolysis rate of the
[AM3A0.01W20-H] copolymer

conducted in a Bentonite suspension having a weight
concentration of 30 mg 17" and and an initial turbidity of
7.9NTU. The final turbidities are given in the Table 7. The
Bentonite suspension has an initial pH of 6.7 and which
remains constant after the flocculation tests.
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Pilot Flocculation Tests

The Flocculation tests are conducted in a semi-industrial
installation of coagulation/flocculation as shown in Fig. 7.
The Bentonite suspension (30 mg L) is filled in the tank
of 300 L. The flocculent copolymer is continuously added
in the reactor on the Bentonite suspension where the floc-
culation process takes place. The mixture is then trans-
ferred to the decanter where the turbidity is measured as a
function of the time.

The flocculent copolymers show the following opti-
mized testing results summarized in Fig. 7. The flocculent
[AM3A0.01W20-H] copolymer shows the best reduced
turbidity percentages.

As shown in the Fig. 7, the installation consist in a tank
of 300 L, a reactor of 20 L equipped whit a helix stirrer
with stirring speed of about 50 rpm. A decanter of 40 liters
and one reservoir are used to add the flocculent. Two flow-
meters and pump heads of type IWAKI (MD-20KZ) are
used to add and to calibrate the bentonite suspension and
the flocculent into the reactor.

Firstly, two solutions are prepared, the flocculent solu-
tion with a known concentration and the bentonite solution
with a predetermined concentration of 30 mg L™'. The last
suspension is introduced in a tank of 300 L and is
homogenized by using an pump. The bentonite suspension
and the flocculent alimentations are followed by flow-me-
ters 80 L h™' and 300 mL h™', respectively. When the
reactor is full, the suspension flow to the decanter previ-
ously full by the clear water. Finally, when the decanter is
full and the treated water is flowing out, a regular mea-
surement of the turbidity is taken up each ten minutes for
160 min. The initial pH value is 6.7 in the bentonite
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Tablet 5 Optimization of the v 1 5 3 4 5 6 7 3 Vo = 5.6 mL
quantity of the flocculent

[AM3AO0.01W20-H] copolymer 4,14ty 45 43 39 28 23 21 27 37 -

Eliminated turbidity (%) 43.0

456 506 646 709 734 658 532 708

V = volume of the mother copolymer solution; Weight concentration: 101 mg L™"; Bentonite suspension:
30 mg L™, Initial turbidity: 7.9 NTU. Initial pH 6.7; Final pH 6.8

eliminated turbidity %
3
1

55
i n
50 -
454 "
T T T T T T T T T T T T T
2 3 4 5 6 7 8

volume (ml)

Fig. 4 Eliminated turbidity percentage from the Bentonite suspen-
sion (30 mg L7" as a function of the volume of the flocculent
[AM3A0.01W20-H] copolymer (101 mg L™

suspension. The measured final pH was about 6.8. This
shows that the pH variation is small and non significant.
For the flocculent [AM3A0.01W20-H] copolymer, the
curve of the eliminated turbidity percentage shows a
maximum about 70 % after 140 min decantation time. A
mother copolymer solution was prepared in aqueous media
with a weight concentration of 101 mg L™'. The final
concentration in the flocculation reactor is about
1.41 mg L™". For the flocculants [AM2A0.01W20] and

60

50 -
45
40

35

eliminated turbidity %

30

25

0 1 2 3 4 5 6 7 8 9
volume floculant (ml)

Fig. 5 Eliminated turbidity percentage from the Bentonite suspen-
sion (30 mg Lfl) as a function of the volume of the flocculent
[AM2A0.01W20] copolymer(101 mg. L™

[AM1AO0.1W20], the curves of the eliminated turbidity per-
centages show maximum respectively nearing 54 and 31.7 %
after 140 min decantation time. A mother copolymer
solution was prepared in aqueous media which the weight
concentration was 107.7 mg L~!, for the [AM2A0.01W20]
and 105.7 mg L~! for the [AM1AO.1W20]. The final
concentration in the flocculation reactor is about
1.16 mg L™", for the [AM2A0.01W20] and 1.11 mg L™"
for the [AM1AO.1W20].

Table 6 Optimization of the
quantity of the flocculent
[AM2A0.01W20] copolymer

Table 7 Optimization of the
quantity of the flocculent
[AM1AQ.1W20] copolymer

v 1 2 3 4 5 7 8 Vimax = 4.3 mL
Turbidity 5.1 4.2 4 35 3.7 4.6 5.6 -
Eliminated turbidity (%) 35.44 46.83 4936 55.69 53.16 41.77 29.11 54.51

V = volume of the mother copolymer solution; Weight concentration: 107.7 mg L™"; Bentonite suspen-
sion: 30 mg L™"; Initial turbidity: 7.9 NTU. Initial pH 6.7; Final pH 6.7

v 1 2 3 4 5 6 7 Viax = 4.2 mL
Turbidity 65 59 57 56 5.1 58 63 -
Eliminated turbidity (%)  17.7 253 278 29.1 316 266 203  31.65

V = volume of the mother copolymer solution; Weight concentration: 105.7 mg L™'; Bentonite suspen-
sion: 30 mg L™"; Initial turbidity: 7.9 NTU. Initial pH 6.7; Final pH 6.7
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Fig. 6 Reduced turbidity percentage from the Bentonite suspension
(30 mg L) as a function of the volume of the flocculent
[AM1AO0.1W20] copolymer (101 mg L™

The high molecular weight and hydrolysed poly(acry-
lamide) [AM3AO0.01W20-H] is the best flocculating
sample tested in this work. Its comparison with the
poly(acrylamide) [AM1A0.1W20] which shows the weak
flocculating effect shows that the molecular weight plays
a great effect in the coagulation/flocculation/decantation
process (Fig. 8). The high molecular weight and non
hydrolysed poly(acrylamide) [AM2A0.01W20] gives
middle coagulation/flocculation/decantation percentages
which shows that the electrostatic balance increases the
interactions by opening the macromolecular chains. The
next step of this work is to quantify the effect of the
hydrolysis amount of the high molecular weight
poly(acrylamide) on the coagulation/flocculation/decanta-
tion process.

Fig. 7 Semi-industrial
installation of coagulation/
flocculation

A: Tank of 300L

Conclusion

High molecular weight poly(acrylamide) new copolymers
were synthesized by radical adiabatic copolymerization in
aqueous solution. The copolymer structures were estab-
lished by 'H NMR, IRTF, conductivity, size exclusion
chromatography and by viscosity. The copolymer formu-
lations are tested by the process of Coagulation/Floccula-
tion/Decantation with a Jar-test and on a semi-industrial
experimental pilot and compared with the literature data
[19, 20]. The results show good flocculation efficiencies
superior than 70 % in terms of yield.

(x): AM3A0,01W20-H

100 (+): AM2A0,01W20
X X
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Fig. 8 Eliminated turbidity percentages from the Bentonite suspen-
sion (30 mg L™ as a function of the decantation time. (circle)
[AM1A0.1W20] copolymer (105.7 mg L™"). (plus) [AM2A0.01W20]
copolymer (107.7 mg LY. (cross) [AM3A0.01W20-H] copolymer
(101 mg L™
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Two effects have been tested, the molecular weight and
the electrostatic balance. In fact, the high molecular weight
and hydrolysed poly(acrylamide) [AM3A0.01W20-H]
shows the best coagulation/flocculation/decantation yield.
Comparatively, the high molecular weight and non
hydrolysed poly(acrylamide) [AM2A0.01W20] gives
middle coagulation/flocculation/decantation percentages
which shows that the electrostatic balance increases the
interactions by opening the macromolecular chains. On the
other hand, the poly(acrylamide) [AM1A0.1W20] shows
the weakest flocculating effect.

In the near future, we will quantify the effect of the
hydrolysis rate of the high molecular weight poly(acry-
lamide) on the coagulation/flocculation/decantation process.
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