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Abstract
[bookmark: OLE_LINK48]In this study, a new cationic polyacrylamide (CPAM) was successfully synthesized through UV-H2O2-initiated polymerization technique using acryloyloxyethyl trimethyl ammonium chloride (DAC) and acrylamide (AM) as monomers, and applied to sludge dewatering experiments. Parameters affecting the molecular weight and conversion of the polymers, including total monomer concentration, monomer concentration of DAC, H2O2 concentration, pH and illumination time were examined. Fourier transform infrared spectroscopy (FT-IR), 1H nuclear magnetic resonance spectroscopy (1H NMR) and thermogravimetric analysis (TGA) and scanning electron microscopy (SEM) were employed to characterize the properties of the polymers. The results showed that CPAM was successfully synthesized and possessed a coarse and porous surface morphology and inferior thermal stabilities. When the dosage of polymer was at 40 mg L-1and the initial sludge pH value was 7.0, PAD-3 (cationic degree: 40％，molecular weight: 5.42×106 Da) showed a more excellent sludge dewatering performance (FCMC: 70.6％；SRF:2.8× 1012 m·kg-1；d50:436.802μm，Df:1.59). During the sludge ﬂocculation process, three mechanisms containing charge neutralization, patching and bridging co-contributed to a prominent flocculation performance.
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1. Introduction 
As a result of the accelerating rate of industry and urbanization, the growth of people’s awareness of environmental protection and the strengthening of environmental protection policies, the water treatment industry had a huge and unprecedented development, with massive establishment of sewage treatment works and advanced treatment of wastewater also posed a year-by-year increase in municipal sludge. In China, the present annual sludge (80% moisture content) production has reached around 3×107 ~ 4×107 tons which is predicted to lift further, with the value will be about 6×107 ~ 9×107 tons in 2020 [1]. How to properly treat the sludge for completing reducing, stabilizing and harmlessness becomes an urgent problem to be solved in environmental pollution control [2]. And how to improve the dewatering performance of sludge and reduce the moisture content of filter cake have become another research focus and difficulty in the field of water pollution control. Residual activated sludge containing negatively charged organic fine particles is a colloidal system, in which fine particles are stable in aqueous solution in the form of colloid and cannot be easily separated from the water phase. The addition of flocculants could destabilize the colloid particles and agglomerate them into larger particles or flocs prior to solid-liquid separation through conventional mechanical dewatering [3].
[bookmark: OLE_LINK58][bookmark: OLE_LINK64][bookmark: OLE_LINK59]Currently, chemical conditioners, especially cationic polyacrylamide (CPAM), have triggered intensive interests. The sludge colloids were destabilized and agglomerated by CPAM to form large ﬂocs through charge neutralization and bridging, which can be more easily separated from the water[4,5]. Various initiation methods have been used to prepare CPAM, including thermal, microwave, plasma, ultrasonic and so on, whereas the deficiencies remain, for instance, its cost is not economical, the process of preparation is not easily controlled as well as the corresponding flocculation effect is not enough obvious[6,7]. The UV-H2O2 coupling initiation system can generate hydroxyl radicals through UV light cracking H2O2, which can effectively initiate polymerization of monomers. The initiation method not only has the advantages of simple process, easy control of operating conditions, short reaction time and production cycle, high product purity, low investment, environmental protection and energy saving, but also avoids secondary pollution caused by azo initiators [8]. Moreover, the activation energy required for the reaction is low, the polymerization can be initiated rapidly at the room temperature as well as a high-purity polymer can be received. At present, the research on the synthesis of CPAM through UV-H2O2 coupling initiation system is in infancy, and the research on polymerization mechanism is not systematic enough. Acrylamide (AM) and acryloyloxyethyl trimethyl ammonium chloride (DAC) are commonly used monomers for the preparation of CPAM for the mechanical dewatering of sludge [9,10]. Therefore, in this study, AM and DAC were used as monomers, and P(AM-DAC) (PAD) was synthesized by UV-H2O2 coupling initiation system for sludge dehydration conditioning.
In summary, this study aimed to synthesize polymer flocculant PAD through UV-H2O2 initiated polymerization using AM and DAC as monomers. The effects of various single factor conditions on the molecular weight and conversion of the polymer were investigated to further understand the polymerization mechanism of the UV-H2O2 coupling initiation system. The structural characteristics of PAD were characterized by FTIR and 1H NMR. In addition, the morphology and thermal decomposition properties of PAD can be acquired by SEM and TG/DSC analysis. And then, the flocculation and dehydration performance of PAD were evaluated by the performance of sludge dewatering, and the optimum dehydration conditions were determined. Finally, the mechanism of flocculation and dehydration that may exist during sludge dehydration is systematically studied and discussed.
2. Materials and methods
2.1. Materials
Reagents used in this experiment were of analytical grade except AM and DAC which were of technical grade. The monomer AM and DAC were purchased from Jiangxi changjiu biochemical co., Ltd (Nanchang China) and Zibo huibao chemical co., Ltd (Zibo China) respectively. H2O2 (30 wt %) was provided by Huainan kedi chemical thchnology co., Ltd (Huainan China). Ethanol (95 wt %) and acetone were each offered from Jiangxi changjiu biochemical co., Ltd (Nanchang China) and Aladdin (Shanghai China). And commercial polyacrylamide (CPAM) was used for comparison in flocculation tests. 
2.2. Preparation of copolymers 
The preparation procedures for PAD by UV-H2O2-initiated copolymerization were as follows: a certain amount of AM, DAC and deionized water was dissolved in a 100 mL glass vessel with a magnetic stirring, followed by the adjustment of pH to the set value by 0.5 mol L-1 HCl and NaOH, the solution was bubbled through nitrogen for 15min to remove oxygen and sealed immediately after addition of H2O2. Subsequently, the mixture was exposed under the ultraviolet wave radiation generated by a UV lamp (wavelength: 365 nm; power: 500 W; Shanghai jiguang special electric appliance factory co., Ltd, China) for a certain time at room temperature to finish copolymerization. When the reaction was over, the copolymer was aged for 2h at the room temperature to increase the polymerization degree. Finally, the colloidal product was purified by acetone and ethanol for several times and dried in a vacuum oven at 80℃ for 24h. The experimental route of UV-H2O2-initiated copolymerization was shown in Fig.1.
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Fig.1 The possible route for UV-H2O2-initiated copolymerization PAD
[bookmark: OLE_LINK21][bookmark: OLE_LINK24]2.3. Characteristics of copolymers
In this study, the polymers used for structure properties characterization and flocculation tests were displayed in Table 1.
Table 1 The details of flocculants used in the characterization and flocculation tests
	Flocculants
	Molecular weight 
(1×106 Da)
	Cationic 
degree (%)
	Conversion 
rate (%)
	Synthetic 
method

	PAM
	3.00
	/
	/
	Commercial

	PAD-1
	3.00
	30.0
	99.6
	UV-H2O2

	PAD-2
	4.31
	30.0
	99.8
	UV-H2O2

	PAD-3
	5.42
	40.0
	99.7
	UV-H2O2


[bookmark: OLE_LINK140][bookmark: OLE_LINK141]The intrinsic viscosities of polymers (η) used to assess the absorption and bridging ability was conducted on an Ubbelohde viscosity meter (Shanghai Shenyi Glass Instrumental Co., Ltd., China) in a 2 mol L-1 aqueous NaCl solution at 30 ℃ [11]. The molecular weight of the polymer was calculated by Huggins equation displayed in equation 1.1 [12]. Moreover, the overall monomer conversion was determined by the gravimetric method. The FT-IR spectra of the products were recorded using KBr pellets on a 550 Series Ⅱ infrared spectrometer (Mettler Toledo Instruments Co., Ltd., Switzerland) in the range between 500 and 4000 cm-1. The 1H NMR of copolymers were obtained in D2O with an Avance 500 nuclear magnetic resonance spectrometer (Bruker Company, Ettlingen, Germany). Meanwhile, the SEM analysis was conducted on MIRA 3 LMU SEM system (TES-CAN Company, Czech Republic). Thermogravimetric (TGA) and differential scanning calorimetry (DSC) were carried out at a heating rate of 10 ℃·min-1 under a nitrogen flow of 20 mL·min-1 from 20 to 600 ℃ on a DTG-60H synchronal thermal analyzer (Shimadzu, Kyoto, Japan). 
                            (1.1)
Where  referred to the molecular weight of the polymers, Da;  referred to the intrinsic viscosity of the polymers, mL·g-1. 
2.4. Dewatering experiment
Raw sludge used in this experiment was collected from the Dadukou Wastewater Treatment Plant (Chongqing, China) with a cyclic-activated sludge system, and the characteristics of the sludge are listed in Table 2
Table 2 The characteristics of the sludge from the Dadukou Wastewater Treatment Plant
	pH
	Mass Density
(g·mL-1)
	Zeta Potential
(mV)
	SRF
(×1012 m·kg-1)
	Moisture Content
（%）
	VSS/TSS

	7.2
	1.038
	-22.30
	49.1
	98.6
	0.771


The sludge dewatering experiments were conducted on a program-controlled Jar-test apparatus (ZR4-6, Zhongrun Water Industry Technology Development Co. Ltd., China) at the room temperature. About 500 mL raw sludge was transferred into a 1000 mL glass beaker, and the initial pH of the sludge was adjusted to the set value by HCl (0.1 mol L-1) and NaOH (0.1 mol L-1). A certain dosage of flocculant was quickly added to the glass beaker, followed by a rapid stirring at 200 rpm for 60 s and a slow stirring at 40 rpm for 15 min and then it was kept for 20 min. The dewatering ability of the active sludge conditioned with the flocculants was expressed in terms of FCMC, SRF, Zeta potential and floc properties. Besides, the detail analytical methods of FCMC, SRF and Df were illustrated in Supporting Text S1. The Zeta potential of colloidal particles was carried on a Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, UK). After a rapid agitation, the floc size was measured with a laser diffraction instrument (Mastersizer 2000, Malvern, U.K.) and the floc morphological parameters were analyzed by image processing software [13]. Each measurement was performed in triplicate and the final results were the average of three runs.
3. Results and discussion
3.1. Optimal experiments of UV-H2O2-initiated copolymerization
3.1.1. Effect of total monomer concentration on polymerization
According to the mechanism of free radical polymerization, the copolymerization reaction depends on the collision of the monomers participating in the reaction with the free radicals in the system [14]. Therefore, the monomer concentration is one of the paramount factors affecting the polymerization reaction. In this experiment, the other conditions in the polymerization were fixed, and the effect of total monomer concentration on the molecular weight and conversion of the product was investigated and the results are shown in Fig.2.
[image: A:\冯力博士期间的东东\需要用文件夹\冯力博士论文\参考文献\XU文章\Fig.2.tif]
Figure 2 Effect of monomer concentration on polymer molecular weight and conversion
It could be seen from Fig.2 that the molecular weight and conversion of the copolymer tend to increase up to the maximum and then decrease with the increase of the total monomer concentration. When the total monomer mass percentage was 35 wt%, the molecular weight and conversion rate of the copolymer each reached the max values. When the total monomer concentration was too low, there were few monomers that could collide with the radicals induced by ultraviolet light, and the probability of collision of the monomer with the active radicals was low, which affected the growth of the polymer chain, and also reduced the rate of polymerization, resulting in lower molecular weight and conversion of the product [15,16]. As the total monomer concentration participating in the reaction increased, the collision probability between monomers and radicals fortified, and the chain growth reaction rate promoted, consequently the molecular weight of the copolymer heightened. However, when the total monomer concentration exceeded 35 wt%, the monomer concentration was overlarge, the collision probability in monomer-monomer and monomer-active radicals was enlarged, and the reaction rate was too fast so that the heat generated from the reaction cannot be dispersed in time to promote the occurrence of polymerization side reactions (such as chain transfer and chain termination reactions) which ultimately reduced the molecular weight and conversion of the copolymer [17]. At the same time, side reactions such as chain transfer also raised the degree of crosslinking and branching between the molecules of the copolymer, and weakened the solubility of the copolymer in aqueous solution. Therefore, the optimal total monomer concentration was 35 wt% in this part of the single factor experiment.
3.1.2. Effect of DAC concentration on polymerization 
There were differences between homopolymerization and copolymerization, to be more specific, there were two different types of active monomers in copolymerization. In the process of copolymerization of cationic polyacrylamide, there were simultaneously AM having higher polymerization activity and a cationic monomer having relatively lower polymerization activity. Therefore, whether it was more likely to react in the shape of homopolymerization of AM or copolymerization of AM and cationic monomers would played a dominant effect on the molecular weight, conversion and component of products [18]. In controlled condition, the effect of the DAC concentration on intrinsic viscosity and conversion of products was investigated and showed in Fig 3. 
From Fig 3, it could be seen that the molecular weight and conversion of products increased firstly, with reaching up to the maximum, and then decreased dramatically when keeping increasing DAC concentration. When DAC concentration was at the relatively lower level, there were a large amount of relatively higher active AM in the reaction system which preferred to homopolymerize, with leading to generate lots of heat that could not be dropped away fleetly, finally copolymerization of AM and cationic monomers was hindered and it gave rise to aggravate the effect of crosslinking which caused the low molecular weight of PAD and implicatively the low conversion rate of PAD because the major effective constituents of polymeric gels were homopolymer of AM rather than PAD. However, increasing DAC concentration within a certain range improved collision probabilities of AM and DAC and copolymerization probabilities of two monomers and hence the conversion and intrinsic viscosity of products were enhanced. When DAC concentration was over 25mol%, further adding its concentration would let the induction period of copolymerization reaction and the time required for the temperature requested for polymerization reaction in the system concurrently increase, at last the polymerization reaction was not completely finished and the molecular weight and conversion of products exhibited a decline [6,19]. In conclusion, the optimal cationic concentration in this part was intended to be 25mol%.
[image: A:\冯力博士期间的东东\需要用文件夹\冯力博士论文\参考文献\XU文章\Fig.3.tif]
Fig 3 Effect of the cationic concentration on molecular weight and conversion of polymer
3.1.3. Effect of H2O2 concentration on polymertization
H2O2 would induce hydroxyl radicals under ultraviolet radiation which initiated AM and DAC to generate chain radicals and polymerize to form target polymers. Therefore, H2O2 concentration not only affected the number of free radicals but also influenced polymerization reaction a lot [20]. In controlled condition, the effect of H2O2 concentration on molecular weight and conversion of products were estimated and exposed in Fig 4. Fig 4 revealed that when H2O2 concentration was below 0.06wt%, the molecular weight of the polymers accelerated gradually up to the maximum value with adding H2O2 concentration which went with the augment of the product transformation rate. Nevertheless, when H2O2 concentration exceeded 0.06wt%, further increasing H2O2 concentration contributed to a fall in molecular weight and transformation rate of products. The effect of H2O2 was similar to that of initiator, and detailedly saying it directly affected collision probabilities between monomers and free radicals and further indirectly affected the process of polymerization. When H2O2 concentration was too low, it meant that hydroxyl radicals which were initiated by ultraviolet radiation were deficient, and collision probabilities of hydroxyl radicals and monomers were suffocated with leading to the growth of polymerization chain and obstacle of the chain initiation which subsequently caused the addition of reaction time and the decrease of molecular weight of products. With the increase of H2O2 concentration, the amount of hydroxyl radicals induced by ultraviolet radiation became larger and its initiation rate was also boosted, accordingly the polymerization reaction finished quickly and completely and relatively higher molecular weight and conversion of polymers were obtained. While, adding H2O2 concentration exceeding the optimal concentration value made produce superabundant hydroxyl radicals which increased the number of reactive centers in the polymerization and then random collisions between those hydroxyl radicals improved the possibility of polymerization side reaction, with reducing the molecular weight and conversion of the products [21]. Above all, H2O2 concentration was determined to be 0.06wt% in this part of the single factor experiment.
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Fig 4 effect of H2O2 concentration on molecular weight and conversion of polymers
3.1.4. Effect of pH on polymertization
It was reported that during the solution polymerization processes, the pH values influenced polymerization kinetics as well as the molecular structure of polymers in some degree [22]. In the controlled condition, effect of the pH values in the reaction system on molecular weight and conversion was studied and displayed in Fig 5. 
[bookmark: OLE_LINK107][bookmark: OLE_LINK108] [image: A:\冯力博士期间的东东\需要用文件夹\冯力博士论文\参考文献\XU文章\Fig.5.tif]
Fig 5 effect of pH on molecular weight and conversion of polymer
As shown in Fig 5, the pH values of the reaction system played an important role in the molecular weight and conversion of the polymers. With an increase of pH ranging less than 4.5, the molecular weight and conversion of the product changed with the same trend of pH. When pH was 4.5, the molecular weight and conversion of the product reached the maximums, while further increasing pH, a rapid decline occurred in that of the molecular weight and conversion. When pH was relatively lower, intramolecular or intermolecular imidization reactions between amide groups on AM molecular were prone to happen which contributed to crosslinking of polymers and hence hindered the progress of the chain growth, thereby the intrinsic viscosity of the products was affected [23]. On the other hand, when pH was relatively higher, AM would be hydrolyzed, with producing NH3 and NH3•H2O which also could react with AM and generate a reducing agent, namely nitrogen tripropionamide (NTP) containing chain transfer effect which could cause an increase in chain transfer probability and a decrease in chain growth. Therefore, the intrinsic viscosity of the products descended [24]. In this part, the optimal pH value was determined to be 4.5.
3.1.5. Effect of illumination time on polymerization 
H2O2 induced hydroxyl radicals under ultraviolet radiation and triggered copolymerization between monomers. It was clear that illumination time played a large role in the degree of polymerization reaction and the intrinsic viscosity of products [25]. In controlled condition, effect of illumination time on polymers molecular weight and conversion was inspected and exhibited in Fig 6.
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Fig 6 effect of illumination time on molecular weight and conversion of polymer
From Fig 6, with lengthening illumination time, the molecular weight and conversion of the product increased initially and reached up to the max value and then decreased. It could be explained that under a short-time ultraviolet radiation, there were insufficient hydroxyl radicals which fell to induce copolymerization of monomers, and so reaction was incomplete and the molecular weight of the product was low while the same as that of the conversion. However, with lengthening illumination time, there were more and more hydroxyl radicals that promoted a complete reaction and an increase in the molecular weight and intrinsic viscosity of the product. When the value of illumination time exceeded a certain value (25min), further adding illumination time, monomers were consumed and surplus ultraviolet radiation energy would lead to disproportionation reaction and chain transfer reaction, as a result the molecular weight and conversion of the product reduced [26]. The optimal illumination time in this part was chosen to be 25min.
[bookmark: OLE_LINK34]3.2. Characterization of flocculants
3.2.1. FTIR spectral analysis 
[bookmark: OLE_LINK38][bookmark: OLE_LINK2][bookmark: OLE_LINK83][bookmark: OLE_LINK84]Fig.7 showed the FT-IR spectra of PAD and CPAM. The FT-IR spectra of PAD and CPAM were almost the same, but not quite identical. The FT-IR spectra of the two samples displayed the following peaks: −NH2 stretching vibration at 3433 cm-1 in AM; -COOH stretching vibration at 1668 cm-1 in DAC [27]; −CH3 and −CH2− asymmetric stretching vibration at 2942 and 2836 cm-1, respectively [28]; −CH2− bending vibrations at 1452 cm-1 in −CH2−N+; C−O− stretching vibration at 1169 cm-1 in ester groups [29]; and −N+−(CH3)3 bending vibrations at 952 cm-1 in DAC [30]. Compared with the FT-IR spectra of PAM, the characteristic chemical groups of DAC (1452 cm-1, 1169 cm-1, 952 cm-1) were all observed in PAD, revealing that PAD were successfully synthesized through copolymerization of AM and DAC. 
[image: A:\冯力博士期间的东东\需要用文件夹\冯力博士论文\参考文献\XU文章\Fig.7.tif]
[bookmark: OLE_LINK5]Fig.7. FT-IR spectra of (a) PAM and (b) PAD
[bookmark: OLE_LINK41][bookmark: OLE_LINK42]3.2.2. 1H NMR spectral analysis
[bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK13][bookmark: OLE_LINK14]The 1H NMR spectra shown in Fig 8 further analyzed the microstructure of the PAD and PAM. The absorption peaks of protons in the −CH2− (a) and −CH− (b) groups of PAM were observed at δ = 1.664 ppm and δ = 2.209 ppm, respectively, whereas those for PAM shifted. For example, the peaks shifted to δ = 1.623 ppm for  −CH2− (a) and δ = 2.179 ppm for −CH− (b) in PAM [31]. These results indicated that PAD was successfully copolymerized by monomer AM. Meanwhile, due to the participation of cationic monomer DAC, the identical chemical environmental and microstructure of the protons in PAM were changed, with causing chemical shifts in absorption peaks of protons in the −CH2− (a) and −CH− (b) groups of AM in PAD. The absorption peaks of protons in the −CH2− (c)，−CH2−N+ (d)，N+−(CH3)2 (e) of PAD were observed at δ =4.547 ppm, δ = 3.728 ppm and δ = 3.211 ppm, respectively, showing the participation of DAC [9,32]. Based on the 1H NMR analysis results, it forceful indicated that PAD was the copolymer of AM and DAC.
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Fig 8. 1H NMR spectrum of (a) PAM and (b) PAD
[bookmark: OLE_LINK18]3.2.3. DSC/TGA analysis
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK46][bookmark: OLE_LINK45][bookmark: OLE_LINK73][bookmark: OLE_LINK74]To investigate the thermostability of PAD, a synchronal thermal DTG-60H analyzer (Japan) was used. The thermal gravimetric curves of the polymers were shown in Fig 9. It could be found that PAD displayed three stages of the weight loss. In the ﬁrst stage occurred in the range of 30-190 ℃, mass loss was about 14.4 wt %, which was associated with the evaporation of intramolecular and intermolecular moisture in the polymers [33]. In the second stage occurred in the range of 190-360 ℃, mass loss of 33.7 wt % for PAD was observed, which was due to the imine reaction of the amide group and the thermal decomposition of methyl in the quaternary ammonium groups [34]. The ﬁnal stage occurred beyond 360 °C, the mass loss of PAD was about 35.8 wt %, which was attributed to the carbonization of the copolymer [35]. Therefore, the TGA results indicated that PAD had inferior thermal stabilities. Also, the results further verified that PAD was successful synthesized.
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Fig 9. Thermogravimetric curve of PAD
3.2.4. SEM of polymers
The SEM images of the polymers (PAM and PAD) were displayed in Fig 10 to research on their amorphous morphology. 
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Fig 10. SEM images of (a) PAM and (b) PAD
It was evident that two kind of polymers presented different surface morphology. PAM showed a smooth surface without any holes. However, with the copolymerization of DAC and AM, profound morphological change occurred. A porous structure replaced an ordered structure in PAM which ascribed to the participation of DAC, resulting in increasing specific surface area and lifting solubleness. The linear correlation of the logarithm of projected area (A) and the characteristic length (L) was observed, and the average fractal dimensions could be calculated by using Image-Pro Plus 6.0 software. The average fractal dimension of the PAM and PAD were 1.198 and 1.631, respectively, which revealed that the surface of PAD was more rough and irregular than that of PAM, consequently, the mechanism of bridging was improved [36]. 
4. Flocculation Performance
4.1. Effect of flocculant dosage on ζ-potential
The charge neutralization and patching became dominant during flocculation, and thus the negatively charged particles were neutralization completely, with large flocs aggregating and forming [37]. The ability of charge neutralization and patching was evaluated by the zeta potential. The flocculant with strong charge neutralization and patching ability was more favorable for the excellent flocculation performance occurrence [38]. As shown in Fig 11, the zeta potentials of the supernatant conditioned with four kind of flocculants varied a lot.
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Fig 11. Effect of flocculant dosage on ζ-potential
[bookmark: OLE_LINK319][bookmark: OLE_LINK320]The zeta potentials all rapidly increased with an increase in dose which could be explain that more flocculants with more positive charge played an important role in neutralizing the negative charged sludge particles, thus resulting less the negative charged sludge particles remained and larger zeta potentials detected. In the same dosage condition, there was a positive correlation between the cationic degree and the zeta potentials. The phenomenon could be explained as follows. The flocculant per unit mass with higher cationic degree contained more positive charges corresponding to more residual positive charges which directly causing higher zeta potentials. Due to PAM was neutral, the charge neutralization and patching were weak and therefore the sludge flocculation was struck. However, the cationic degree of PAD-3 was distinctly higher than that of PAD-1 and PAD-2, with leading to the best charge neutralization and patching which were beneficial to more exposure of absorption points, finally the negative charged sludge particles were gathered and flocculation was improved [39].
4.2. Effect of the dosage on sludge dewatering performance
[bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK287]The effect of flocculants dosage (pH=7.0) on sludge performance were investigated in terms of FCMC and SRF. As shown in Fig 12, the FCMC and SRF of four kinds of flocculants decreased with an increase in dose, and then represented a gradually upward trend. Their optimal dosages were all at 40 mg·L-1. It was quite clear that PAD-3 showed a better flocculation performance than the other three flocculants in the full dose range (10~90 mg·L-1). In this condition, the sludge dewatering performance reached the best, and their FCMC and SRF values were both in the following order: PAM（FCMC: 75.2％；SRF: 4.7×1012 m·kg-1）>PAD-1（FCMC: 74.0％；SRF: 4.0×1012 m·kg-1）>PAD-2（FCMC: 72.9％；SRF: 3.7×1012 m·kg-1）>PAD-3（FCMC: 70.6％；SRF: 2.8× 1012 m·kg-1). At a dosage ranging from 10~40 mg·L-1, the negative charged sludge particles were increasingly neutralized with providing large amount of absorption points, and thus large and dense flocs were formed under the charge neutralization and bridging which ameliorated sludge flocculation [40]. However, flocculant overdose (＞40 mg·L-1) gave rise to a deterioration in both FCMC and SRF, which was caused by the increased charge repulsion between the sludge colloidal particles and the subsequent stabilization of those particles, hence the destabilized particles re-stabilized and the flocculation efficiency was weakened[41]. 
[bookmark: OLE_LINK293][bookmark: OLE_LINK294]In Fig 11, PAD-3 had the highest zeta potentials in the full range of dosage which revealing the best charge neutralization and patching ability. Charge neutralization and patching played a vital role in the sludge flocculation because the negative charged colloidal could be neutralized and destabilized by cationic flocculant to form large flocs and the solid-liquid separation was dumbed down. Meanwhile, compared with three flocculants, bigger molecular weight in PAD-3 could greatly enhance the bridging ability, and therefore the vacant active sites in the destabilized sludge particles were easily attached to the polymer chain and further attached to the nearby molecular chains, with resulting in forming complicated crosslinking structures. The unused molecular chains also aggregated colloidal particles and small sludge flocs to form larger flocs which could be spontaneously sunk. It was apparent that the longer the polymer chains were, the more colloidal particles attached and the bigger flocs forms, and accordingly the dehydration effect for sludge was dramatically promoted. 
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[bookmark: OLE_LINK290][bookmark: OLE_LINK291]Fig 12. Effect of the dosage on (a) FCMC and (b) SRF
4.3. Effect of pH on sludge dewatering performance
[bookmark: OLE_LINK135][bookmark: OLE_LINK298]Previous study has demonstrated that the pH had a crucial impact on the sludge flocculation performance [42]. Fig 13 described the impact of the pH on the FCME and SRF at the dosage of 40 mg·L-1. When the pH increased from 2.0 to 11.0, FCMC and SRF showed a similar trend of decreasing initially and then increasing, whereas zeta potential presented a declining trend. The sludge dewatering performances of polymers were greatly affected by pH, which elucidated that pH played a vital part in the sludge flocculation process. The strong acid (2.0~4.0) and alkali (9.0~11.0) conditions enhanced the charge intensity on colloidal particles surface and resulted in a strong repulsive force between the particles. Consequently, the adsorbed particles were separated from the polymers chain, filled with liquid and re-stabilized. Flocs under the lowered adsorption bridging were small and loose which did harm to solid-liquid separation, ulteriorly were out of shape and caused blocking when compressing, with augmenting SRF and the sludge dewatering performance became less than satisfactory [43]. Comparing with PAM、PAD-1、PAD-2, PAD-3 showed the highest dewatering efficiency among them in the full pH range, and its minimum SRF of 2.8×1012 m·kg-1 and 70.6％ were acquired at pH 7.0. PAD-3 held the best charge neutralization, patching and bridging abilities which did good to neutralize and destabilize sludge particles, gather small flocs under bridging effect and finally form large and dense flocs. Furthermore, PAD-3 was demonstrated to have an excellent sludge dewatering performance in a broad scope of pH, which interpreted that this novel flocculant prepared by UV-H2O2 could be widely applied in sludge dewatering in different industries such as paper mill, printing and dyeing mill and so on. 
[image: A:\冯力博士期间的东东\需要用文件夹\冯力博士论文\参考文献\XU文章\Fig.13(a).tif][image: A:\冯力博士期间的东东\需要用文件夹\冯力博士论文\参考文献\XU文章\Fig.13(b).tif]
[bookmark: OLE_LINK297]Fig 13 Effect of the pH on (a) FCMC and (b) SRF
5. Sludge floc characteristics
5.1. Floc size distribution
[bookmark: OLE_LINK333][bookmark: OLE_LINK334]Fig 14 depicted the floc size distribution for PAM、PAD-1、PAD-2 and PAD-3 at the pH of 7.0 and the dosage of 40 mg·L-1. 
[image: A:\冯力博士期间的东东\需要用文件夹\冯力博士论文\参考文献\XU文章\Fig.14.tif]
Fig 14. Sludge flocs size distribution for (a) PAM, (b) PAD-1, (c) PAD-2 and (d) PAD-3
[bookmark: OLE_LINK111][bookmark: OLE_LINK112]The floc size of PAD-3 was larger than the others, and the floc size characterized with d10, d50 and d90 were 169.404 μm, 436.802μm and 832.044 μm, respectively, which reflected the best sludge dewatering flocculation. The reason why the addition of PAD-3 produced larger flocs was because the related cationic degree and molecular weight. The maximum cationic degree of PAD-3 would guarantee the maximum charge neutralization and patching ability. Moreover, the maximum molecular weight of PAD-3 would give full play to absorb large amount of sludge particles and form larger flocs between small flocs, and thus flocculation was tremendously boosted [44]. 
5.2. Floc fractal dimension
Floc fractal dimension was a significant index to assess the sludge floc structure. Fig 15 demonstrated fractal dimension varied a lot with different dosages. 
[image: A:\冯力博士期间的东东\需要用文件夹\冯力博士论文\参考文献\XU文章\Fig.15.tif]
[bookmark: OLE_LINK341]Fig 15 Effect of the flocculant dosage on floc fractal dimension
[bookmark: OLE_LINK116][bookmark: OLE_LINK119]Clearly, the Df values of four flocculants increased at first and then decreased subsequently, with all reached the maximum at the dosage of 40 mg·L-1. The Df values of PAM, PAD-1, PAD-2 and PAD-3were variant ranging from 1.25 to 1.60 which confirmed that surface characteristic of sludge that directly affected by flocculant dose would indirectly affect floc structure. The Df value of PAD-3 was the biggest and was 1.59. At the optimal condition, the macromolecular chain with cationic groups could absorb and neutralize the negative charged sludge particles, and then combined with the polymer chain tightly to form compact and large flocs under the effect of polymer chain strongly twisting and closely overlaying [45]. However, an overdose would give rise to charge repulsion between the sludge colloidal particles and the subsequent stabilization of those particles which were difficult to form large and dense flocs. Relatively higher cationic degree and molecular weight contributed a lot to the charge neutralization, patching and bridging abilities of PAD-3, with attaching sufficient negatively charged particles to the polymer chains and convolving the subsequent molecular chains which could be squeezed under shear stress when the water was agitated, and the interspace between the molecular chains were eventually crammed to generate compact flocs [46]. In conclusion, the Df value of sludge was the highest under PAD-3 treatment. In contrast, relatively lower molecular weight or cationic degree of other three flocculants reflected inadequate the charge neutralization, patching and bridging abilities, as a result, loose and irregular flocs were produced. 
6. Flocculation mechanism
[bookmark: OLE_LINK117][bookmark: OLE_LINK118]Based on the analytical results of the zeta potentials, SRF, FCMC, d50 and Df, the possible flocculation mechanism is summarized and drawn in Fig 16. 
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Fig 16. Possible flocculation mechanism 
Due to the relatively higher cationic degree of PAD-3, the flocculant contained relatively more positive charges which indirectly reflected higher electrical neutralization capacity and patching ability. Meanwhile, PAD-3 held relatively larger molecular weight which made for exposing large amount of active points in the polymer chains for the purpose of catching and intercepting sludge colloidal particles. Therefore, the bridging ability of PAD-3 was also stronger than the other three flocculants. The negative charged sludge particles would be completely neutralized and gathered together under the effect of bridging to form large and dense floc structure which was steadily in favour of remaining relatively more hydrophobic pores and gaps, with deformation and blocking cannot easily to occur when pressed [47]. In conclusion, moisture was prone to be excluded via those hydrophobic pores and gaps, and ultimately flocculation efficiency was ameliorated.
7. Conclusion
PAD was prepared by UV-H2O2 initiated copolymerization with using AM and DAC as monomers and applied to sludge dewatering experiment. Based on these investigation, the following conclusions were obtained:
（1）FTIR and 1H NMR verified the successful synthesis of PAD through UV-H2O2 initiated copolymerization. The TG/DSc results revealed that PAD had inferior thermal stabilities. In addition, surface morphology of PAD observed through SEM instrument elucidated that PAD had a uneven and porous surface area, with the Df value was up to 1.634.
[bookmark: OLE_LINK126][bookmark: OLE_LINK125][bookmark: OLE_LINK105][bookmark: OLE_LINK104]（2）The effect of each single factor on the molecular weight and conversion of the copolymer through UV-H2O2 initiated copolymerization was investigated. The appropriate synthesis conditions included 35 wt% total monomer concentration，25 mol% DAC concentration，0.06 wt% H2O2 ，pH 4.5 and illumination for 25min. Under these conditions, PAD with 7.23×106 Da of molecular weight and 99.7% of conversion had been obtained.
[bookmark: OLE_LINK128]（3）The results of sludge dewatering experiments indicated that, when the pH was 7.0 and the dosage was at 40 mg/L, the addition of PAD-3 (molecular weight: 5.42×106 Da, cationic degree: 40%) showed more excellent dewatering performance, with the 70.6% of FCMC and 2.8× 1012 m·kg-1 of SRF were acquired. Besides, the zeta potentials conditioned with PAD-3 were higher than that of PAD-1, PAD-2 and PAM, and the values of zeta potentials had positive correlation with flocculant dosage. 
（4）The tests on characteristic of sludge floc manifested that sludge floc size and floc fractal dimension of PAD-3 were larger than that of PAM、PAD-1 and PAD-2, with those were 436.802μm and 1.59, respectively under the optimal flocculation condition.
（5）The mechanism involved in sludge dewatering contained charge neutralization, patching and bridging, corresponding formed large and dense flocs which steadily remained sufficient hydrophobic pores and gaps and hence were convenient for sludge dewatering. 
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