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Abstract:
There is a growing interest in the use of ultrafiltration (UF) for the treatment of micro-polluted surface waters for drinking water supplies. Effective pretreatment is required to mitigate membrane fouling and in this paper we have evaluated the application of polyacrylamide (PAM) flocculation with alum coagulation. Bench scale tests were conducted over extended periods with two types of PAM (different molecular weights (MW)) applied with, and without alum coagulation, in order to investigate their impact on membrane fouling. The structure of the resulting flocs formed in the process and the activity of bacteria within the membrane tank were identified as two key factors influencing UF system performance. It was found that development of the cake layer and hydraulic resistance of the membrane were influenced by the floc properties, which were in turn related to the MW and dose of the PAM. Coagulation and flocculation using the larger MW PAM formed amorphous flocs with a lower fractal dimension, which contributed to a lower density of the cake layer and lower rate of increase in trans-membrane pressure. PAM flocculation without alum coagulation induced severe membrane fouling by forming a continuous gel-like layer on the membrane surface. By alum-PAM dosing it was found that the concentration of bacteria present in the membrane tank and adhering to the cake layer, was sufficient to remove nearly all of the ammonia and around 80% phosphorus in the raw water. These results demonstrate that the combination of a high MW PAM with alum as a pretreatment method of UF process can effectively improve the floc properties and cake layer structure for controlling membrane fouling and producing high quality treated water. 

Keywords: Ultrafiltration; Membrane fouling; Polyacrylamide; Alum; Pretreatment



1 Introduction 
Ultrafiltration (UF) technology is considered to be a reliable, efficient and economical alternative for surface water treatment in order to produce safe drinking water. However, treating surface waters polluted by sewage discharge by UF processes alone cannot produce water of the necessary high quality. Moreover, the variety of natural organic matter in such surface waters, including materials such as humic substances, polysaccharides and proteins [1-3], often leads to major membrane fouling within these UF processes [4]. 
Chemical coagulation and flocculation, as a pretreatment to the UF process, can mitigate such membrane fouling [5-8] and improve water quality [4, 9-11]. In this case, the flocs formed in the coagulation/flocculation process, with or without settling, deposit and accumulate on the membrane surface leading to a dense cake formation with increased resistance to flow. Hence the floc characteristics can directly influence the cake layer structure and filtration efficiency [12, 13]. The porosity of the cake layer is partly dependent on the fractal dimension of the flocs [14, 15], and as such membrane fouling can be mitigated by increasing the floc size and/or decreasing the fractal dimensions [16, 17]. In addition, some researchers have reported that the accumulated cake layer on the membrane surface is nearly independent of membrane type [18, 19]. Therefore, the structure of the cake layer should be a major factor that determines the propensity and degree of fouling, especially the external fouling. 
Adding polymer flocculants to the raw water can often achieve a favorable separation performance of colloids and organic matter when applied solely or when combined with a coagulant, which is attributed to bridging adsorption and charge neutralization. For example, it was reported that polyacrylamide (PAM) is an efficient polymer flocculant for producing flocs with larger size and lower fractal dimensions [20]. Furthermore, these flocs have been found to have different structures when polymers of different molecular weight (MW) were applied as a coagulant aid [21]. Some researchers have found that the use of a cationic PAM together with PACl coagulation effectively mitigated microfiltration membrane fouling when treating a wastewater [22]; in contrast some other researchers have reported that cationic flocculants exhibited an adverse membrane performance, which was attributed to the strong electrostatic attraction between the positively charged polymer and the negatively charged membrane surface [23, 24]. 
In addition to organic materials it is known that the concentration of phosphate and ammonia in raw surface water has increased in recent years due to effluent pollution from wastewater plants. It has also been demonstrated that the phosphorus content in water is a significant factor influencing bacteria regrowth in the water distribution system; therefore, effective removal of phosphate in water may be an effective way to enhance the biological stability of drinking water. Similarly, ammonia in elevated concentrations may be undesirable since it can induce an increase of chlorine dosage in the disinfection process and affect the taste of the produced water. Therefore, reducing or removing phosphate and ammonia from micro-polluted surface water is of importance for improving water quality. However, while it has been confirmed that membrane bioreactor systems are effective for this purpose, few studies have reported the efficiency of phosphate and ammonia removal in membrane systems applied in the treatment of micro-polluted surface water. 
In this study, the flocculation of two types of PAM (of different MW) with or without alum coagulation, as a pretreatment for UF membrane treatment, was investigated. Owing to the issues mentioned previously, from the results of earlier studies, non-ionic PAM flocculants were selected to avoid the effects of electrostatic interaction and to achieve a stable membrane filtration performance. The removal efficiencies of phosphate and ammonia in the UF systems were also investigated. In particular, the roles of floc (cake layer) structure and bacterial activity in the membrane systems, which have great significance with respect to membrane fouling and water quality, are considered in order to better understand and enhance the performance of the UF process in the application of drinking water treatment. 

2 Materials and methods
2.1 Synthetic raw water and coagulant
Synthetic raw water was prepared to simulate typical surface water polluted by sewage discharge, which might be the source of a drinking water supply [25]. A quantity of domestic settled sewage was added to local (Beijing, China) tap water in a volumetric ratio of 1:50, respectively; 5 mg/L humic acid (Suwannee River, 2S101H, International Humic Acid Substance Society, USA) and 0.2 mg/L phosphate were added into the raw water. The tap water was left for at least 10 h to allow the decay of residual chlorine before mixing with the other components. The characteristics of the synthetic raw water are listed in Table 1. During the period of experiments, the raw water was kept at a temperature of 25±2 oC.
Non-ionic polyacrylamide (PAM, Sinopharm, China), with two MWs of 3×106 and 1×107 Da (MW data provided by the supplier), was diluted to give a stock solution of 1 g/L. Fresh PAM solutions were prepared every three days. Aluminum sulfate hydrate (alum, Al2 (SO4)3•18H2O; Bodi, China) was used as a coagulant in this study and the stock alum solution was prepared at a concentration of 0.05 M in DI water. 
2.2 Jar test and floc monitoring
The coagulation/flocculation of synthetic raw water by alum and both types of PAM (different MW) before UF experiments were simulated by jar tests. A beaker (capacity of 1.2 L) with a flocculator (ZR4-2, Zhongrun, China) was used in the jar test, where the mixing speed and duration could be pre-set. The optimal alum dose (0.1 mM as Al3+) was determined by the removal efficiency of organic matter and zeta potential of the micro-particles in coagulated water (-3 mV in jar tests). 
During the test, 0.1 mM of alum was added into the synthetic raw water and mixed simultaneously at a stirring speed of 200 rpm. The rapid stirring speed of 200 rpm was maintained for 1 min, and then reduced to a slow stirring speed of 50 rpm for 15 min to allow floc growth. Since the hydraulic retention time (HRT) of each flocculation tank in the membrane test system (as shown in Fig. 1) was 5 min and PAM was added into the second flocculation tank of the three in series, PAM was added 5 min after the start of flocculation process in the jar test. To identify the optimal conditions for addition of PAM, different doses of each PAM were applied after 6 min of dosing the alum. An optimal dose of 0.2 mg/L was determined for the two types of PAM according to the floc size and fractal dimension. 
A laser diffraction instrument (Mastersizer 2000, Malvern, UK) was used to measure the floc size dynamically. Size measurements were taken every half minute during the jar test and logged by computer. Detailed information on floc size monitoring could be found in our previous work [26]. The fractal dimension (Df) was determined by small-angle light scattering, which has been reported by some other researchers [14, 26]. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]2.3 Flocculation (coagulation)-UF processes
The performance of the coagulation/flocculation and UF separation processes was investigated using a purposely designed, bench scale, parallel continuous flow apparatus (Fig. 1). The different chemical dosing arrangements for the coagulation/flocculation stage were as follows: PAM with a smaller (S) MW of 3×106 Da and a larger (L) MW of 107 Da both without prior addition of alum (SUF and LUF), and with addition of alum (CSUF and CLUF). Firstly, the synthetic raw water was fed into a constant-level tank to maintain the water level of the membrane tanks. In the CSUF and CLUF arrangements, the pre-determined optimal dose 0.1 mM of alum was continuously added to the rapid mixing tanks. A stirring speed of 200 rpm (G=184 s-1) was used in the rapid mixing tank with a HRT of 1 min, which was the same as that of the jar test. Then the stirring speed was reduced to 50 rpm (G=23 s-1) in the subsequent three flocculation tanks with a HRT of 5 min of each tank. PAM with two MWs at a dose of 0.2 mg/L was added into the second flocculation tank. After the flocculation process, the water was directly fed to the submerged UF membrane tanks. A polyvinylidene fluoride (PVDF) hollow fiber UF membrane module (Tianjin Motimo Membrane, China) was submerged in each tank with a nominal pore size of 0.03 μm and a surface area of 0.025 m2. The effluent was collected directly from the membrane module by a peristaltic pump at a constant flux of 20 L m-2 h-1 with a cycle of 30-min filtration and 1-min backwash (40 L m-2 h-1). During the backwash period air was supplied at 100 L/h (air: water = 200:1) to each tank in a position underneath the membrane units (Fig. 1), while making sure that the sludge (settled coagulant solids) at the bottom of the tanks was retained and not disturbed. Pressure gauges were employed to continuously monitor the trans-membrane pressure (TMP). 
2.4 Other analytical methods 
The UV absorbance at 254 nm (UV254) of 0.45 μm filtered solutions was determined by an UV/visible spectrophotometer (U-3010, Hitachi, Japan). Dissolved organic carbon (DOC) of 0.45 μm filtered solutions was determined by a total organic carbon (TOC) analyzer (TOC-VCPH, Shimadzu, Japan). Residual aluminium and total P after 0.45 μm filtration were measured by inductivity coupled plasma optical emission spectrometer (ICP-OES, 710, Agilent Technologies, USA). Residual turbidity (Hach 2100, USA) was measured for samples in the two membrane tanks. The concentration of NH4+-N was determined by the colorimetric methods using a spectrometer, and the concentration of NO3- was measured by Ion Chromatography (ICS-2000, Dionex, USA). The bacterial concentration was determined as the Heterotrophic Plate Count (HPC) by the recommended method using yeast extract agar [27]. Samples of the fouled membrane fibers were cut from the four membrane modules, and the morphology of the fouled and washed membrane samples was characterized by a scanning electron microscope (SEM; JSM7401F, JEDL, Japan).

3 Results
3.1 Influence of PAM dose on floc characteristics
In order to evaluate the effect of different dosages of the two types of PAM on the flocculation efficiency, the growth of aggregates was determined at different PAM doses in the flocculation process (jar test). Figs. 2A and 2B show that the size (d50 value) of flocs (aggregates) increased immediately after addition of both types of PAM and rapidly reached a peak after approximately 1 min. The maximum d50 value of flocs increased as the dose of PAM increased for both types, reaching 900-1000 μm for both PAM-(S) at the highest dose applied of 1.0 mg/L, and PAM-(L) at the highest dose applied of 0.2 mg/L. The size of flocs gradually decreased when PAM was applied at lower doses, but was relatively constant at the highest dose of each PAM type, suggesting the flocs were resilient to shear under the experimental conditions. It is also noted that the larger MW (107 Da) PAM was much more effective in producing large flocs compared to the smaller MW (3×106 Da) PAM in terms of the relative doses needed to reach a similar floc size (see Figs. 2A/2B). 
In addition, the structure of flocs, indicated by the fractal dimension (Df), may determine the density of cake layer formed on the UF membrane surface. A larger value of Df corresponds to a greater density of the cake layer, which induces a higher hydraulic resistance to the flow and thus a lower water flux. As shown in Fig. 2C, when the dose of PAM-(S) (smaller MW) increased in the range of 0~1 mg/l, the Df of flocs decreased from 2.37 to 2.17; while for PAM-(L) (larger MW) the Df decreased from 2.37 to 2.18 when the PAM dose increased from 0 to only 0.2 mg/L. The results demonstrated that for the same dose of each PAM type, PAM-(L) formed amorphous flocs of lower density than PAM-(S). Therefore, it can be concluded that the addition of PAM of different MW, after alum coagulation, may form different cake layer characteristics on the UF membrane surface, and hence a different filtration/fouling performance. On the basis of the results shown in Fig. 2, a PAM dose of 0.2 mg/L was chosen for the membrane filtration experiments in order to investigate the different fouling propensity during continuous operation of the UF membrane system. 
3.2 Removal efficiency of NH4+-N and phosphorus
It is well known that objectionable taste and odor may be produced in disinfection processes if there is a high concentration of NH4+-N present in the water and this also increases the dosage of disinfectant required. Therefore, it is beneficial to remove NH4+-N during the water treatment process prior to disinfection, especially when the raw water is polluted by land runoff and sewage effluent discharges. The NH4+-N removal performance of the UF systems with the four alternative chemical pretreatments is illustrated in Fig. 3 and Table 1. During the membrane filtration process, the raw water had an average NH4+-N concentration of 3.20 mg/L. Although there was some removal of NH4+-N in the SUF and LUF treatment systems, the effluent NH4+-N concentration was still very high. The gradual decrease of NH4+-N concentration in the effluent of the two systems with time meant that some bacteria accumulated in the membrane tank and/or on the membrane surface, which could absorb and oxidise part of the NH4+-N. The variations of NH4+-N concentration in the CSUF and CLUF systems were clearly different from those in the SUF and LUF systems as a consequence of the combined alum-PAM dosing. NH4+-N concentrations in the CSUF and CLUF effluents were much lower than those in the raw water, and both decreased to a stable level of as low as ~0.2 mg/L after an operation time of around 12 days. 
From comparison of the four treatment systems, it seems that PAM flocculation combined with alum coagulation before membrane filtration could be an effective method of removing NH4+-N. A large quantity of aggregated flocs was retained in the CSUF and CLUF systems, and especially on the membrane surface. The significant decrease of NH4+-N concentrations during the early stage of operation was probably attributed to the rapid growth of bacteria in the two membrane tanks, as indicated in Fig. 3C. The accumulation and growth of nitrifying bacteria, in suspension and within the membrane cake, produced the high degree of NH4+-N conversion to NO3--N through nitrification, which was approximately 95% for the CSUF and CLUF systems (Table 1). For the SUF and LUF systems, without alum coagulation, although cake layers were formed on the membrane surface, much less bacteria accumulated in the thinner cake layers (discussed later) and membrane tanks (Fig. 3C), and thus less NH4+-N was removed. 
The removal of phosphorus is also important since some studies have reported that phosphorus may contribute to bacterial reproduction in water distribution systems [28-30]. The removal of phosphorus, as total P, in the four treatment systems is illustrated in Fig. 3A and 3B. During the operation period, the raw water had an average phosphorus concentration of 0.26±0.05 mg/L. For both the SUF and LUF treatment systems, the phosphorus removal was only approximately 8%, indicating that it was independent of the MW of the PAM. For the CSUF and CLUF treatment systems, in both case the removal of phosphorus was nearly 80%, with a residual concentration of 0.05±0.01 mg/L. For these two treatment systems significantly more flocs were retained on the membrane surface and it is suggested that P, in the form of phosphate, tended to be adsorbed onto the positively charged Al(OH)3 precipitate/cake layer, which is consistent with the results of Özacar and Şengil [31]. 
It is noted that the components in the feed water mainly included colloidal particles, organic matter, microorganisms (mainly bacteria), ammonia and phosphate as shown in Table 1. By the pretreatment with PAM and alum, the resulting flocs were able to remove effectively the colloidal particles and phosphate, and parts of the organic matter. In addition, the accumulation and growth of bacteria in the UF tanks could induce an effective removal of ammonia and biodegradable organic matter. 
3.3 Trans-membrane pressure (TMP)
[bookmark: OLE_LINK8]The changes in TMP with operating time for the four UF treatment systems under the different pretreatment conditions are shown in Fig. 4. Since the membrane systems were operated at constant flux (20 L m-2 h-1), the development of fouling is indicated by the TMP increase. The TMP increased with time from an initial value of approximately 5 kPa in all cases. When there was no pretreatment before membrane filtration for the raw water, the TMP increased rapidly from 5 kPa to 27 kPa after only 8 days. In the case of pretreatment by the addition of PAM alone (0.2 mg/L), with both MW types (SUF and LUF), the TMP also increased rapidly to 32 kPa and 45 kPa after 8 days, respectively. Although PAM is known to have flocculation capabilities in water treatment, the results suggested that addition of PAM alone could cause severe membrane fouling, especially the larger MW PAM, even at a low dose. In contrast, with the combination of alum coagulation and PAM flocculation, the membrane fouling was significantly alleviated. Moreover, the results showed that the combined pretreatment using alum and PAM had a better performance in controlling fouling than using only alum. The extent of fouling in the UF system when adding PAM with the smaller MW (TMP~15 kPa) was greater than that of the larger MW (TMP~11 kPa) after 29 days of operation. It is evident that the properties of influent flocs were influenced by the addition, and MW, of PAM and these in turn affected the cake layer development and flow resistance; this is considered in greater detail subsequently.
After the membranes were cleaned physically by sponge on Day 29, it was evident that the TMP of the CSUF and CLUF systems recovered almost completely to that of the new membrane (5 kPa), suggesting very minor internal, irreversible fouling. Therefore, the results suggest that external fouling caused by the formation of a cake layer on the membrane surface was the principal cause of membrane fouling during the operation period when PAM flocculation with alum coagulation was used as pretreatment. Comparing the influence of PAM MW, the rate of TMP development in the CLUF treatment system was lower than that in the CSUF, and the propensity of TMP increase after sponge washing was similar to that before washing. Since a number of earlier studies have reported that looser and more porous flocs were highly associated with a lower TMP increase [16, 17, 32], it can be proposed that the use of PAM with a larger MW of 107 Da as a flocculant, combined with alum coagulation, could be an effective pretreatment method for the UF process, arising from the formation of a looser cake layer and lower rate of membrane fouling. 
3.4 Size distribution of particles (micro-flocs) in membrane tanks
The characteristics of particles (micro-flocs) in the membrane tanks have a significant influence on the composition of the cake layer that forms on the membrane, and the resulting fouling. Thus, the particle size distribution (PSD) in the membrane tanks of the different pretreatments was compared in this study (Fig. 5). The PSD in the raw water was mainly between 1~50 µm, with a quantity of particles smaller than 1 µm. For the SUF and LUF pre-treated water, the size of particles in the membrane tanks was larger than those of the raw water, corresponding to unsettled flocs, and detached material from the membrane backwashing. These included many smaller particles (< 1 µm) that can cause the density of the cake layer to be relatively high, through blocking of the inner pores of the cake layer, and hence a higher hydraulic resistance. In contrast, for the CSUF and CLUF treatment systems, it was found that the PSD within the membrane tanks was mainly between 10-300 µm, and there were few micro-flocs smaller than 10 µm in both tanks. The PSD of flocs in the CLUF membrane tank was shifted towards smaller sizes compared to that of the CSUF tank, which could be attributed to larger floc settling and removal in the CLUF tank. Since the characteristics of the cake layer are mainly determined by the small particles (< 1 µm) [17, 32], the relatively smaller particles in the SUF and LUF membrane tanks are particularly important in blocking the pores in the cake layer, and hence increasing its density, thereby inducing greater membrane fouling (Fig. 4). 
3.5 Microscopic observations of membranes
SEM images were taken for microscopic observations of membrane pores and the cake layer on the membrane surface, and to evaluate the degree of fouling. Fig. 6 presents SEM images of new, fouled and physically-washed UF membranes for the different pretreatments. It was evident that there were a great number of large pores on the new membrane surface and the pore distribution appeared relatively uniform (Fig. 6A). After operation with the four pretreatments, the images displayed a cake layer deposited on the surface of the fouled membranes, and there were clear differences between them. SEM images of the membrane surface in both SUF and LUF tanks displayed a compact and continuous gel-like cake layer, which completely obscured the membrane pores (Fig. 6B1 and 6B2). In contrast, the cake layers deposited on the membrane surfaces in both the CSUF and CLUF tanks had a more porous and looser morphology, which formed from the accumulation of loose flocs as shown in Fig. 6B3 and 6B4. As a consequence, a much higher hydraulic resistance during the UF operation would be expected in the SUF and LUF systems than the CSUF and CLUF systems, and this was confirmed by the results of the TMP development in the four systems (Fig. 4). Furthermore, the images of the membranes from the SUF and LUF systems after physical washing with a sponge (Fig. 6C), in comparison to the new membrane, showed that the pores of the fouled membrane were severely blocked by internal foulants or firmly covered by external foulants; which indicated that it was difficult to remove the gel-like cake layer on the membrane surface during physical washing. However, the membrane pores in the CSUF and CLUF systems were less fouled by deposition and blockage after sponge washing as shown in Fig. 6C3 and 6C4. In particular, it was evident that many of the large pores remained open on the membrane surface of the CLUF system. 
SEM images were also used to provide information on the thickness of the cake layer on the membrane surface under the different pretreatment conditions (Fig. 6D). For only PAM flocculation pretreatment (Fig. 6D1 and 6D2), it was found that the thickness of both cake layers was much smaller than that of the cake layers of PAM plus alum pretreatment (Fig. 6D3 and 6D4). Although the cake layer was thinner in the SUF and LUF systems, the membrane fouling degree indicated by the TMP increase was much greater due to the higher density of the cake layers. Furthermore, it was noted that the thickness of the cake layer formed in the CSUF system (Fig. 6D3) was greater than that formed in the CLUF system (Fig. 6D4), which is consistent with the larger floc sizes observed in the respective membrane tanks (Fig. 5). Assuming an approximately similar cake density in both alum-PAM systems, the greater cake thickness for the CSUF system could explain the greater rate of TMP development observed (Fig. 4). Therefore, the results have shown how the nature of the cake layer (i.e. particle size, pore structure and thickness) plays a key role in determining the membrane fouling, and which is highly influenced by the pretreatment method. 

4 Conclusions
[bookmark: OLE_LINK9]In this study, pretreatment using high MW PAM as a flocculant with alum coagulation formed large, amorphous flocs at a low PAM dose, which resulted in a low rate of membrane fouling of the UF system. The application of PAM without alum as a pretreatment caused rapid membrane fouling, especially for the PAM with a large MW, owing to the similarity of the size of the resulting flocs to that of the membrane pores. An optimal dose of 2.7 mg/L alum (as Al3+) and 0.2 mg/L PAM (107 Da) achieved a low rate of TMP development (0.25 kPa/day) at 20 L m-2 h-1, and there was no measurable degree of irreversible fouling. The aggregated flocs in the membrane tanks and cake layers on the membrane surface of the CSUF and CLUF systems were associated with elevated concentrations of bacteria in the tanks, which was able to remove almost all of the ammonia and 80% phosphorus from the synthetic raw water. SEM images of the membrane surfaces for both the SUF and LUF systems displayed continuous gel-like cake layers, which almost completely obscured the membrane pores. In contrast, the cake layers in the CSUF and CLUF systems showed the presence of porous and loose deposits, and were much easier to be physically washed, enabling the recovery of the membrane pores. 
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Fig. 1 Schematic diagram of experimental setup






























Fig. 2 Effect of different dose of PAM with different MW on floc growth: (A) PAM-(S) (MW=3×106 Da) and (B) PAM-(L) (MW=107 Da); (C) Df of flocs after reaching steady state.





















Fig. 3 Variation of NH4+-N and phosphate concentration with time in the UF systems: A) without alum coagulation, B) with alum coagulation; C) HPC bacteria concentration.




















Fig. 4 Comparison of TMP development in the UF systems with different pretreatment (flux = 20 L m−2 h−1; 0.1 mM alum, 0.2 mg/L PAM with two MWs) 





























Fig. 5 Particle size distributions (PSDs) in the membrane tanks for the different pretreatments (sampling on Day 25).
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Fig. 6 SEM images of membrane surface with different pretreatments: new membrane surface (A); fouled membrane surface in SUF (B1), LUF (B2), CSUF (B3) and CLUF (B4); fouled membrane surface after sponge washing in SUF (C1), LUF (C2), CSUF (C3) and CLUF (C4); cross-section of cake layer in SUF (D1), LUF (D2), CSUF (D3) and CLUF (D4).













Table 1- Water quality of raw water and UF filtrates (average values over test period) 
	Parametera
	Raw water
	SUF filtrate
	LUF filtrate
	CSUF filtrate
	CLUF filtrate

	UV254 (cm-1)
	0.115±0.006
	0.068±0.006
	0.065±0.006
	0.027±0.003
	0.026±0.002

	DOC (mg/L)
	4.75±0.42
	3.58±0.08
	3.69±0.05
	2.27±0.23
	2.19±0.29

	Turbidity (NTU)
	3.69±0.16
	0.07±0.03
	0.06±0.02
	0.05±0.02
	0.06±0.03

	Al (mg/L)
	0.030±0.006
	0.033±0.004
	0.032±0.005
	0.047±0.004
	0.045±0.005

	P (mg/L)
	0.26±0.05
	0.24±0.04
	0.23±0.03
	0.06±0.01
	0.06±0.01

	NH4+-N (mg/L)
	3.20±0.145
	2.90±0.145
	2.01±0.145
	0.27±0.035
	0.24±0.045

	NO3--N (mg/L)
	1.05±0.13
	1.14±0.028
	1.10±0.21
	3.01±0.45
	3.06±0.38

	pH
	7.93±0.06
	7.93±0.06
	7.94±0.05
	7.38±0.05
	7.41±0.03

	Bacteria 
Concentration (mL-1)b
	52±10
	69±11
	75±8
	252±25
	243±26


a For all parameters, the number of measurements, n=9 (average ± standard deviation).
b The bacteria concentration was measured in the raw water and membrane tanks.
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Highlights

1. Pretreatment with high MW PAM and alum induced low fouling and high quality treated water.
2. High MW PAM (low dose) with alum formed large flocs with low fractal dimension.
3. Combined alum-high MW PAM dosing produced thin and loose cake layers.
4. In alum-PAM UF systems, ammonia and phosphorus were effectively removed.
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