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Introduction

Polyacrylamides and their water soluble-derived copoly-
mers became lately the most widely used materials in many 
fields, such as corrosion inhibition and water treatment by 
coagulation/flocculation [1, 2] as they offer the possibility 
to be charged. The routes of synthesis and modification of 
acrylamide (AM) to endow them with different functionali-
ties were widely studied recently [3–6]. The cationic, ani-
onic and zweterionic polyelectrolytes based on polyacryla-
mide were the most widely used polymers as coagulant/
flocculant in the field of wastewater treatment because of 
their high macromolecular weight and charged sites, which 
are the most important parameters for the flocculation 
mechanism resulting from synergy phenomena of charge 
neutralization and adsorption [7–9]. Copolymerization of 
acrylamide and 4-vinylpyridine propylsulfobetaine using 
potassium persulfate (K2S2O8) as an initiator was studied 
by Gui et  al. [10]. This study reported that the obtained 
copolymer showed better results in the elimination of 
both anionic kaolin and cationic hematite suspensions by 
flocculation compared to pure polyacrylamide. Another 
polyacrylamide-derived copolymer, poly(acrylamide-co-
(4-vinilpyridine)) modified by quaternization was studied 
by Baojiao et al. [11], who observed good results in floc-
culation and corrosion inhibition. Flocculation of montmo-
rillonite, bentonite and kaolinite suspensions using cationic 
biopolymers have also been reported by Huang and Chen 
[12] and several other groups [13–15]. In the light of these 
previous studies, we could conclude that the coagula-
tion step was based on the opposite charges neutralization 
mechanism giving place to the flocculation step which led 
to the aggregation of colloidal particles forming flocs and 
eliminated by settlement [16, 17].
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In the present work, we prepared two poly(acrylamide-
co-(4-vinylpyridine)) (s) with different macromolecular 
weights and 4VP amounts. UV–Visible, viscosimetric 
measurement and 1H-NMR were used to characterize these 
copolymers. A comparative study was performed with a 
commercially available cationic FO4910 in jar-test and 
semi industrial pilot of flocculation in the aim to remove 
bentonite suspension turbidity.

Experimental

Materials and Reagents

For the synthesis of different copolymers, monomers, a sol-
vent and a polymerization initiator were used. Acrylamide 
(AM) obtained from Merck (France) was used without fur-
ther purification. 4-Vinylpyridine (4VP), purchased from 
Sigma-Aldrich (France), was purified by fractional distilla-
tion under reduced pressure. Ammonium persulfate (APS) 
acquired from Sigma-Aldrich (France) was used as an 
initiator. Bi-distilled water was used in all synthesis steps 
and aqueous copolymer solutions preparation. 1 M Hydro-
chloric acid (HCl) and 1  M sodium hydroxide (NaOH) 
solutions from Sigma-Aldrich (France) were used for the 
adjustment of pH in all the steps of the present work. Ben-
tonite, which was used as a turbidity agent, was obtained 
from VWR (France). It is generally a mineral powder con-
sisting of montmorillonite from the phyllosilicates family 
[18]. In addition, stable water suspension could be formed 
by bentonite giving turbidity, which is one of the major 
problems encountered with water [19]. In the aim to com-
pare the flocculation efficiency of synthesized copolymers, 
a cationic hydrosoluble polymer FO4910 in the form of a 
white powder commercialized by SNF S.A.S (France) was 
used in this study as a flocculant of reference. The FO4910 
aqueous solution was used at a concentration of 5 g/L and a 
pH = 2.5–4.5.

Copolymers Synthesis and Characterization

Radical adiabatic copolymerization of acrylamide and 
4-vinylpyridine using two different amounts of aqueous 
ammonium persulfate  solution (NH4)2S2O8 (APS) as an 

initiator in aqueous medium was performed to synthesize 
poly(AM-4VP) with different macromolecular weights 
[20]. The obtained copolymers had the structure shown in 
Fig. 1, which was confirmed by 1H-NMR (400 MHz) anal-
ysis. The UV–Visible spectrophotometry (Optizen 2120) 
was used to determine the effective weight ratio of each co-
monomer in the obtained copolymers. The macromolecu-
lar weight was determined by viscosity measurement using 
a standard Ubbelhode capillary viscometer at 22 °C using 
the Mark–Houwink law [21, 22]. The different copolymers 
have been noted as poly(AM-4VP) X%, where X% is the 
percentage of the initiator’s mass.

Turbidity Measurement

Bentonite suspensions were prepared by direct dispersion 
of bentonite particles in bi-distilled water under vigorous 
stirring to obtain a homogenous suspension. The initial 
and final turbidities were then measured using a calibrated 
nephelo-turbiditymeter (Hanna HI-93703C). The bentonite 
suspensions showed a good stability. The natural decanta-
tion experiment of a suspension (100  mg/L) exhibited a 
weak turbidity removal of 20% after 48  h of decantation 
[17].

Jar‑Test Operations

Coagulation-Flocculation tests were carried out on a six-
spindle jar-test with stainless steel paddles. Different vol-
umes of flocculant solution were added to each suspension 
and the final optimum concentration of flocculant was then 
calculated. The mixture was stirred under rapid agitation 
of 100  rpm for 30  s and then under reduced agitation of 
50  rpm for further 4  min. At the end of the coagulation/
flocculation process, the suspension was allowed to settle 
and the final turbidity (final Tu) was measured after vari-
ous settling times [23, 24]. The turbidity removal efficiency 
was estimated by the following equation:

All flocculation tests were done in duplicate at ambient 
temperature 20 °C.

(1)
Turbidity removal efficiency(%) = (Initial Tu − Final Tu)∕Initial Tu

Fig. 1   Poly(AM-4VP) obtained 
by radical adiabatic copolym-
erization
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Semi‑Industrial Coagulation/Flocculation Pilot

The flocculation behaviour of the different polymers was 
also studied on a semi-industrial installation as shown in 
Fig. 2.

An initial concentration of bentonite suspension of 
100 mg/L was used as polluted water. The suspension was 
kept under stirring condition in a tank of 300 L (Fig. 2A). 
The flocculant solution was continuously added from 
the flocculant Tank (Fig.  2E) into the reactor during all 
the flocculation process. In the decanter (Fig.  2C), the 
mixture was allowed to settle and the turbidity of the 
produced water was then measured each 10-min during 
the 2-h treatment period [1]. All experimental param-
eters were optimized from the jar-test results such as the 

flocculant dose, speed and time of stirring during the 
process.

Results and Discussion

In the present study, the flocculant behaviour of acryla-
mide-based copolymers was studied in the aim to elimi-
nate turbidity from bentonite suspension. The first step of 
our work was the synthesis of two different copolymers by 
adiabatic radical polymerization using varying amounts of 
the initiator (APS%). As shown in Table  1, the obtained 
copolymers were purified by dissolution/precipitation using 
water/acetone (solvent/non-solvent), and then dried in a 
desiccator.

Fig. 2   Semi-industrial pilot of coagulation/flocculation/decantation. A tank of 300 L, B reactor, C decanter, D coagulant tank, E flocculant tank, 
F control box

Table 1   Copolymerization 
conditions and percentages of 
acrylamide and 4-vinylpyridine

Copolymers AM, 4VP/
water W/W%

AM%/4VP% 
initial

% Initiator Conversion 
rate %

AM%/4VP% 
by UV–Vis-
ible

Poly(AM-4VP) 0.5% 50/50 60/40 0.5 95 64/36
Poly(AM-4VP) 0.1% 50/50 60/40 0.1 92 77/23
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Characterization by 1H‑NMR

The structure of the synthesized copolymers was assessed 
by 1H-NMR for poly(AM-4VP) 0.1% using Bruker 
Advance 400 spectrometer in D2O/DCl used as a solvent. 
The spectrum obtained is shown in Fig. 3 while the attribu-
tion of signals is reported in Table 2 [10, 25, 26].

From Table 2, we could observe that all the character-
istic protons of the different chained monomers as well as 
their functional groups were present on the spectrum. Sim-
ilarly, all characteristic peaks of poly (AM-4VP) 0.5% in 
D2O were also noticeable on the NMR spectrum.

Characterization by UV–Visible

UV–Visible spectra depicted in Fig.  4 were recorded 
on UV–Visible Optizen 2120 for the aqueous copoly-
mer solutions with the same concentration of 10−4 g/
mL. We could note that these copolymers had two major 
transitions one at λmax = 200  nm, which could be attrib-
uted to the acrylamide (AM) groups, and another at 
λmax = 255  nm, which is specific to the 4-vinylpyridine 
(4VP) groups. The absorbance value (A) varies from 

one polymer to another. Using the law of Beer–Lambert 
(Eq.  2) shown below, one could calculate the mass per-
centage of 4VP unit in each copolymer and thereafter 
deduct the percentage of AM.

  

where A, ε, C and l are the absorbance, the molar attenu-
ation coefficient ε = 1.66.103 (L/mole  cm) for the poly(4-
vinylpyridine); the copolymers solutions’ concentra-
tion C = 1.10−4 (g/mL) and the path length l = 1 (cm), 
respectively.

The effective weight composition of the copolymer 
was estimated by UV–Visible [27]. The percentage of 
each co-monomer was calculated (AM% and 4VP%) and 
findings were reported in Table 1.

It could be observed that the amount of the initiator 
used is directly related to the final percentage of the two 
monomers. Thus, it could be concluded that the reactiv-
ity of 4VP increased with the percentage of the initiator 
(APS). Therefore, the investigation of the effect of the 
copolymers’ chemical composition on the efficiency of 
flocculation process was performed [20, 28].

(2)A = ε × C × l

Fig. 3   1H-NMR spectra of poly(AM-4VP) 0.1% in D2O/DCl
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Viscosimetric Macromolecular Weight Mv 
Determination

The viscosimetric measurements were carried out using 
a capillary viscometer Ubbelhode. The temperature was 
maintained constant by using a thermostat at 22 ± 1 °C. 
Several concentrations were prepared for both copoly-
mers in the presence or absence of 0.1  M NaCl. As 
depicted in Figs. 5 and 6, the variation of reduced viscos-
ity of poly(AM-4VP) copolymers was a function of their 
concentration in the presence or absence of NaCl salt for 
different percentages of the initiator (0.5 and 0.1%) at 
22 °C and a weakly acidic aqueous medium (pH ≈ 6). The 
obtained values of reduced viscosity for the two copoly-
mers were in agreement with the results published by 
Mansri et al. [28] and other previous studies.

The values of the intrinsic viscosities [η] were deter-
mined by extrapolating the linear part of the curves and the 
values of the viscosimetric macromolecular weight (MV) 
were calculated using the Mark–Houwink relation [29]. 
The results obtained were reported in the Table 3.

Application in Turbidity Removal by Flocculation

Jar‑Test Flocculation Experiments

In order to optimize the experimental parameters of the 
bentonite suspensions flocculation, a study was carried out 
on the jar-test, which allowed us to determine the optimum 
concentration of the various flocculants in addition to the 
stirring speed and time.

An initial turbid water 23 NTU was prepared by disper-
sion of 100 mg/L of bentonite powder in bi-distilled water. 

Table 2   1H-NMR signal of 
poly(AM-4VP) 0.1% in D2O/
DCl

Structure δ (ppm) Attribution
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An aqueous stock solution of each flocculant was prepared 
at the concentration of 10−3 g/mL. 1 M HCl solution was 
used to adjust the pH of the poly(AM-4VP) flocculant solu-
tion and set it at 2.5. After adding the flocculant solution, 
the mixture was stirred at 100  rpm for 30 s and then at a 
reduced speed of 50 rpm for further 4 min to allow flocs to 
aggregate. The mixture was finally allowed to settle and the 
final turbidity was measured after different settling times. 
The results obtained were summarized in Table 4.

Figure  7a–c showed the efficiency of bentonite tur-
bidity removal as a function of the concentration of each 
flocculant after different settling times. All the curves of 
turbidity removal showed an optimum elimination with 
the different flocculants. The poly(AM-VP) 0.5% led to 
89% of turbidity removal with a concentration of 3 mg/L, 
while the poly(AM-VP) 0.1% recorded 87% of elimina-
tion with 1  mg/L. This result could be explained by the 
high macromolecular weight of poly(AM-VP) 0.1% and the 
small amount of 4-VP in the copolymer compared to the 
poly(AM-VP) 0.5% as mentioned in Table  1. The floccu-
lant FO4910 had 90% of elimination with a concentration 
of 6 mg/L. The new synthesized copolymers showed also a 
good flocculant behaviour in acid pH medium. The treated 
water had a weak turbidity level of <3 NTU at the opti-
mum concentration of each flocculant. The decantation step 
showed a slight improvement as a function of time, which 

meant that it was almost complete after the first 5 min of 
decantation as shown in Fig. 8.

After determining the optimum concentration of each 
flocculant, flocculation tests were carried out after keep-
ing the optimum dose constant and varying the stirring 
speed of the mixture for 4 min. The results obtained were 
depicted in Fig. 9.

The turbidity removal from bentonite suspension 
100 mg/L as a function of the stirring speed using the opti-
mum concentration of each flocculant, previously deter-
mined, was evaluated. From the findings shown in Fig. 9, it 
could be concluded that the elimination efficiency increased 
with increasing stirring speed up to 50 rpm, beyond which 
a stability was noticed with all flocculants tested. The value 
of 50  rpm could therefore be considered as the optimum 
stirring speed for flocculation tests. Finally, to optimize 
stirring time, a set of flocculation tests was performed by 
varying stirring time and keeping the optimum concentra-
tion of the flocculant constant and the stirring speed set at 
50 rpm.

Results of the different experiments were plotted in 
Fig.  10. The efficiency of turbidity removal was given as 
a function of stirring time under 50 rpm and the optimum 
concentration of each flocculant. It could be concluded 
from the results observed that the flocculation efficiency 
increased with the stirring time for all three flocculants. 
However, a slight stability was also observed beyond 5 min 
of stirring.

Pilot Flocculation Experiments

Following the study of the efficiency of turbidity removal 
by coagulation/flocculation using various copolymers solu-
tions on the jar-test, an optimization of the experimental 
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Table 3   Intrinsic viscosities 
[η] and viscosimetric 
macromolecular weight MV 
values at 22 °C

Copolymer Poly(AM-4VP) 0.5% Poly(AM-4VP) 0.1%

[η] in absence of NaCl (mL/g) 260 380
Mv in absence of NaCl (g/mole) 8.05 × 105 13 × 105 
[η] in presence of NaCl (mL/g) 150 350
Mv presence of NaCl (g/mole) 4.05 × 105 11.7 × 105 

Table 4   The optimum flocculation parameters using different floc-
culants (CBentonite = 100 mg/L, Tu0 = 23NTU); stirring speed: 50 rpm; 
stirring time: 4 min; settling time: 5 min

Flocculant Optimum dose 
(mg/L)

Turbidity 
removal (%)

Residual 
turbidity 
(NTU)

AM-VP-0.1% 1 87.5 2.8
AM-VP-0.5% 3 89.3 2.4
FO4910 6 90.4 2.2
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parameters was done, where the optimum dose of every 
copolymer in addition to the optimal stirring speed and 
time were determined. In a second step, flocculation tests 
were conducted on a Semi-industrial pilot as shown in 
Fig. 2. To this end, we prepared a mother solution of each 
copolymer at the desired concentration and pH; i.e. (AM-
VP 0.5%) 1 mg/L at pH = 2.5, (AM-4VP 0.1%) 0.5 mg/L 
at pH = 2.5 and (FO4910) 1 mg/L at pH = 4. The bentonite 
suspension of 100  mg/L, pH = 8 was continuously stirred 
and homogenized in a tank of 300 L and added to the reac-
tor of 20 L with a flow rate of 80 L/h.

Copolymer solutions were added into the reactor at a 
flow rate of 210 mL/h for both poly(AM-co-4VP) 0.1% and 
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poly(AM-co-4VP) 0.5%, and at a flow rate of 300 mL/h for 
FO4910. The flow rates were adjusted to achieve the opti-
mum concentration of each flocculant inside the reactor. 
During the flocculation process, the mixture in the reac-
tor was stirred under a speed of 100 rpm. When the reac-
tor was completely filled, the treated suspension flowed 
into the decanter previously filled with clear water (Tu = 0 
NTU). At the decanter outlet, the treated water turbidity 
was measured every 10 min for 2 h. The same experiments 
were repeated with and without lamella in the decanter in 
order to deduce the impact on the quality of the treated 
water. The flocculation process showed no significant effect 
on the value of initial pH = 8. The turbidity removal results 
using the three flocculants were reported in Table 5.

Figure  11a, b showed the turbidity removal using 
pilot with and without lamella as a function of decan-
tation time with the three flocculants used. It could be 
concluded that the use of the lamella improved the qual-
ity of the treated water with all the three flocculants. 

The elimination efficiency went from 77 to 80% with 
poly(AM-co-4VP) 0.5%, from 62 to 79 with poly(AM-
co-4VP) 0.1% and finally from 75 to 80% with FO4910 
after 2  h of treatment. Synthesized copolymers showed 
results in alignment with previous findings reported by 
Mansri et al. [1] where a charged poly(acrylamide) poly-
mer was used for turbidity removal from bentonite sus-
pension by flocculation.

Conclusion

Radical adiabatic copolymerization led to the generation 
of high macromolecular weight copolymers with differ-
ent amounts of AM and 4VP monomers. Several meth-
ods were used for the characterisation of the synthesized 
copolymers such as 1H-NMR for structural analysis and 
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Table 5   Turbidity removal with different flocculants using pilot with 
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tion time: 2 h

Flocculant C (mg/L) Turbidity removal (%) Residual turbidity 
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lamella

With 
lamella

Without 
lamella

With 
lamella

AM-VP-
0.1%

1 62 79 8.7 4.8

AM-VP-
0.5%

3 77 80 5.2 4.6

FO4910 6 75 80 5.7 4.6
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UV–Visible for determining the relative amounts of mon-
omers in each copolymer. The macromolecular weights 
were calculated by viscosity. As an application in waste-
water treatment, the flocculation of turbid water was 
studied firstly on a jar-test and then on a semi-industrial 
pilot of flocculation. Poly(AM-co-4VP) (s) showed good 
flocculant behaviour in comparison to a commercially 
available flocculant FO4910. At low optimum concen-
trations of poly(AM-co-4VP) (s), flocculation efficiency 
was superior to 80% when turbidity removal yield was 
recorded. Copolymer macromolecular weight, the amount 
of 4VP and the pH of flocculant solution were considered 
as the major parameters affecting flocculation efficiency. 
However, future studies are warranted to further inves-
tigate the effect of initial turbidity level on flocculation 
and the elimination of other complex pollutants or metal/
bentonite.
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