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and evaluation of its application performance
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ABSTRACT

Ultraviolet (UV) initiation polymerization has been attracted great attention from researchers in the
field of water and wastewater treatment. In this study, polyacrylamide (PAM) was successfully syn-
thesized by the UV/H,0, system and was characterized by FTIR, 'H NMR, “C NMR, TG/DSC and
SEM. SEM analysis results revealed that the synthesized PAM by UV/H,O, initiation had different
surface structures compared with commercial PAM. The study on factors affecting PAM intrinsic
viscosity showed that the optimum conditions for PAM synthesis by the UV/H,O, initiation system
were 600 pm/cm? UV-light intensity, 1.7 wt%. H,0,, pH = 6.25 wt% acrylamide (AM), 30 min illumi-
nation time. The active radical for PAM polymerization by UV/H,O, system was validated by adding
methanol and tertbutyl alcohol (TBA) to quench hydroxyl the radicals (-OH). Evaluation of PAM
flocculation performance by treating the kaolin suspension showed that the maximum turbidity
removal by the synthesized PAM was 95.4%, which was greatly superior to the commercial PAM.
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1. Introduction

Industrial and municipal wastewater contains large
amounts of fine suspended solids, colloidal solids, inor-
ganic particles, organic particles and other contaminants,
which cause serious pollution to water environment [1].
To remove these particles, various technologies have been
developed such as membrane filtration, precipitation,
adsorption, coagulation, flocculation, electrolytic methods
et al. [2]. Among these technologies, coagulation/floccula-
tion is a very common and important purification technique
to remove colloids and suspended particles from water
[3,4]. During coagulation process, the flocculant interacts
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with tiny particles by means of charge neutralization, elec-
trostatic patch, polymer bridging, and sweep flocculation.
Thus, microscopic particles in water were destabilized and
then separated from wastewater [5]. The performance of
flocculation seriously depends on the properties of floccu-
lants [6]. Therefore, it is of great significance for grafting of
polyacrylamide chains (PAM) onto the backbone of per-
formed polymer which obtain copolymer with non-toxic,
bio-degradable merits [7,8]. And it has received great atten-
tion due to their high efficiency and environment-friendly
requirement. Commonly, synthetic polymeric flocculants
are based on polyacrylamide (PAM) or its derivatives
because of their perfect flocculation effect and low eco-
nomic costs [4]. Moreover, the monomer of PAM is acryl-
amide (AM) with the highest kp/ k, constant in all known
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monomers, where k and k, stand for the rate constant for
chain propagation and chain termination of radical polym-
erization, respectively. AM is the most reactive monomers
to undergo radical polymerization thus build up extra-high
molecular weight [9]. These years, many studies based on
PAM have been explored. Lee et al., synthesized a ferric
chloride-polyacrylamide hybrid polymer and flocculation
experiment results showed that more than 99% of turbidity,
89% of COD and 99% of color were removed for kaolin sus-
pension and Terasil Red R wastewater, respectively [10]. Li
et al., synthesized a copolymer of acrylamide and acryloyl-
amino-2-hydroxypropyl trimethyl ammonium chloride and
flocculation experimental results demonstrated a superior-
ity of the copolymer product under both neutral and alka-
line conditions [11]. Rani et al., studied the polyacrylamide
grafted gum ghatti, which exhibited a high flocculation effi-
cacy on kaolin suspension and municipal wastewater [12].
Generally, PAM is synthesized through thermal induced
solution polymerization in industrial production because
solution polymerization is simple and practicable [13].
Nevertheless, traditional thermal initiation-based polym-
erizations are always severe on the reaction temperature
and need a long reaction time [14]. Recent years, ultraviolet
(UV) initiation based aqueous solution polymerization has
received great attention because it is environment-friendly,
easy to control, fast, and energy-efficient [15]. UV initia-
tion-based polymerizations are tolerant on polymerization
temperature, which can implement at room temperature or
even lower [16]. Besides, UV irradiation can realize the sur-
face modification to improve the flocculation efficiency [17].
Thus far, most investigations about the UV/H,O, system
and the Fe**/H,0, system are to degrade refractory organ-
ics using generated hydroxyl radicals (-OH) [18-21]. More-
over, some researchers have studied the polymer synthesis
using -OH as initiation radical generated from UV/H,O,
or Fe**/H,O, system. D. Trimnell et al. have used the Fe**/
H,O, system as an initiator to synthesize graft copolymer of
methyl acrylate onto granular cornstarch [22]. Kubota et al.
have synthesized a poly (N-isopropyl acrylamide) gels by
the UV/H,0, process [23]. However, there are few works
about exploring the UV/H,O, or Fe**/H,O, system as an
initiator to synthesize organic polymeric flocculants and
the flocculation performance of the synthesized flocculants.
This study investigated the optimized synthesis of the
PAM using the UV/H,0O, system as an initiator and evalu-
ated its flocculation performance of the synthesized floccu-
lants. The synthesized PAM was characterized by Fourier
transform infrared spectroscopy (FTIR), 'H NMR spectrum,
3C NMR spectrum, scanning electron microscopy (SEM)
and thermal analysis (TG/DSC). Several factors influencing
the PAM intrinsic viscosity such as UV intensity, H,O, con-
centration, initial pH value, and monomer (AM) concentra-
tion were studied to optimize the PAM synthesis. Methyl
alcohol and tertbutyl alcohol (TBA) were used to determine
the key active radical of PAM polymerization in UV/H,0,
system and then the possible polymerization mechanism
was presented on the basis. Finally, flocculation perfor-
mance of the synthesized PAM was evaluated by floccula-
tion test using kaolin suspension as target turbidity matters.
Our findings suggested that the UV/H,O, system in this
work could act as an efficient initiator with some advanta-
geous properties, including short reaction time, high intrin-

sic viscosity, with no need for deoxygenating and excellent
flocculation performance, which may attract great attention
as a promising technology for polymer material synthesis.
For example, some natural organic polymer flocculants
have gained increasing concern due to their environmental
friendship, no secondary pollution, and renewability [24-
26]. However, some inherent drawbacks of these natural
organic polymer flocculants such as relatively low intrin-
sic viscosity, will cause poor flocculation performance [27].
Therefore, our suggested synthesis method could be used
for modifying natural copolymer flocculants to get better
flocculation performance.

2. Materials and methods
2.1. Materials and equipment

Reagents used in this study are as follows: AM (99.0%
wt. Chongqing Lanjie Tap Water Company, Chongqing,
China), H,O, (30% wt. Chongging Chuandong Chemical
Reagent Co. Ltd, Chongging, China). All solutions in this
study were prepared with ultrapure water (GWA-UN, Gen-
eral, Beijing, China). Fig. 1 shows a schematic of the exper-
imental setup, which was composed of a water-cooled
500W high-pressure Hg lamp assembly (main radiation
wavelength, 365 nm) and four reaction vessels (Pyrex glass)
coupled with four rotated platforms. The high-pressure
Hg lamp was powered by a DC adjustable power supply
(Jiguang Special Lighting Electrical Factory, Shanghai,
China). UV irradiation intensity was measured by an ultra-
violet radiation meter (UV-A, HANDY, Beijing Normal Uni-
versity Photoelectric Instrument Factory, China).

2.2. Synthesis of polyacrylamide (PAM)

Predetermined amounts of AM, HO,, and ultrapure
water were added to Pyrex glass vessel and then stirred
until full blending. The initial pH of the reaction liquid
was adjusted with both hydrochloric acid (0.1 mol/L) and
sodium hydroxide (0.1 mol/L). Subsequently, the reaction
vessels were exposed to UV irradiation at room tempera-
ture until the required reaction time. During experiments,
reaction vessels were set on the rotating platform with a
rotation speed of 8 rpm to make vessels receive UV-light
regularly. UV irradiation intensities around reaction ves-
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Fig. 1. Schematic of the experimental setup.
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sels were measured and controlled using the ultraviolet
radiation meter by adjusting the distance between reac-
tion vessels and the high-pressure Hg lamp. The reaction
temperature was maintained at room temperature. After
polymerization, the synthesized PAM gels were aged for 2
h and then washed several times using ethanol and soaked
for 24 h to remove the residual monomer in the polymer-
ization reaction. Finally, the product was dried in a vacuum
oven at 60°C until constant weight is obtained.

2.3. Characterization of the synthesized PAM

The FTIR spectra of the synthesized PAM was acquired
using KBr pellets on a 550 Series II infrared spectrometer
(Bruker Company, Switzerland) with wave numbers from
500 to 4000 cm™. The 'H NMR and "*C NMR spectra of the
PAM were obtained by an advance 500 NMR spectrometer
(Bruker Company, Germany) in deuterium oxide (D,0) as a
solvent with tetramethylsilane as an internal standard. The
thermal stability of the PAM (TG/DSC) was determined by
a TG/DSC/1100LF instrument (Mettler, Switzerland) under
argon atmosphere from 20°C to 600°C at a heating rate of
10°C/min. The SEM images of the PAM were acquired by
MIRA 3 LMH (Tescan Trade, Shanghai) instrument to inves-
tigate its surface morphology.

2.4. Measurement of intrinsic viscosity

The intrinsic viscosity of the synthesized PAM was mea-
sured by the One Point Method [20] to stand for the size of
the viscosity average molecular weight of PAM. The intrinsic
viscosity of PAM was determined using Ubbelohde capillary
viscometer (Shanghai Shenyi Glass Instrument Co., Ltd.,
China) at 30 + 0.05°C. The molecular weight of the polymers
were calculated according to their intrinsic viscosities, and
the calculation equation was Formula (1) according to the
Chinese Standard (GB/T 12005.10-1992), as follows:

M, =802[n]"”* 1)

In this formula, M, is the viscosity average molecular
weight, [n] is the intrinsic viscosity (mL/g).

2.5. Flocculation performance

Three PAM samples with different synthesis conditions
and intrinsic viscosity were chosen as flocculants to inves-
tigate their flocculation performance on kaolin suspension.
The three different PAM samples were named as PAM,,
PAM,, and PAM,, respectively and their detailed informa-
tion is listed in Table 1.

The kaolin suspension was prepared as target turbid-
ity. The concentration and volume of the simulated kaolin
suspension are 0.3 g/L and 500 mL, respectively. The initial
pH of the kaolin suspension was adjusted with both hydro-
chloric acid (0.1 mol/L) and sodium hydroxide (0.1 mol/L).
Flocculation tests were performed once the predetermined
concentration PAM (1 mg/L) was added to the simulated
kaolin suspension on a program-controlled jar test appara-
tus (TA6, Hengling Technology Co., Ltd, China). The coag-

Table 1
Samples of PAM
Samples Intrinsic Molecular Thesource =AM
viscosity weight of product concentration
(mL/g)
PAM, 800 3412218 Commercial -
product
PAM, 838 3616008 Synthesized 25 wt%
product
PAM, 1638 8357314 Synthesized 25 wt%
product

ulation procedure includes three steps: rapid stirring at 120
rpm for 2 min, stirring at a medium speed of 40 rpm for 5
min, slow stirring at 10 rpm for 6 min. After, the formed
flocs free settled for 30 min. Then the turbidity of kaolin
suspension at depth 2 cm below the liquid surface was mea-
sured with a HACH (HACH 2100Q, American Hach Com-
pany) turbidity meter.

3. Results and discussion
3.1. Characterization of the synthesized PAM
3.1.1. FTIR spectra analysis

Fig. 2 illustrates the FTIR spectra of the synthesized
PAM, which is coincident with the results of Li and Sade-
ghalvaad’s works [28,29]. The absorption peaks at 3442 cm™
and 1649 cm™ were attributed to the stretching vibration of
amino groups (-NH,) and carbonyl groups (C = O) of amide
in PAM according to Wang et al. [29-31]. The slight peak at
2926 cm™! was assigned to asymmetric stretching vibration of
methylene (-CH,) according to Wang et al. [32]. The absorp-
tion peaks at 1454 cm™ were due to the C-N stretching vibra-
tion, 1319 cm™ was due to the C-H bending vibration, and
1189 cm™ was for the -NH, bending vibration [28]. Accord-
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Fig. 2. FTIR spectra of the synthesized PAM.
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ing to the works by Guan et al. [30], the absorption peaks at
1432 and 985 cm™ stands for =CH, and =CH double bonds,
respectively. However, they were not found in we synthe-
sized PAM spectrum, which indicated the carbon-carbon
double bonds cleaved during the polymerization reaction. In
conclusion, the FTIR spectrum implied that we synthesized
PAM had the same functional group constitution with other
works.

3.1.2. '"H NMR spectrum analysis

The 'H NMR spectrum analysis was performed to
further study the molecular structures of the synthesized
PAM. As shown in Fig. 3, the strong peak at 6 = 4.77 ppm
is ascribed to the solvent proton of deuteroxide (D,O) [14].
The asymmetric peaks at § = 1.63 ppm and & = 2.17 are
attributed to the protons of methylene (-CH,) and meth-
ane (-CH) groups, respectively [33,34]. Hence, the'H NMR
spectrum suggested that we synthesized PAM had the same
Hydrogen spectral series with others.

3.1.3. ¥C NMR spectrum analysis

Fig. 4 shows the “C NMR spectra of the synthesized
PAM. The characteristic peak observed at 35.11 ppm was
attributed to the backbone —CH,- (a) group [35]. The reso-
nance peak at 41.93 ppm represented the carbon signal from
—-CH- (b) group [36]. Meanwhile, the peak at 179.66 ppm
was characteristic signal peak of C = O (c) group [37]. It pro-
vided another evidence for the successful synthesis of PAM.

3.1.4. TG/DSC analysis

Thermal analysis was performed to investigate the ther-
mal stability of we synthesized PAM and the results are
shown in Fig. 5, which demonstrates that there are three
main stages of thermal decomposition. In the first stage,
weight loss of about 14% in the range of 50-100°C was due
to the loss of absorbed water [14,38]. In the second stage,
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Fig. 3. 'TH NMR spectrum of the synthesized PAM.
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Fig. 4. BC NMR spectrum of the synthesized PAM.

weight loss of about 15% within the range of 170-336°C was
ascribed to the thermal decomposition and imidization of
amide groups (-CO-NH-) [39]. In the final stage, the ther-
mal decomposition was found at above 336°C and weight
loss of about 60% was due to the thermal decomposition of
the PAM backbone [40]. The synthesized PAM decomposed
completely above 500°C and the residual weight percentage
was about 10%. Therefore, the TG/DSC analysis indicated
that the synthesized PAM by the UV/H, O, initiation system
had an excellent thermal stability.

3.1.5. SEM images analysis

SEM images and calculated fractal dimension are illus-
trated in Fig. 6, which directly show the surface morphol-
ogy of PAM. As shown in Fig. 6a, the commercial PAM has a
regular structure with smooth surface morphology. Whereas
the synthesized PAM (Fig. 6b) exhibits a more folded struc-
ture. In addition, Image-Pro Plus 6.0 software was used
to calculate the fractal dimension which could be a proof
to further investigate the surface morphology [39,41]. The
average fractal dimensions of the commercial PAM and the
synthesized PAM are 1.25 and 1.30, respectively. The results
indicated that the commercial PAM and the synthesized
PAM had different morphological structures. According to
the works by Li et al., UV initiation system could modify
the surface of organic polymer flocculants [41]. Hence, the
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Fig. 5. TG/DSC analysis of the synthesized PAM.
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Fig. 6. SEM micrographs of (a) PAM1 and (b) PAM2.

results demonstrated that the UV/H,O, initiation system
could similarly modify morphological characteristics of the
PAM surface.

3.2. The effect of synthesis conditions on PAM intrinsic
viscosity

3.2.1. The effect of UV-light intensity

Fig. 7 shows the effect of UV-light intensity on intrinsic
viscosity of the PAM. The PAM intrinsic viscosity as a func-
tion of illumination time under different UV-light intensities
exhibits a similar variation trend. As shown in Fig. 7, the
PAM intrinsic viscosity increases with increased illumina-
tion time at the initial stage under any UV-light intensity.
However, the PAM intrinsic viscosity begins to decrease
gradually when the illumination time exceeds some value.
This could be explained as that the polymerization initiated
by the UV/H,0, system followed the radical polymeriza-
tion mechanism [42]. Hydroxyl radicals (-OH) could contin-
ually be generated in the UV/H,O, initiation system. These
generated hydroxyl radicals could react with monomers
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Fig. 7. Effect of UV light intensity on PAM intrinsic viscosity.
Experimental condition: [AM] = 25 wt%, [H,0,] = 1.7 wt%. and
initial pH = 6.
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(AM) according to Eq. (5) and then generated the macrorad-
icals (M) [23]. At the early stage of the reaction, the M, and
the AM were more likely to collide with each other because
the concentration of AM was relatively high and thus facil-
itated the growth of molecular chains [43]. Results showed
that AM concentration decreased slightly as time increased
while the concentration of free radicals increased with time.
The collision rate between M, and free radicals (including
M, itself) became higher and this may terminate the chain
propagation reaction of M, [Eq. (9)] so that impeded the
growth of PAM intrinsic viscosity [44]. Moreover, the chain
propagation was hindered with intrinsic viscosity increas-
ing because it would be harder for -OH and M, to colloid
with each other when liquid was viscous. Hence, the intrin-
sic viscosity of the PAM increased with the increased illumi-
nation time until reached a maximum value. Furthermore,
with illumination time continue increasing, PAM intrinsic
viscosity decreased gradually because of the intermolecular
cross link reaction and gel effect [43]. There were some insol-
uble substances of undissolved PAM if the reaction time was
longer than the time reaching maximum intrinsic viscosity
under different light intensity. For example, we found a lot
of insoluble substances when dissolving the PAM (600 pum/
cm?) with the synthesis time of 35 min or longer. However,
there was nearly no insoluble substance founded for PAM
with shorter reaction time.

Fig. 7 also shows that the maximum PAM intrinsic vis-
cosities are similar under different UV-light intensities of
400 pm/cm?, 600 pm/cm? and 800 pm/cm?. However, the
maximum PAM intrinsic viscosity under 1000 pm/cm? is
lower than other light intensities. This might because the
radical concentration was applicable for the polymerization
reactions when the UV-light intensity was between 400 and
800 pm/cm?. And it was other factors such as the monomer
concentration that determined the maximum PAM intrin-
sic viscosity. When the UV-light intensity was 1000 um/
cm?, the really high UV-light intensity would bring about
cross-linking reaction in a short time because of the excess
‘OH generated under 1000 um/cm?. In addition, the reac-
tion time for reaching the maximum intrinsic viscosity for
400, 600, and 800 pm/cm? was 35, 30, and 20 min. This phe-
nomenon was attributed to the fact that the initial rate of
free radical polymerization by photo-initiation was directly
proportional to the incident light intensity [44]. More free
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radicals would generate with UV-light intensity increasing
and then caused the increase of polymerization rate.

3.2.2. The effect of H,O, concentration

Initiator concentration is a very important parameter in
UV initiation process [45]. To study the effect H,O, concen-
tration on PAM intrinsic viscosity, a series of experiments
with different H,O, concentrations were conducted and the
results are shown in Fig. 8. The variation curves that the
intrinsic viscosity as a function of illumination time for dif-
ferent H,0, concentration are similar. However, the optimal
illumination time was 30 min for 1.5 wt%o, 1.7 wt%., and
1.9 wt%o. H,0, concentration, 20 min for 2.5 wt%. H,O, con-
centration. This was ascribed to the primary radical concen-
trations, which seriously increased with H,O, concentration
increasing. The increasing primary radical concentration
resulted in the faster polymerization rate and then shorten
the time to reach the maximum intrinsic viscosity [46].
Moreover, PAM maximum intrinsic viscosity increased
with H,O, concentration increasing until 1.7 wt%.. When
H,O, concentration rose to 1.9 wt%o, PAM maximum intrin-
sic viscosity began to decrease. This phenomenon was
because H,O, was the reactive center of the polymerization
reaction. The chains propagation rate increased with H,O,
concentration increasing, which was higher than chains ter-
mination and chains transfer rate and then enhanced PAM
intrinsic viscosity [47]. However, When H,O, concentration
rose to 1.9 wt%o, chains termination and chains transfer rate
became so high that hindered chains propagation reactions
and then affect PAM intrinsic viscosity. On the other hand,
the excess -OH would rapidly react with monomers to pro-
duce a lot of heat and then aggravate the gel effect [43].

3.2.3. The effect of initial pH value

Fig. 9 shows that the initial pH is an important param-
eter for PAM synthesis. In detail, the maximum intrinsic
viscosity was 1581 mL/g, 1676 mL/g, 1802 mL/g, and 1465
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Fig. 8. Effect of H,0, concentration on PAM intrinsic viscosity.
Experimental condition: [AM] = 25 wt%, [light intensity] = 600
pm/cm?® and initial pH = 6. The control experiment ([H,0,] = 0).
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Fig. 9. Effect of pH on PAM intrinsic viscosity. Experiment con-
dition: [AM] = 25 wt%, [H,0,] = 1.7 wt%o, [light intensity] = 600
pm/cm?.

mL/g, 1475 mL/g, wherein the pH was 2, 4, 6, 8 and 10
respectively. It is clear that PAM maximum intrinsic viscos-
ity was distinctly higher at faintly acid synthesis condition
(pH 4, 6) than strong acid or alkaline condition (pH 2, 8, 10).
This phenomenon can be explained as follows: (1) In the
UV/H,0,/PAM heterogeneous system, the amount of OH
radicals decrease because they can easily react with OHH-
anions which are major decomposition product of H,O, in
alkaline conditions [48]. Therefore, the maximum intrinsic
viscosity in alkaline conditions was lower than that in other
designed pH values. (2) Intramolecular and intermolecular
imidization was more likely to occur between acrylamide
molecules in strong acid environment (pH < 4). This side
reaction could produce the cross-linked and highly branched
PAM [49]. In addition, in the UV /H,0,/PAM heterogeneous
system, pH may also influence the production of hydroxyl
radicals by changing the surface charge and the adsorption
of radical scavenger [50]. The strong acid environment may
inhibited the adsorption of H,O, on PAM surface, causing
the decrease of OH radicals [51]. These reasons resulted in
PAM intrinsic viscosity decreasing. Consequently, the opti-
mum pH was supposed to be faintly acid (pH = 4-6).

3.2.4. The effect of monomer concentration

The PAM maximum intrinsic viscosity was 1213 mg/L,
1639mg/L,1802mg/L,1653 mg/L, 1426 mg/L, wherein the
corresponding monomer concentration was from 15 wt% to
35 wt% and illumination time was 35 min, 30 min, 30 min,
25 min and 20 min respectively. The PAM intrinsic viscos-
ity gradually decreased after reaching the maximum value
because the chain termination reaction and cross-link reac-
tion stopped chain propagation and then caused the poor
solubility of PAM. In addition, the polymerization rate of
AM in UV/H,O, system was proportional to the first order
of the monomer concentration (AM) based on the classical
radical polymerization mechanism [52]. Therefore, the illu-
mination time for reaching the maximum intrinsic viscosity
decreased with monomer concentration increasing (Fig.10).
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Fig. 10. Effect of monomer concentration on PAM intrinsic vis-
cosity. Experimental condition: [H,0,] = 1.7 wt%,, [light intensi-
ty] = 600 pm/cm? and initial pH = 6.

When the monomer concentration was 15 wt%, it needed
at least 20 min to synthesis the PAM gel and its intrinsic
viscosity was lower than other groups. This was because
the monomer concentration was at an extremely low level
so that the probability of collision between primary radi-
cal and monomer molecules was low extreme due to the
cage effect [47]. With monomer concentration increasing,
the cage-effect became weak so that PAM intrinsic viscosity
increased gradually. However, the PAM intrinsic viscosity
was distinctly decreased when the monomer concentration
rose to 30 wt% and 35 wt%. This phenomenon was because
the chain termination reaction and chain transfer reaction
were more likely to occur when the monomer concentration
was relatively higher and then resulted in the decrease of
intrinsic viscosity [53,54]. Therefore, the optimum mono-
mer concentration was supposed to be 20-30 wt%.

3.3. The mechanism for UV/H,0, system to synthesize PAM

The mechanism for UV/H,O, system to synthesize
PAM was supposed to be free radical polymerization
mechanism [23,43]. Hydroxyl radical, which generated
from UV-light initiated H,O, decomposition, was the
primed radical. To validate this point, PAM polymerization
experiments without UV-light radiation or H,O, addition
were conducted. PAM colloids were both not synthesized
as expected. We could conclude that UV-light and H,O,
were both necessary for PAM polymerization. In addition,
the synthesis method could realize polymerization with-
out deoxygenating by bubbling with N,, which was due to
the fact that UV/H,O, system could produce OH radicals
even when oxygen existence [51,55]. Moreover, methanol
and tert butyl alcohol (TBA), which are always recognized
as hydroxyl radical scavengers [55,56], was applied to vali-
date the crucial role of hydroxyl radicals. As shown in Fig.
11, the addition of methanol and TBA observably brought
down the PAM intrinsic viscosity, which revealed that -OH
was the key for PAM polymerization in the UV/H,0, ini-
tiation system.
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Fig. 11. Effect of methanol and TBA content on PAM intrinsic
viscosity. Experimental condition: [AM] = 25 wt%, [H,0,] = 1.5
wt%o, pH = 6 and illumination time 30 min.

Therefore, the probable mechanism for UV/H,O, sys-
tem to synthesize PAM could be presumed as follows:
Hydroxyl radicals were generated from UV light initiated
H,O, and then AM interacted with -OH generating the AM
macroradicals. The generated AM macroradicals further
reacted with AM and then form PAM high polymers. The
polymerization reaction mechanism is demonstrated as
Egs. (1)-(9). In the UV/ H,O, system, the reaction (1-4) is
commonly occurred [19,21,57]. However, the possibility of
reaction (2—4) is negligibly low in polymerization reaction
[23]. Therefore, reaction (1) is the main reaction generating
‘OH to initiate monomer polymerization. Summarily, the
polymerization mechanism for UV/H,O, initiation system
was shown as follows:

Formation of free radical

H,0, +hv - -OH+-OH (1)

‘OH+H,0, - H,0+HO,- )

HO, +H,0, - H,0+0, +-OH 3)

2HO,- - H,0,+0, 4)
Initiation

M+-OH - M, )

M = monomer, M,= monomer macroradical

Propagation
M,+M-—>M, (6)
M, ,+M—->M, 7)
Transfer
M,+M—P +M (8)
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Termination

M, + M, — P,_, (polymer) )

3.8. Evaluation of flocculation performance of the PAM

To evaluate the flocculation performance of the syn-
thesized PAM, a series of flocculation experiments was
performed. Kaolin suspension was chosen as the turbidity
donor because of its widely used to simulate high turbidity
wastewater [15,58]. Fig. 12a shows the effect of PAM dos-
age on turbidity removal at pH = 7. The turbidity removal
efficiency for PAM,, PAM, and PAM, had a similar varia-
tion tendency, which increased with PAM dosage increasing,
but began to decrease after reaching a specific value (1 mg/L
for PAM,; 4 mg/L for PAM, and PAM,). The similar variation
tendency for PAM,, PAMZ’ and PAM, was because the sur-
face of PAM was insufficient to adsorb colloid particles effec-
tively when PAM dosage was low. While excess PAM dosage
would cause cage effect, which restrained the growth of flocs
thereby reduced the turbidity removal and settling efficiency
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Fig.12. Effect of (a) PAM dosage and (b) pH value on PAM floc-
culation efficiency. Experimental condition for (a): [kaolin] = 0.3
g/L, initial pH = 7; experimental condition for (b): [kaolin] = 0.3
g/L, [PAM dosage] = 1 mg/L.

[59]. It should be noted that the maximum turbidity removal
for PAM,, PAM,, and PAM, was 83.0%, 89.9%, and 95.4%
respectively when the dosage was 4, 4, and 1 mg/L. The floc-
culation efficiency for PAM, was obviously superior to PAM,
and PAM,, while the dosage for PAM, to reach the maximum
turbidity removal was remarkably lower than PAM, and
PAM.,,. The considerably excellent performance for PAM, on
turbidity removal was due to the fairly high intrinsic viscos-
ity (1638 mL/g) of PAM,, which could supply a large sur-
face area resulting in intensifying of the adsorption bridging
effect [60]. In addition, higher the intrinsic viscosity, longer
will be the polymer chains. PAM, with the fairly high intrin-
sic viscosity (1638 mL/g) more likely to collide with kaolin
particles and thence increase the flocculation performance.
The result is in consistent with Singh’s easy approachabil-
ity model and Brostow, Pal and Singh’s model of floccula-
tion, which are suitable for acrylamide polymer flocculant
[24,61,62]. Moreover, the flocculation efficiency for PAM,,
which had a similar molecular weight with the commer-
cial PAM,, was also superior to PAM,. This was because the
PAM, possessed a special surface morphological structure as
shown in Fig. 6, which could enhance the bridging effect in
flocculation processes. However, the flocculation efficiency
of PAM, was lower than the others at 6 mg/L. For PAM, with
higher intrinsic viscosity, it was more likely to result in the
phenomenon of colloidal protection under excess dosage, in
which kaolin colloidal surface will develop a macromolec-
ular layer that stabilize and protect kaolin particles, which
resulted poor flocculation efficiency [63]. In addition, the
long chains of PAM, cannot stretch out entirely under high
dosage, which could result in the cage effect that prevent the
growth of flocs and reduce the settling efficiency [64].

In the flocculation process, pH was also a very import-
ant parameter affecting turbidity removal efficiency. Fig.
12b shows the effects of pH value on the turbidity removal
of kaolin suspension. Results showed that the turbidity
removal increased with increased pH until pH = 6 and then
gradually decreased with further increased pH. This phe-
nomenon was due to the hydrolysis of PAM. PAM existed
mainly as the style of the molecule when the pH was below 4,
which made PAM curl up together like coils so that resulted
in the poor turbidity removal efficiency [58]. When pH value
rose to 4-6, PAM macromolecular chains could sufficiently
stretch due to hydrolysis, which could enhance the absorp-
tion of kaolin particles on PAM molecules so that resulted
in a high turbidity removal efficiency [58]. However, the
hydrolysis of PAM would aggravate with the pH value fur-
ther increasing, which made PAM molecular chains possess
many negative charges. Electrostatic repulsion between
PAM molecular chains with many negative charges and
kaolin particles resulted in poor flocculation performance
[11,65]. In addition, the turbidity removal efficiency for the
synthesized PAM, and PAM, was superior to the commer-
cial PAM,, which was due to the high intrinsic viscosity and
special surface structure that made the synthesized PAM
easier to generate dense and large flocs by adsorption bridg-
ing effect as shown in Fig. 13.

4. Conclusion

In this study, we investigated the method of UV/H,0,
photo-initiation polymerization using acrylamide as the
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Fig. 13. Schematic of flocculation.

monomer. All the results of the experiments concluded that
PAM could be synthesized by UV/H,0O, photo-initiation
polymerization. Meanwhile, synthesis conditions affecting
the PAM intrinsic viscosity and the PAM flocculation per-
formance were studied. The main results of this study are
as follows:

1. PAM was successfully synthesized by UV/H,O,
photo-initiation system and the structure of synthe-
sized PAM was characterized by FTIR, 'H, SEM and
TG/DSC analysis.

2. Factors affecting the PAM intrinsic viscosity were
studied and the results showed that UV light inten-
sity, H,O, concentration, monomer concentration,
illumination time and initial pH had a great impact
on PAM intrinsic viscosity.

3. The polymerization mechanism for the UV/H,0,
photo-initiation system to synthesize PAM was spec-
ulated to be a free radical polymerization mechanism.

4. Turbidity removal experiments of kaolin suspension
showed that 95.4% turbidity removal was obtained
with 1 mg/L of the synthesized PAM at pH = 6. The
flocculation experiments demonstrated a superiority
of the synthesized PAM by UV /H,O, initiation over
the commercial PAM.

In conclusion, UV/H,0O, photo-initiation polymeriza-
tion is a novel and promising method for flocculants synthe-
sis, which has a great significance on water and wastewater
treatment. The further study on other types of flocculants
synthesis and the dynamics of the UV/H,O, photo-initia-
tion polymerization will be useful for better understanding
and application of this technology.
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