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Abstract: In this work, a novel cationic polyacrylamide (PAMD) was synthesized by acrylamide (AM)
diallyl dimethyl ammonium chloride (DMD) and dodecyl polyglucoside (DPL) under low-pressure
ultraviolet (UV) initiation. The intrinsic viscosity and cationic degree of PAMD were optimized in
copolymerization. The optimum synthesis conditions that affect polymerization were determined
to be solid content 30%, DPL content 25%, DMD content 30%, illumination time 135 min, and pH 9.
The flocculation performance of flocculant PAMD with a high cationic degree was investigated
in the purification of high-turbidity water. The flocculation mechanism was correspondingly
studied and summarized based on Fourier transform-infrared (FTIR) analysis. Finally, the results
of an experimental simulation using the response surface method show that 98.9% supernatant
transmittance was achieved under dosage 4 mg/L, fast stirring time 20 min, pH 7, and stirring speed
320 rpm.
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1. Introduction

Water treatment has always been a major problem in environmental governance. The purification
of high-turbidity water caused by industrialization and urbanization is one of the serious problems
in water treatment [1,2]. Various technologies, such as adsorption, flocculation, electrochemical
oxidation, and biotechnology, have been researched and applied in water treatment [3–5]. Among
them, flocculation is cost-effective and convenient [6]. In the flocculation process, the flocculation
efficiency mainly depends on the selected flocculants.

Flocculants are divided into two categories according to the different materials: one is inorganic
coagulants, such as aluminum sulfate, poly (ferric chloride) and poly (aluminum chloride) [7],
which have been used in high-turbidity water purification. However, the application of inorganic
coagulants in high-turbidity water treatment is restricted by the excessive amount needed, the
uneconomical cost, and residual chemicals [8]. The other is organic polymer flocculants, such
as polyacrylamide and its derivatives, which have been developed and widely used due to their
satisfactory solid–water separation performance [9]. Considering the toxicity of acrylamide (AM) and
the charge neutralization effect for aggregation of pollutant particles, a cationic monomer was used in
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synthesis of polyacrylamide [10,11]. Generally, the extensively used cationic polyacrylamide(CPAM) is
produced by copolymerization of AM and cationic monomers. The commonly used cationic monomers
are methacryloxy ethyl trimethyl ammonium chloride (DMC), [2-(acryloyloxy) ethyl]-trimethyl
ammonium chloride (AOTAC), and diallyl dimethyl ammonium chloride (DMD) [12–14]. DMD
is unanimously approved because of its molecule containing two double bonds [15]. A cationic
polyacrylamide flocculant synthesized by DMD, AM, and hydrophobic monomer butylacrylate
(BA) was reported to have its flocculation performance obviously improved due to hydrophobic
associations [16]. However, a hydrophobic monomer that does not easily dissolve in solution has a bad
influence on the synthesis effect [16]. In this study, dodecyl polyglucoside (DPL) was selected because
of its satisfactory solubility.

At present, commonly used initiation polymerization methods have been reported, including
thermal initiation polymerization, radiation initiation polymerization, microwave initiation
polymerization, and photo-initiation polymerization [17–19]. Among them, the ultraviolet (UV)
initiation method, because it is environmentally friendly and has a rapid reaction rate, has been
widely adopted by researchers at home and abroad. Zheng et al. [20] reported that the anionic
polyacrylamide P (AM/AA/AMPS) was synthesized by ultraviolet light (500 W), and the flocculation
of P (AM/AA/AMPS) to dioctyl phthalate (DOP) in water was studied. However, compared with
high-voltage ultraviolet light, low-pressure UV initiation has lower energy consumption, lower carbon
environmental protection, and less heat produced in the reaction process [21]. The prepared polymer
products have good stability, high purity, and short dissolution time.

In this present study, a flocculant PAMD was synthesized by AM, DMD and DPL under
low-pressure UV initiation for flocculation of high-turbidity water. The optimum synthesis conditions
are studied, including solid content, DPL content, DMD content, illumination time, and pH.
Flocculation performance of PAMD was evaluated in high-turbidity water purification, and the
flocculation mechanism was discussed. The relationship between the factors and the experimental
indexes was analyzed by the response surface method, and the optimal experimental conditions are
determined for further application.

2. Materials and Methods

2.1. Materials

AM (99 wt%), DMD (60 wt%), toluidine bule (TB, 2 g/L aqueous solution), polyethylene potassium
salt (PVSK, average Mw~(162.21)n), and hexadecylpyridinium bromide (white powder, 96 wt%)
were all purchased from Shanghai Aladdin Industrial Corporation (Shanghai, China). DPL (solid
content: 50 wt%) was sourced from Huamai Biotechnology Co., Ltd. (Beijing, China). Photo-initiator
2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (2959, 98 wt%) was supplied by Changzhe
Biological Technology Co., Ltd. (Shanghai, China). Kaolin (99 wt%) without exception was obtained
from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). In addition, hydrochloric acid (HCl,
1.179 g/cm3) and sodium chloride (NaOH, 2.165 g/cm3) were obtained from Sinopharm Chemical
Reagent Co., Ltd. for pH adjustment. AM was chemically pure, and the other reagents were analytical
grade, which were used in this research without further purification.

2.2. Preparation of PAMD

Flocculant PAMD was copolymerized by AM, DMD, and DPL through low-pressure UV initiation
in aqueous solution with 2959 as photo-initiator. In a transparent quartz jar, a certain amount of AM
and DMD was totally dissolved in deionized water, and then a predetermined amount of DPL was
slowly added. The mixture was stirred with a magnetic stirrer at 80 rpm until complete mixing, and
then the photo-initiator was added in the jar under pure nitrogen (N2, 99.999%). After 20 min, the
quartz jar was sealed and transferred to a UV reaction device (48 W, 253.7 nm, Gaojiang Scientific Co.,
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Ltd., Suzhou, China) at room temperature for 2.5 h. Thereafter, the flocculant PAMD was obtained and
used in further experiments.

2.3. Flocculation Experiments

Half a gram of kaolin was prepared in 1 L of distilled water as synthetic wastewater. The pH of
simulated wastewater was adjusted by 0.1 mol/L HCl or 0.1 mol/L NaOH aqueous solutions. Jar tests
were conducted using 1 L jars in a stirring apparatus (Meiyu Instrument CO., Ltd., Wuhan, China)
at ambient temperature, and the flocculation process was designed as follows: The kaolin-simulated
wastewater was mixed after the addition of PAMD with a predetermined concentration under strong
stirring (350 rpm) for 20 min and then slow stirring (50 rpm) for 15 min. The supernatant (top 3 cm
of water surface) was collected after a 30 min settling time using a syringe [22], and then measured
through an ultraviolet-visible spectrophotometer with a wavelength of 550 nm (Beijing Purkinje
General Instrument Co., Ltd., Beijing, China).

3. Results and Discussion

3.1. OptimalSynthesis Conditions

3.1.1. Effect of Solid Content

The solid content is the percentage of solid mass after removing volatile substances from organic
matter and the total mass of organic matter. The difference in solid content indicates that the motion
free degree of the various monomer molecules in the solution is various, and the results are displayed
in Figure 1a. With the increase of solid content from 20% to 30%, the intrinsic viscosity remarkably
increased to 760 mL/g. However, the intrinsic viscosity decreased with the further increase of solid
content. With cationic degree as an evaluation index, it could be seen that at low solid content, the
cationic degree was relatively higher. With an increase in the organic matter content in the solution,
the cationic degree suddenly dropped and then slowly increased. The possible reason may be that, at a
low solid content, free radicals had free motion in dilute solutions and diffused to various parts to
initiate polymerization along with the concentration gradient [23]. With an increase in solid content,
the content of free radicals, AM, and cationic monomer contents would increase. When a large number
of free radicals were exposed to AM, rapid polymerization occurs to produce a colloidal product to
prevent free radical diffusion and reduce the flocculation property of the product [24]. Thus, 30% was
selected as the optimum solid content in this experiment.
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3.1.2. Effect of DMD Content

In this study, AM was selected as the main chain, and DMD was used as a cationic monomer to
participate in the polymerization. The content of the cationic monomer indicated the mass fraction
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of DMD mass and the total organic matter, which determined the size of the cationic degree of the
synthetic product. As exhibited in Figure 1b, the mass fraction of cationic monomer increased from
10% to 40%, and the cationic degree increased from 3.07 mmol/g to 58.7 mmol/g. Then, with a further
increase, the cationic degree began to decrease. When the mass fraction of DMD increased from 20%
to 40%, the intrinsic viscosity of the polymer prominently decreased with the increase in the cationic
monomer content. This phenomenon was due to the different reactivity ratio of the AM monomer and
DMD monomer in the polymerization. The reactivity ratio of the DMD monomer was obviously less
than that of the AM monomer. As the content of the AM monomer was higher than that of the DMD
monomer, the more intense the homo-polymerization of AM, the higher the intrinsic viscosity of the
product. With the increase in the cationic monomer mass fraction, the AM content decreased, and the
cationic degree of the product increased. However, due to the increase in the quaternary ammonium
group, electrical mutual exclusion between each other and the generation of space hindrance, the
viscosity of the product decreased [25]. Accordingly, as shown in Figure 1b, the growth trend of the
intrinsic viscosity of the product was opposite to the cationic degree. In this study, 20% was determined
to be the optimal DMD content.

3.1.3. Effect of DPL Content

In Figure 1c, the cationic degree remained unchanged at 25 mmol/g because the relative content
of DMD and AM maintained unchanged in the reactor, while the cationic degree depended on the
percentage of quaternary ammonium group in total molecular weight. With the increase of DPL mass
fraction from 0 to 25%, the intrinsic viscosity increased from 600 mL/g to 760 mL/g, because DPL as a
surfactant could ameliorate the surface of flocculants and promote the polymerization reaction. With
the further increase in the DPL mass fraction, the DPL content in the reactor became too high, resulting
in a decrease of the AM monomer content. At this time, the polymerization reaction was not as intense
as that in the initial stage, and the solubility of the product decreased, causing a decrease in intrinsic
viscosity [26]. Consequently, the optimal DPL content was 25% for further use.

3.1.4. Effect of Illumination Time

The principle of polymerization of polymeric organic flocculants by UV light initiating
polymerization of AM could be described by the classical free radical theory. In this study,
under the action of 24 W low-pressure ultraviolet light, 2-hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone(2959) was used as photo initiator to get the ability transition from the ground
state to the excited state, engendering the free radical contacting AM monomer and opening the double
bond to polymerize. Therefore, the UV illumination time had a vital effect on the polymerization. As
displayed in Figure 2a, the intrinsic viscosity fluctuated in 600mL/g as the extension of the illumination
time. With the increase of the illumination time from 60 min to 135 min, the cationic degree of the
product increased to 31 mmol/g, and decreased as the illumination time extended further. At the
early stage of illumination, UV irradiation on the surface of the solution, the rapid generation of
substantial free radicals from the photo initiator initiated the synthesis with the AM molecules [27]. At
this time, the polymerization reaction was intense, and the polymer organic matter was generated in
large quantities. With the extension of the illumination time, an ivory-white gelatinous product was
quickly synthesized at the bottom of the jar. As the ultraviolet light continued to radiate, the wave
light was scattered and refracted in the place where the product had been synthesized, causing a rapid
decrement of energy. It was difficult to ensure that the solution received enough energy to produce
free radicals [28,29]. At this time, product synthesis depended on free radicals free movement that
had been formed and a small number of free radicals produced autonomously. However, the parts
that had been synthesized disproportionate with chain transfer to reduce the product performance
because of the increase of light temperature over a long time. The results illustrated that low-pressure
ultraviolet light could effectively induce polymerization, and the higher the synthesis efficiency, the
more rapid the polymerization reaction. The effect of the intrinsic viscosity and cationic degree of the
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product on the flocculation performance was considered, and 135 min was selected as the optimal
illumination time.Processes 2019, 7, x FOR PEER REVIEW  5 of 15 
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3.1.5. Effect of pH

Using aqueous solution polymerization, the pH of aqueous solution not only affected the reaction
rate, but also influenced the equilibrium of polymerization. In this experiment, HCl and NaOH were
used to adjust the pH of the aqueous solution from 3 to 10, and the effects of diverse pH conditions
on the intrinsic viscosity and cationic degree of the polymer were investigated in Figure 2b. Upon
the increase of pH from 3 to 9, the cationic degree of the polymer increased from 500 mmol/g to
700 mmol/g; then the cationic degree decreased upon a further increase of pH. With the increase of pH
from 3 to 4, the intrinsic viscosity dropped sharply, and fluctuated around 700 mL/g as the increase of
pH. The reason was that, in acidic conditions, the amide group in AM was prone to an imidization
reaction. Through a polymerization reaction it was easy to generate branched chains and the intrinsic
viscosity of the product decreased [30,31]. Under alkaline conditions, methylation was prone to occur,
accompanied by the hydrolysis of the quaternary ammonium group, and the intrinsic viscosity was
unable to continue to rise. Accordingly, the optimal pH was deemed to be 9.

3.2. Flocculation Performance

3.2.1. Effect of DMD Content and Dosage

The effect of DMD content (10–40%) on the transmittance of supernatant was investigated, and
the results are presented in Figure 3. The supernatant transmittance decreased with DMD content
at the same dosage within 1.5–2.75 mg/L. The supernatant transmittance exhibited higher stability
during 96.5–97.9% as the DMD content was set at 20%. However, the supernatant transmittance
decreased remarkably as DMD content increased from 30% to 40%. The results demonstrated that
the higher the ratio of the cationic monomer to the total monomer mass, the shorter the length of the
flocculant chain will be, resulting in a decrease in intrinsic viscosity. It was reported that a higher
intrinsic viscosity proved favorable for adsorption and bridging between flocculants and pollutants
in flocculation. Thus, the adsorption and bridging effect was significantly inhibited, leading to the
deterioration of flocculation performance. Consequently, a DMD content of 20% was chosen in the
following experiment.



Processes 2019, 7, 108 6 of 15
Processes 2019, 7, x FOR PEER REVIEW  6 of 15 

 

 
Figure 3. Effect of DMD dosage on transmittance. 

3.2.2. Effect of DPL Content and Dosage 

In order to improve the association and interaction between flocs in the flocculation process, the 
hydrophobic monomer DPL was introduced into PAMD. The effect of DPL content increase from 
10% to 30% on the transmittance of the supernatant was investigated at various PAMD dosages, and 
the results are shown in Figure 4. The supernatant transmittance with varying DPL content reached 
more than 90%, indicating that each sample had a good removal effect on the turbidity of the kaolin 
suspension. The supernatant transmittance at DPL content 20% was increased from 97% to 97.9% 
with a PAMD dosage of 1.5‒2.25 mg/L. However, with the increase in dosage, the supernatant 
transmittance at DPL content of 10% and 30% significantly decreased. The DPL content enlarging or 
decreasing were unsatisfactory for turbidity removal. Therefore, the optimal DPL content was 
considered to be 20% for further experiments. 

 
Figure 4. Effect of DPL dosage on transmittance. 

3.2.3. Effect of Deposition Time and pH 

As displayed in Figure 5, the floc deposition time and pH were critical indexes to evaluate the 
flocculation performance. In Figure 5a, the transmittance of supernatant at PAMD dosage of 1.5g/L 
was significantly increased with the increase of deposition time in the range of 20‒30 min, and then 
kept stable at 30‒40 min. The results demonstrated that, because of the flocculation principle of 
flocculants to the kaolin particles in water, the large particles gathered gradually precipitate under 
the action of gravity, accompanied by sweeping effect. In addition, due to the small difference 
between gravity and buoyancy caused by small particles in water, the kaolin particles settled slowly 

Figure 3. Effect of DMD dosage on transmittance.

3.2.2. Effect of DPL Content and Dosage

In order to improve the association and interaction between flocs in the flocculation process, the
hydrophobic monomer DPL was introduced into PAMD. The effect of DPL content increase from
10% to 30% on the transmittance of the supernatant was investigated at various PAMD dosages, and
the results are shown in Figure 4. The supernatant transmittance with varying DPL content reached
more than 90%, indicating that each sample had a good removal effect on the turbidity of the kaolin
suspension. The supernatant transmittance at DPL content 20% was increased from 97% to 97.9% with
a PAMD dosage of 1.5–2.25 mg/L. However, with the increase in dosage, the supernatant transmittance
at DPL content of 10% and 30% significantly decreased. The DPL content enlarging or decreasing were
unsatisfactory for turbidity removal. Therefore, the optimal DPL content was considered to be 20% for
further experiments.
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3.2.3. Effect of Deposition Time and pH

As displayed in Figure 5, the floc deposition time and pH were critical indexes to evaluate the
flocculation performance. In Figure 5a, the transmittance of supernatant at PAMD dosage of 1.5 g/L
was significantly increased with the increase of deposition time in the range of 20–30 min, and then kept
stable at 30–40 min. The results demonstrated that, because of the flocculation principle of flocculants
to the kaolin particles in water, the large particles gathered gradually precipitate under the action of
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gravity, accompanied by sweeping effect. In addition, due to the small difference between gravity and
buoyancy caused by small particles in water, the kaolin particles settled slowly after the deposition time
of 30 min. The change in hydraulic conditions results in a small amount of precipitated particles being
dispersed in the water, and the supernatant transmittance has slightly decreased with a deposition
time of 40–45 min. It can be seen that the modified flocculant has good sedimentation performance
and anti-shear ability, and 30 min was chosen as the optimum settling time in this experiment.
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As exhibited in Figure 5b, the transmittance of raw water (turbidity: more than 1000 NTU) was
10% under strongly acidic conditions. The results showed that the siloxane substance in kaolin was
hydrolyzed into negatively charged particles in water, which were encapsulated by a large number
of H+ ions under strongly acidic conditions. Thus, the transmittance of raw water was high. With
the increase inpH from acidic to neutral, the water qualities become muddier and the transmittance
was only 8.5%. When the water quality was alkaline, the transmittance of the raw water increased to
11%. In alkaline conditions, with the increase of hydroxyl ions in the water, the solubility of kaolin
was inhibited and the water quality was turbid. After adding PAMD flocculant, the transmittance of
the supernatant first increased and reached a maximum at pH 7, and then decreased at pH 9. The
results demonstrated that the quaternary ammonium group dissociation of cationic organic flocculants
was inhibited under acidic conditions, and the neutralization performance of flocculants could not
be brought into full play, so the treatment effect was relatively poor. In alkaline conditions, a large
number of free hydroxyl groups were dissociated in water, acting on quaternary ammonium groups,
occupying the adsorption sites of organic flocculants to kaolin, and resulting in poor flocculation effect.
This experiment not only obtained the optimum pH, but also proved that the modified flocculant can
adapt to the water quality of various pH conditions.

3.2.4. Effect of Stirring Speed and Stirring Time

In order to better mix the flocculant with the pollutants in the water, stirring is an essential step.
The results are displayed in Figure 6. The fast stirring stage was the first step in the flocculation
process, and determined the contact degree of the contaminants and the flocculant. As exhibited in
Figure 6a, at different stirring speeds, the removal effect of flocculant on turbidity in water was good.
With the increase in stirring speed, the removal effect was greatly improved. The reason was that
with an increase of stirring speed, due to the more intense hydraulic agitation, pollutants frequently
collide with organic flocculant macromolecules and more easily aggregate into large particles that can
precipitate. With the stirring speed increased to 350 rpm, the fluctuation of water quality tended to be
stable. However, under severe hydraulic conditions, the fragmentation and dispersion of flocs led to
the decrease of collision probability between pollutants and flocculants.
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In Figure 6b, with the increase in stirring time, the change of flocculation effect was inconspicuous,
illustrating that a fast stirring time had little influence on the experimental effect in this study. Under a
suitably fast stirring speed, the probability of effective collision between flocculants and pollutants was
greater. With the increase in stirring time, particle collision and stirring separation were synchronized
to achieve dynamic stability equilibrium. At this time, the effect of stirring time on flocculation
efficiency was very small. In this experiment, a better flocculation effect was achieved by making the
stirring times all above 20 min. The reason may be that, in the fast stirring stage, the organic flocculant
dissolved in water was mainly in the form of long-chain organic molecules, which are uniform and
difficult to disperse. Therefore, a longer stirring time was needed to achieve a better flocculation effect.

Slow stirring was designed to enable further contact of the combined particles to increase the
weight of the floc and let it settle down. The results are exhibited in Figure 6c. With the increase in
stirring time from 9 min to 15 min, the transmittance of supernatant was increased from 94% to 96%.
The results illustrated that, with the increase in stirring time, the effective contact between the floc
particles in the water made the flocs larger and the flocculation effect obviously improved. With the
stirring time increased to over 15 min, the flocs were broken under hydraulic action, splitting into
small particle flocs or dispersing in water, and the flocculation effect was reduced. Accordingly, the
appropriate slow stirring time was considered to be 15 min.

3.2.5. Comparison of Flocculation Performance between PAMD and PAC

As shown in Figure 7, a comparison of the flocculation performance between PAMD and PAC was
used to study the effect of low-pressure UV-induced polymerization. In Figure 7a, the transmittance
of supernatant at PAMD significantly increased with increasing dosage before reaching maximum
values at corresponding optimal ones. The supernatant transmittance reached 97% at a dosage of
1.5 mg/L, and the corresponding turbidity was lower than 3 NTU. This is mainly the result of the
combined action of electric neutralization and adsorption and bridging. In Figure 7b, the supernatant
transmittance at PAC had an obvious change with the increase in dosage. When the dosage increased
to 60 mg/L, the transmittance reached a maximum of 98.8%, and the turbidity of supernatant was
lower than that of 2 NTU. The results showed that the flocculation effect of inorganic flocculant was
slightly better than that of the organic flocculant, due to the high positive charge group of the inorganic
flocculant. However, the PAC dosage required by the optimal condition was 30 times that of PAMD,
which meant that high dosage, high energy consumption, and high cost were needed in practical
application. In summary, the modified flocculant has wide application prospects.
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3.3. Response Surface Method

Response surface method was an experimental scheme design and optimization analysis based
on statistical principles [32]. A mathematical model was established to explore the interaction
between continuous variables, and the experimental conditions were more convenient than orthogonal
experiments. In this experiment, the response surface method was used to explore the interaction
effect of dosage (X1), fast stirring time (X2), pH (X3), and fast stirring speed (X4) on the flocculation
effect. The transmittance of the supernatant was set as the target value, and the experimental
design and analysis were carried out using Design Expert8.0 software (Informer Technologies Inc.,
https://www.informer.com/).

As given in Figure 8a, at the same fast stirring time, the target value rose significantly with the
increase of dosage from 2.0 mg/L, and then increased slowly when the dosage was over 2.8 mg/L.
With the same dosage, the target value increased as the fast stirring time begun to increase from 15 min,
and presented the same trend as the preceding. The results show that the target value increased
significantly under a low dosage and short, fast stirring time, which was because the flocculant needed
to be uniformly contacted with pollutants in the water to achieve the desired result at a low dosage.
Therefore, it is necessary to prolong the fast stirring time to give the flocculant adequate contact with
the suspended substance.

Figure 8b shows the interaction between dosage and pH. The target value increased remarkably
with the increase of dosage, and then increased slowly at the same pH conditions. At a dosage
of 3.2 mg/L, the change in the target value was slight, which was different from the results of the
single-factor experiment. In strongly acidic or alkaline conditions, it was disadvantageous to the
dissolution of flocculants and the accumulation of pollutants in water. The results demonstrated that
there was a definite interaction between the dosage and pH.

The interaction between the dosage and fast stirring speed was investigated in Figure 8c. When the
fast stirring speed was certain, the target value was proportional to the dosage, which was significant
at low dosage and the change trend was faster. At a certain dosage, the target value increased with the
increase in the stirring speed, and the target value was less affected when the stirring speed exceeded
300 rpm. In Figure 8c, the significant influence between dosage and the fast stirring speed was an
ellipse, indicating that the interaction between the two was remarkable.

In Figure 9a, it can be seen from the shape of the ellipse that the interaction between stirring
time and pH was obvious. At pH 7, the target value increased with the stirring time from 10 min to
24 min. The results indicated that the longer the stirring time, the more even the flocculant dispersing,
which was more convenient for contacting and gathering with the pollutants. When the stirring time
was certain, the transmittance had a slight change due to the increase in the pH. The results were in
agreement with the conclusions of the previous single-factor experiment.
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The interaction between fast stirring time and fast stirring speed is shown in Figure 9b. At a certain
fast stirring time, the target value decreased with the decrease in stirring speed, and the decrease
speed was greatly accelerated. When the stirring speed was definite, the target value decreased with
the decrease in stirring time and the minimum target value was 91.32% at 15 min of fast stirring
and 250 r/min of stirring speed. The results indicated that at a low stirring speed and short stirring
time, the inhibition of flocculation performance was caused by insufficient dissolving of the flocculant.
Moreover, because of insufficient hydraulic action, the contaminant and flocculant failed to come into
effective contact, resulting in poor flocculation.

Figure 9c shows the interaction between pH and fast stirring speed. Due to the effect of fast
stirring speed and stirring time on hydraulic conditions, the effect on pollutants and flocculants in
water was the same, and the interaction effect was not significant. The experimental results showed
that the optimal pH for turbidity removal was neutral, as strong acidity or strong alkalinity inhibited
the effect of the flocculant. Under strongly acidic or alkaline conditions, the target value decreased with
the decrease in stirring speed. The minimum value of the experimental supernatant was 95% at stirring
time 250 r/min and pH 6.5 or 8.5. A single-factor experiment showed that the initial permeability was
relatively high under strongly acidic and alkaline conditions, so the removal efficiency was not as
good as in neutral conditions.
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3.4. Turbidity Removal Mechanism

The removal effect of modified flocculant on the turbidity of water was obtained through a series
of experiments, and the optimal experimental condition was dosage 4 mg/L, fast stirring time 20 min,
pH 7, and fast stirring speed 320 rpm. The principle of flocculant removal of turbidity was analyzed
for further study of the performance of flocculants. The Fourier transform-infrared (FTIR) spectra of
PAMD, kaolin particles, and flocs are exhibited in Figure 10. The peaks at 800 cm−1 and 1097 cm−1

were ascribed to Si–O and Si–O–Si, respectively. The results indicate that the main components of
kaolin were compounds of Si and O [33]. The existence of two peaks on the spectrum of kaolin and floc
indicated that no chemical reaction occurred in the coagulation process due to the absence of a new
group. The absorption peaks at 3412 cm−1 and 1664 cm−1 were attributed to the stretching vibration
of –NH2 and the stretching of C=O in amide groups, respectively [34,35]. However, the two peaks
were non-existent in the spectra of flocs, because the PAMD dosage was lower than the content of
kaolin particles in water.

As presented in Figure 11, a schematic diagram of the removal of kaolin from water by the
modified flocculant was conjectured based on the analysis of the infrared spectrum of kaolin, floc, and
PAMP, and the pH experiment. Under acidic and neutral conditions, the quaternary ammonium group
of PAMD was electrolyzed to NH4

+, which produced electric adsorption on free negative charged
kaolin and formed floc particles. These floc particles were gathered together to form large reticulate
particles through the effect of bridging and hydrophobic association under continuous agitation.
Due to the existence of the hydrophobic group and the settlement of its own gravity, the particles in
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water were further aggregated through the sweeping effect to achieve turbidity removal. The cationic
electrical adsorption capacity of the quaternary ammonium group was inhibited due to the increase of
hydroxyl ions in the water under alkaline conditions. In summary, the adsorption of the long-chain
molecule of flocculant played a dominant role in flocculation, and the hydrophobic association also
played an important role in flocculation. Finally, the remaining pollutants in the water were further
removed under the sweeping effect.
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4. Conclusions

In this study, a hydrophobic cationic polyacrylamide flocculant was synthesized through
low-pressure UV initiated copolymerization. Key influencing factors, such as solid content, monomer
concentration, illumination time, and pH, were systemically investigated based on intrinsic viscosity,
cationic degree, and supernatant transmittance. The following optimum synthesis conditions were
obtained: solid content of 30%, DPL content of 25%, DMD content of 30%, illumination time of 135 min,
and pH of 9. Experimental simulation results of response surface method illustrated that the optimum
experimental conditions were as follows: dosage of 4mg/L, fast stirring time of 20min, pH of 7,
stirring speed of 320 r/min, and transmittance of supernatant 98.9%. The flocculation performance
of high-turbidity water was investigated and compared with that of PAC. Experimental results
demonstrated that the optimum flocculation efficiency was observed at a dosage of 2.0–2.8 mg/L,
deposition time of 25–35 min, pH of 6–8, fast stirring speed of 300–400 rpm, slow stirring time
13–16 min, and fast stirring time of 20–35 min with 97.5–98.7% supernatant transmittance. Comparative
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experimental results indicated that PAMD has a broader prospect of application than PAC. Therefore,
PAMD could be applied as a highly efficient and environmentally friendly flocculant in high-turbidity
water treatment.
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