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Abstract: The integration of adsorbents with ultrafiltration (UF) membranes is a 36 

promising method for alleviating membrane fouling and reducing land use. However, 37 

adsorbents typically are only injected into the membrane tank once, resulting in a 38 

single dynamic protection layer and low removal efficiency over long-term operation. 39 

In addition, the granular adsorbents used can cause membrane surface damage. To 40 

overcome these disadvantages, we injected inexpensive and loose aluminum 41 

(Al)-based flocs directly into a membrane tank with bottom aeration in the presence 42 

of humic acid (HA) or raw water taken from the Miyun Reservoir (Beijing, China). 43 

Results showed that the flocs were well suspended in the membrane tank, and 44 

multiple dynamic floc protection layers were formed (sandwich-like) on the 45 

membrane surface with multiple batch injections. Higher frequency floc injections 46 

resulted in better floc utilization efficiency and less severe membrane fouling. With 47 

continuous injection, acid solutions demonstrated better performance in removing HA 48 

molecules, especially those with small molecular weight, and in alleviating membrane 49 

fouling compared with the use of high aeration rate or polyacrylamide injection. This 50 

was attributed to the small particle size, large specific surface area, and high zeta 51 

potential of the flocs. Additionally, excellent UF membrane performance was 52 

exhibited by reservoir water with continuous injection and acid solution. Based on the 53 

outstanding UF membrane performance, this innovative integrated filtration with 54 

loose Al-based flocs has great application potential for water treatment. 55 

Key words: Ultrafiltration membrane; Al-based flocs; Multiple dynamic layers; 56 

Humic acid and reservoir water; Fouling reduction. 57 
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1 Introduction 58 

Ultrafiltration (UF) membranes, as an advanced separation technology, have 59 

been widely used in drinking water and wastewater treatment (Huang et al., 2009; 60 

Tang et al., 2017). The installed capacities of low pressure membrane systems have 61 

grown exponentially in the last few decades (Furukawa, 2008). However, membrane 62 

fouling is inevitable due to the accumulation of pollutants in membrane pores and the 63 

formation of dense cake layers. Of most concern, fouling can increase the energy 64 

costs of membrane filtration due to the development of large hydraulic resistance and 65 

high transmembrane pressure (TMP) (Kimura et al., 2004). As a result, the 66 

sustainability of membranes in water treatment is limited. 67 

Most studies have demonstrated that pore constriction, pore blockage and cake 68 

layer formation are the main fouling mechanisms of membranes (Huang et al., 2008; 69 

Huang et al., 2009; Cai et al., 2013; Polyakov and Zydney, 2013; Tang et al., 2017). 70 

Membrane flux can dramatically decrease at the beginning of the filtration process, 71 

because many foulant aggregates are deposited on the membrane surface or in 72 

membrane pores, leading to pore constriction and blockage. The faster the reduction 73 

in membrane flux, the more likely the occurrence of pore constriction and blockage is 74 

(Ho and Zydney, 2000). Conversely, when cake layer formation is the main fouling 75 

mechanism, membrane flux decline is relatively slow (Wintgens et al., 2003; Wang 76 

and Tarabara, 2008; Wu et al., 2011). 77 

To effectively alleviate membrane fouling, different pretreatment technologies, 78 

including pre-adsorption, direct filtration, and integrated filtration, have shown 79 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

 

considerable potential in pollutant removal (Kim et al., 2010; Gao et al., 2011; Feng et 80 

al., 2015; Yu et al., 2015). Traditional pre-adsorption technology has shown 81 

moderately good performance in water treatment plants (Dong et al., 2007; Masmoudi 82 

et al., 2016); however, many small molecular weight (MW) substances remain after 83 

sedimentation, resulting in severe membrane fouling by pore constriction and dense 84 

cake layer formation (Yu et al., 2015). In addition, this technology requires a 85 

relatively large land area during actual operation. To overcome these shortcomings, 86 

direct filtration, in which the sedimentation tank has been removed, has been 87 

researched and applied in water treatment plants (Xiao et al., 2013; Shang et al., 2015; 88 

Yu et al., 2015). However, although only a loose cake layer is formed and membrane 89 

fouling is alleviated compared with the pre-adsorption process, the sludge production 90 

rate is high, resulting in considerable sludge discharge and rapid microbial growth in 91 

the membrane tanks (Baker, 2012). To overcome these issues, the emerging technique 92 

of integrated filtration has become a new area of focus (Ajmani et al., 2012; Cai et al., 93 

2013; Ma et al., 2015).  94 

In integrated filtration, adsorbents are pre-deposited onto the membrane surface 95 

or pre-injected into the membrane tank to form a loose dynamic protection layer, 96 

resulting in excellent membrane performance (Kim et al., 2008; Kim et al., 2010; 97 

Ajmani et al., 2012; Ma et al., 2013). However, adsorbents are pre-deposited or 98 

injected only once, resulting in the formation of a single dynamic layer, with low 99 

floc utilization efficiency. As a result, the removal efficiency of pollutants is 100 

gradually reduced over time, and a dense cake layer is formed on the protective layer 101 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 

 

by pollutants, leading to severe membrane fouling (Ma et al., 2015). In addition, 102 

most currently investigated granular adsorbents, including heated iron oxide particles 103 

(Zhang et al., 2003), carbon nanotubes (Ajmani et al., 2012), powdered activated 104 

carbon (Cai et al., 2013), and nanoscale zerovalent iron (Ma et al., 2015), are either 105 

expensive or easily cause membrane surface damage after long-term operation. Thus, 106 

for practical operation, it is necessary to explore new adsorbents and methods to 107 

further improve the performance of the integrated membrane process. 108 

Aluminum (Al) and iron (Fe) salts are widely used as coagulants and 109 

demonstrate high pollutant removal efficiencies. Their excellent performance is due to 110 

the stronger adsorption abilities of flocs compared with pre-made adsorbents, 111 

especially for organic matter (Kimura et al., 2005; Amjad et al., 2015; Ang et al., 112 

2015; He et al., 2015; Yu et al., 2016). Compared with Fe-based salts, less corrosion 113 

occurs in the presence of Al-based salts (Zhao et al., 2011). Herein, to overcome the 114 

disadvantages and improve application of integrated filtration in actual operation, 115 

inexpensive and loose flocs formed by hydrolysis of Al-based salts were directly 116 

injected into a membrane tank in the presence of a hollow fiber UF membrane. To 117 

fully utilize the adsorbents and improve membrane performance, the flocs were 118 

suspended in the membrane tank by bottom aeration. 119 

Humic substances (HS) commonly exist in natural waters and can range from a 120 

few mg/L to a few hundred mg/L C (Wall and Choppin, 2003). However, the presence 121 

of HS can cause environmental and health problems, such as providing food for 122 

undesirable bacteria in water (Bai and Zhang, 2001). HS can also bind with heavy 123 
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metals or biocides, yielding high concentrations of these substances and enhancing 124 

their transport in water (Schmitt et al., 2003), and can react with chlorine during water 125 

treatment to form disinfection by-products, such as trihalomethane (Wang et al., 126 

2015). Furthermore, HS can compete with low MW synthetic organic chemicals and 127 

inorganic pollutants, reducing their adsorption rates and equilibrium capacities 128 

(Klausen et al., 2003), and can act as a major foulant, causing serious 129 

micro/ultrafiltration membrane fouling due to its large MW distribution (Yuan and 130 

Zydeny, 2000).  131 

Herein, to test the integrated floc and UF membrane process, the membrane 132 

performance and removal efficiency of HS were investigated. In addition, to fully 133 

understand the characteristics of the dynamic protection layer, the factors responsible 134 

for membrane fouling, such as injection dosage and frequency, aeration rate, and 135 

solution pH, were investigated. Moreover, to clarify the practicability of the integrated 136 

floc and UF membrane process, raw water taken from the Miyun Reservoir (N:40o29’; 137 

E:116o49’), the main drinking water resource for Beijing, was also investigated. 138 

2 Materials and methods 139 

2.1 Materials 140 

All chemical reagents used, including AlCl3·6H2O, HCl, NaOH, and 141 

polyacrylamide, were of analytical grade and were obtained from Sinopharm 142 

Chemical Reagent Co., Ltd (China). Deionized (DI, Millipore Milli-Q, USA) water 143 

was used in the experiments. Humic acid sodium salt (HA, Sigma-Aldrich, USA), a 144 
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HS representative, was dissolved in tap water (Beijing, China) at a concentration of 145 

20 mg/L. All chemical stock solutions were stored in the dark at 4 oC. Table 1 shows 146 

the specific characteristics of the feed water with HA and the specific properties of the 147 

source water from Miyun Reservoir. 148 

 149 

Table 1 150 

 151 

2.2 Floc preparation 152 

For floc preparation, AlCl3·6H2O was dissolved in 400 mL of tap water (Beijing) 153 

each time, with the solution pH adjusted to 7.5 using 1 M NaOH. To prevent high Al 154 

concentrations in the effluent after filtration, the prepared flocs were washed with DI 155 

water three times before injecting. Almost 60% of Al species are solid hydrolysis 156 

products (mainly Al(OH)3) at pH 7.5 (Zhao et al., 2009), with the main characteristics 157 

shown in Table S1. Thus, the concentration of the Al-based flocs (calculated as Al, 158 

same below) was ~60% of the concentration of the Al-based coagulants. 159 

2.3 Filtration progress 160 

A schematic diagram of the membrane process is shown in Fig. S1. The 161 

membrane tank had an inner diameter of 64 mm and a height of 800 mm. A 162 

polyvinylidene fluoride (PVDF) hollow fiber membrane (Motimo, China) was used, 163 

with a MW cutoff (MWCO) of 100 kDa. The effluent from the submerged membrane 164 

module was withdrawn using a peristaltic pump (20 L·m-2·h-1). The filtration cycle 165 
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was 30 min, followed by 1 min of backwashing (40 L·m-2·h-1). A water level gauge 166 

was used to control the water level and a ceramic aeration device (diameter: 40 mm) 167 

was placed at the bottom to ensure that the flocs were well suspended in the 168 

membrane tank. All flocs were prepared just before injection to maintain activity 169 

(Chen et al., 2015), and were directly injected into the membrane tank once every 8, 4, 170 

or 2 d by syringe or by continuous injection with a peristaltic pump. The TMP was 171 

monitored by pressure sensors. The hydraulic retention time was maintained at 2.2 h 172 

and the accumulated sludge was not released during filtration. To prevent the 173 

formation of biopolymer by the development of microorganisms, the system was 174 

operated for 11 d due to residual chlorine (Table 1). Tap water was used to wash away 175 

the cake layer on the membrane surface after 8 d of operation. Samples were always 176 

taken before the next injection, except under the continuous injection treatment. All 177 

experiments were carried out in duplicate. 178 

2.4 Characteristics of flocs in the membrane tank 179 

During filtration, floc samples were taken from below the surface of the 180 

suspension in the absence of HA with a hollow glass tube. Floc images were captured 181 

using an optical microscope equipped with a CCD camera (GE-5, Aigo, China). The 182 

specific surface areas of the flocs were analyzed by the Brunauer-Emmett-Teller 183 

method (BET, ASAP2020HD88, USA). The zeta potentials of the flocs before and 184 

after adsorption were measured by a nano-particle sizing and zeta potential analyzer 185 

(BECKMAN COULTER Ltd., USA). 186 
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2.5 Other analytical measurements 187 

The pH was measured by a pH meter (Orion, USA). UF membranes with 188 

different MWCO were used to grade HA molecules, and the UF fraction method was 189 

used to investigate the corresponding removal efficiencies for different MW 190 

distributions (Aiken, 1984; Lin et al., 1999). The MW distributions were determined 191 

by gel permeation chromatography (GPC, Agilent Technologies, USA) and removal 192 

efficiency was calculated by the difference in peak areas (Ma et al., 2015). 193 

Additionally, images of the layered membrane surface were obtained using scanning 194 

electron microscopy (SEM, JSM-7401F, JEOL Ltd., Japan). 195 

3 Results 196 

3.1 Effect of floc dosage and injection frequency on TMP development 197 

To determine the membrane performance of the integrated process, TMP 198 

development induced by HA with/without flocs was investigated (Fig. 1). Results 199 

showed considerable membrane fouling caused by HA alone, and TMP significantly 200 

increased to 50.7 kPa on day 8. After careful washing with tap water, the 201 

corresponding TMP immediately decreased to 10.1 kPa, indicating that cake layer 202 

formation by HA was the main fouling mechanism. 203 

Compared with the TMP caused by HA alone, membrane fouling was alleviated 204 

with one-time floc injection, with higher floc doses also resulting in less severe 205 

membrane fouling. The TMP values were 33.1, 27.3, and 23.2 kPa in the presence of 206 

6.5, 13.0, and 26.0 mM flocs, respectively, on day 8 (Fig. 1a). After careful washing 207 
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with tap water, the corresponding TMP dramatically decreased to 6.8, 5.2, and 4.9 208 

kPa, respectively. 209 

     To further clarify membrane performance, TMP development with multiple 210 

batch injections was investigated in the presence of 13.0 and 26.0 mM flocs (Figs. 1b 211 

and 1c). For 13.0 mM flocs, the TMP was gradually reduced with injections once 212 

every 8 (13 mM/time), 4 (6.5 mM/time), and 2 (3.25 mM/time) d, with corresponding 213 

TMP values of 27.3, 20.8, and 15.7 kPa, respectively, on day 8. However, the TMP 214 

increased to 18.6 kPa by day 8 under continuous injection conditions (0.05 L/h, same 215 

below). For 26.0 mM flocs, membrane fouling gradually declined with increasing 216 

injection frequency. The corresponding TMP values were 23.2, 18.3, and 15.1 kPa on 217 

day 8 following injections once every 8 (26 mM/time), 4 (13 mM/time), and 2 (6.5 218 

mM/time) d, respectively. When continuous injections were used, membrane fouling 219 

was further alleviated and the TMP was only 10.1 kPa on day 8. As seen from Figs. 220 

1b and 1c, the TMP dramatically decreased after careful washing with tap water on 221 

day 8, which also showed that cake layer formation was the primary fouling 222 

mechanism. 223 

 224 

Figure 1 225 

 226 

3.2 Effect of injection frequency on HA removal efficiency 227 

The UF membrane performed better in the presence of 26.0 mM flocs than 13.0 228 
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mM flocs. Thus, 26.0 mM flocs (same below) were further investigated with batch 229 

injections (Fig. 2). Figure 2a shows that the concentration of HA in the effluent was 230 

reduced with the floc injections. However, the removal efficiency of HA slightly 231 

increased after 8 d of operation with one-time injection. The removal efficiency of HA 232 

by the membrane alone was 29.2%, but the efficiency only increased to 38.3% in the 233 

presence of 26.0 mM flocs on day 8 for the one-time injection mode. Due to the 234 

removal of HA molecules, the peak value of HA MW distribution in the effluent 235 

declined from 11294.2 Da to 9973.7 Da. 236 

Figure 2b shows that the removal efficiency of HA was gradually reduced over 237 

time with one-time injection. The corresponding removal efficiency of HA was 83.1% 238 

± 2.3% on day 2, declining to 38.3% ± 3.1% on day 8. With increasing injection 239 

frequency, the removal efficiency of HA increased over time, especially by day 8. The 240 

removal efficiency of HA was 38.3 ± 3.1% with one-time injection, but this increased 241 

to 69.2 ± 2.2% on day 8 under continuous injection. In addition, the variation in the 242 

removal efficiency of HA molecules became smaller with increasing injection 243 

frequency. The variation reached 44.8 ± 3.1% between day 2 and day 8 with one-time 244 

injection, but decreased to 4.1 ± 1.9% between day 2 and day 8 under continuous 245 

injection. Furthermore, the total removal efficiency of HA increased with increasing 246 

injection frequency, from 62.2% ± 2.3% with one-time injection to 70.3% ± 2.8% 247 

with continuous injection (Fig. S2). Due to the high removal efficiency of HA 248 

molecules, the peak value of the HA MW distribution significantly decreased from 249 

9973.7 Da under one-time injection treatment to 7819.1 Da under continuous 250 
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injection treatment after 8 d (Fig. 2a). 251 

Due to the large variation in the MW of HA, the corresponding removal 252 

efficiencies were further investigated (Fig. 2c). For comparison, the results for 253 

permeate samples from a pristine PVDF UF membrane are also presented. As seen 254 

from Fig. 2c, the removal efficiency of large HA molecules (>30 kDa) by the 255 

membrane alone was 43.1% ± 2.2%, whereas those for the medium (3-30 kDa) and 256 

small (<3 kDa) HA molecules were 37.3% ± 1.6% and 6.4% ± 1.8%, respectively, on 257 

day 4, with similar results occurring on day 8. When the flocs were injected in batches, 258 

the removal efficiencies of the different MW HA molecules were higher on day 8 than 259 

on day 4. With increasing injection frequency, the removal efficiency of HA also 260 

increased, especially for the smaller molecules. On day 4 and day 8, the removal 261 

efficiencies of the small MW HA molecules (<3 kDa) were 19.7% ± 2.6% and 22.9% 262 

± 1.6%, respectively, with injections every 4 d, but increased to 52.9% ± 4.5% and 263 

54.3% ± 3.2%, respectively, under continuous injection treatment. In comparison with 264 

the large (>30 kDa) and medium (3-30 kDa) MW HA molecules, the removal 265 

efficiency of the small MW HA molecules (<3 kDa) was much lower, which was 266 

largely influenced by injection frequency and running time. 267 

 268 

Figure 2 269 

 270 
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3.3 Effect of aeration rate and polyacrylamide on UF membrane performance 271 

Due to its better UF membrane performance (Sections 3.1 and 3.2), continuous 272 

injection was further investigated. As aeration rate plays an important role in floc 273 

characteristics, including particle size and membrane attachment ability (Ma et al., 274 

2017), UF membrane performance was tested with different aeration rates (Fig. 3). 275 

Results showed that TMP development slowed with increasing aeration rate, and was 276 

10.1, 8.8, and 5.8 kPa under 0.1, 0.3, and 0.5 L/min, respectively (Fig. 3a). However, 277 

the removal efficiency and peak value variation were influenced little under different 278 

aeration rates (Fig. 3b), as reported previously (Ma et al., 2017). 279 

In comparison to the aeration rate, polyacrylamide has the potential to enhance 280 

the adsorption ability of flocs (Aguilar et al., 2005). To strengthen the removal 281 

efficiency of the multiple layers and reduce membrane fouling, anionic 282 

polyacrylamide (APAM) was used due to the positively charged Al-based flocs (1.4 ± 283 

0.3 mV) and negatively charged UF membrane at pH 7.5 (Childress and Elimelech, 284 

1996). However, severe UF membrane fouling occurred as a function of time (Fig. 3c). 285 

TMP significantly increased with increasing APAM dosage, from 10.1 kPa to 35.7 286 

kPa (0.1 mg/L) and 76.3 kPa (1 mg/L) on day 8. Figure 3d shows that the removal 287 

efficiency of HA was also influenced little in the presence of APAM. The removal 288 

efficiency of HA only increased from 70.8% (without APAM) to 76.5% (1 mg/L 289 

APAM), and the peak value of HA declined from 7819.1 Da (without APAM) to 290 

7565.8 Da (1 mg/L APAM). In addition, owing to the limited influence of the aeration 291 

rate and APAM injection on HA removal, the corresponding removal efficiencies of 292 
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different MW HA were similar to those with continuous injection (data not shown). 293 

 294 

Figure 3 295 

 296 

3.4 Effect of pH on TMP development and HA removal efficiency 297 

Due to the variation in particle size and fractal dimension, solution pH also plays 298 

an important role in determining floc characteristics (Feng et al., 2015). Figure 4 299 

shows the UF membrane performance under different pH conditions. As seen from 300 

Fig. 4a, the TMP increased much more slowly at pH 6 than at pH 9 over time. After 8 301 

d of operation, the TMP increased to 7.1, 10.1, and 16.3 kPa at pH 6, pH 7.5, and pH 302 

9, respectively. After washing with tap water, the TMP dramatically decreased, 303 

indicating that cake layer formation was the primary fouling mechanism. 304 

The corresponding removal efficiencies of HA were 92.9%, 70.8%, and 59.7% at 305 

pH 6, pH 7.5, and pH 9, respectively. Along with the removal efficiency of HA, the 306 

peak value of HA in the effluent varied, ranging from 11294.2 Da to 5660.5 Da (Fig. 307 

4b). In comparison to the use of high aeration rate and APAM injection, the removal 308 

efficiency of different MW HA molecules significantly increased with lower solution 309 

pH, especially at pH 6. This showed that large (>30 kDa) and medium (3-30 kDa) 310 

MW HA molecules were almost totally removed, and the removal efficiency of small 311 

(<3 kDa) MW HA molecules was higher than 90%. 312 

Figure 4 313 
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3.5 UF membrane performance with raw water 314 

To test the practicability of the integrated UF membrane process, raw water 315 

taken from Miyun Reservoir was used (Table 1). Based on the excellent UF 316 

membrane performance presented in Section 3.4, Al-based flocs were also 317 

continuously injected into the membrane tank at a pH of 6 and aeration rate of 0.1 318 

L/min. As seen from Fig. 5a, severe UF membrane fouling occurred without 319 

pretreatment, and the TMP gradually increased to 15.1 kPa on day 8. However, with 320 

the continuous injection of flocs, TMP development was dramatically reduced, and 321 

only increased to 4.7 kPa by day 8. After washing, the TMP significantly decreased, 322 

indicating that cake layer formation was the main fouling mechanism. 323 

Owing to the existence of DOC (Table 1), the corresponding removal efficiency 324 

and MW variation were further investigated. As seen from Fig. 5b, two peak values at 325 

10023.1 Da and 5972.4 Da were observed due to the complexity of the raw water. 326 

Compared to the MW distribution of HA (<50 kDa, Fig. 2a), the raw water MW 327 

distribution was smaller (<20 kDa). As shown in Fig. 5b, both large (>10 kDa) and 328 

small MW organic matter (<10 kDa) were largely removed, with rates of 83.5% and 329 

51.4%. With the removal of organic matter, the large peak gradually declined from 330 

10023.1 Da to 8129.1 Da, though the small peak remained the same before and after 331 

filtration (5972.4 Da). 332 

 333 

Figure 5 334 
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4 Discussion 335 

Due to the large MW distribution of HA molecules, cake layer formation was 336 

found to be the primary fouling mechanism during UF membrane filtration (Fig. 1a). 337 

The specific particle size distribution of HA was measured (Fig. 6a), showing two 338 

peak values (at 14.1 nm, volume: 22.2%; at 141.8 nm, volume: 9.1%) due to the 339 

characteristics of HA (Ma et al., 2014). The average membrane pore size, provided by 340 

the manufacturer, was 25 nm. Thus, because of large HA molecule interference, the 341 

chance of pore constriction/blockage was relatively low, and severe membrane 342 

fouling was much more likely caused by dense cake layer formation (Yuan and 343 

Zydeny, 2000). The TMP significantly increased to 50.7 kPa on day 8, but 344 

immediately decreased to 10.1 kPa after the membrane was washed with tap water. 345 

When flocs were injected into the membrane tank only once, most HA 346 

molecules were easily adsorbed or rejected by the flocs. The more flocs were injected, 347 

the more HA molecules were removed. As shown in Fig. 6b, the average particle size 348 

of the Al-based flocs at pH 7.5 was 161.7 ± 18.6 µm (much larger than the membrane 349 

pore diameter) and the specific surface area was 251.7 ± 9.1 m2/g. As a result, 350 

membrane fouling caused by the loose flocs alone was negligible after 8 d of 351 

operation (data not shown). The zeta potentials also showed that the HA molecules 352 

were easily adsorbed by the Al-based flocs. The zeta potential of the Al-based flocs 353 

was 1.4 ± 0.3 mV at pH 7.5, whereas the corresponding zeta potential of the HA 354 

molecules was -29.2 ± 3.7 mV. Therefore, a loose cake layer was gradually formed by 355 

the flocs after adsorbing HA, leading to the alleviation of membrane fouling, 356 
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especially under large floc doses (Fig. 1a). The TMP was 50.7 kPa on day 8 in the 357 

absence of flocs, but decreased to 33.1, 27.3, and 23.2 kPa in the presence of 6.5, 13.0, 358 

and 26.0 mM flocs, respectively.  359 

 360 

Figure 6 361 

 362 

When flocs were injected in batches, their utilization efficiency increased due to 363 

the multiple floc layers formed. The higher the frequency of the floc injections, the 364 

greater the number of dynamic layers that were formed. Figure 7 shows the 365 

morphology of the cake layer in the membrane tank on day 8 under an injection 366 

frequency of 4 and 2 d (26.0 mM flocs). A floc protection layer was formed with a 367 

sandwich-like structure. The average thickness of the floc cake layer was 1.77 ± 0.14 368 

mm under 4-d injection frequency, whereas the average thickness was reduced to 0.71 369 

± 0.06 mm under 2-d injection frequency. Although the thickness was smaller under 370 

higher injection frequency, more layers were formed, leading to higher HA removal 371 

efficiency and slower TMP development (Figs. 1 and 2). 372 

 373 

Figure 7 374 

 375 

Because of the particle size distribution of the HA molecules, the corresponding 376 

removal efficiency of the UF membrane alone was only 29.2%. When the flocs were 377 

injected once, although a protection layer was formed on the membrane surface, most 378 
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inner flocs could not be used. Thus, the removal efficiency of HA only increased to 379 

38.3% on day 8 in the presence of 26.0 mM flocs. The higher the injection frequency 380 

of the flocs, the greater the number of protection layers formed and the higher the 381 

utilization efficiency of the flocs. As a result, continuous injection showed much 382 

better performance and the variation in HA removal efficiency was much smaller, 383 

with higher total removal efficiency (Fig. S2). In addition, the peak value was further 384 

reduced from 11294.2 Da to 7819.1 Da under continuous injection after 8 d (Fig. 2a). 385 

It should be noted, however, that once the concentration of HA molecules entering the 386 

membrane tank exceeded the maximum adsorption ability with continuous injection, 387 

fewer HA molecules were removed and more serious membrane fouling occurred 388 

(Figs. 1b and 1c). 389 

For the removal of different MW HA molecules, large (>30 kDa) and medium 390 

(3-30 kDa) MW HA molecules were relatively easily removed/rejected by the UF 391 

membrane alone due to their large particle size. Although different MW HA 392 

molecules could be largely removed in the beginning when flocs were directly 393 

injected, many flocs in the inner layer could not be used. As a result, the removal 394 

efficiency of different MW HA molecules was reduced over time. Increasing the 395 

injection frequency of flocs resulted in an increase in the number of floc layers and 396 

the floc utilization efficiency. Thus, the removal efficiency of different MW HA 397 

molecules on day 8 was higher than that on day 4 (Fig. 2c). Due to rejection by the 398 

dynamic floc layer, the removal efficiency of the small MW HA molecules (<3 kDa) 399 

by day 8 significantly increased from 22.9% ± 1.6% with an injection once every 4 d 400 
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to 54.3% ± 3.2% under continuous injection treatment. As a result of the multiple 401 

protection layers, the removal efficiency of the small MW HA molecules (<3 kDa) 402 

increased, especially under continuous injection. 403 

For the aeration rate, a thinner cake layer was gradually induced with higher 404 

aeration rates, leading to smaller cake resistance and slower TMP development. When 405 

the aeration rate increased from 0.1 L/min to 0.5 L/min, the average floc size 406 

decreased from 161.7 ± 18.6 µm to 132.8 ± 11.7 µm. However, the removal 407 

efficiency of HA was almost the same, indicating the full utilization efficiency of the 408 

flocs. A potential reason for this is the strong electrostatic attraction between Al-based 409 

flocs and HA molecules, whereas the zeta potentials of flocs and HA molecules varied 410 

little under different aeration rates. The zeta potential of the Al-based flocs was 1.4 ± 411 

0.3 mV at pH 7.5, whereas the corresponding zeta potential of the HA molecules was 412 

-29.2 ± 3.7 mV. Thus, the removal efficiency of HA was influenced little by the 413 

aeration rate. For APAM, although electrostatic repulsion and attraction occurred 414 

between APAM and the negatively charged UF membrane surface and positively 415 

charged Al-based flocs, respectively, membrane fouling was more severe compared to 416 

that without flocs. The potential reason was that APAM easily adhered to the UF 417 

membrane surface during filtration, blocking/covering membrane pores to some 418 

extent (Fig. S3). As a result, the higher the concentration of APAM, the more severe 419 

the membrane fouling was. In addition, the removal efficiency of HA increased little 420 

due to the electrostatic repulsion between the negatively charged APAM and HA 421 

molecules at pH 7.5. 422 
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Solution pH also played an important role in the floc characteristics. Figure 4 423 

shows that the integrated UF membrane process performed excellently at pH 6, which 424 

could be ascribed to the following reasons. Firstly, the floc particle size was 118.2 ± 425 

15.6 µm at pH 6, which increased to 161.7 ± 18.6 µm and 191.7 ± 26.1 µm at pH 7.5 426 

and pH 9, respectively. However, smaller floc particle size results in a larger specific 427 

surface area. Here, the specific surface area of the Al-based flocs at pH 6 was 278.8 ± 428 

17.6 m2/g, which decreased to 251.7 ± 9.1 m2/g and 206.5 ± 11.2 m2/g at pH 7.5 and 429 

pH 9, respectively. Secondly, the zeta potential of the Al-based flocs was 6.8 ± 0.6 430 

mV at pH 6, but 1.4 ± 0.3 mV and -2.9 ± 0.9 mV at pH 7.5 and pH 9, respectively. As 431 

a result, a thinner cake layer and higher removal efficiency of HA was induced at pH 432 

6, resulting in less severe membrane fouling and higher HA removal, even of small 433 

MW HA molecules. 434 

For raw water, membrane fouling was also gradually induced as a function of 435 

time (Fig. 5a). However, due to the lower DOC concentration of raw water compared 436 

to that of 20 mg/L HA (Table 1), less severe UF membrane fouling was induced (Fig. 437 

1a and Fig. 5a). When flocs were continuously injected at pH 6 with 0.1 L/min 438 

aeration, a loose cake layer was induced and TMP development became extremely 439 

slow. Similar to the removal of HA molecules, although large MW organic matter 440 

was preferentially removed during filtration, the removal efficiency of small MW 441 

organic matter was also high (51.4%, Fig. 5b).  442 

In view of the above observations, the presence of multiple dynamic floc layers 443 

played an important role in removing organic matter and alleviating membrane 444 
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fouling. When flocs were not injected, limited organic matter passed through the 445 

membrane pores and subsequently organic matter formed a dense cake layer on the 446 

membrane surface, resulting in serious membrane fouling. When flocs were injected, 447 

most organic matters were adsorbed or rejected. The larger the injection frequency, 448 

the higher the utilization efficiency of the flocs and the higher the removal efficiency 449 

of organic matter. Continuous injection showed much better performance when the 450 

input organic matter did not exceed the maximum adsorption ability of the flocs. 451 

Additionally, solution pH played a much more important role in alleviating membrane 452 

fouling under continuous injection than that of aeration rate or polyacrylamide. The 453 

specific schematic diagram regarding the alleviation of membrane fouling is 454 

illustrated in Fig. 8. Further study will be conducted on the development of 455 

microorganisms and in situ chemical cleaning with acid with the existence of flocs 456 

after long-term operation. 457 

 458 

Figure 8 459 

 460 

5 Conclusions 461 

The integrated membrane process is a promising method for alleviating 462 

membrane fouling and reducing land use. However, several problems exist with the 463 

granular adsorbents used and with the formation of a single dynamic protection layer 464 

on the membrane surface due to one-time pre-deposition or injection. To overcome 465 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 

 

these problems, inexpensive and loose Al-based flocs were injected into a membrane 466 

tank with batch injections and continuous bottom aeration to improve membrane 467 

performance. 468 

Results showed that the flocs were well dispersed in the membrane tank and 469 

largely adsorbed the HA molecules, leading to less severe membrane fouling. In 470 

comparison with one-time injection, a sandwich-like floc cake layer was formed on 471 

the membrane surface with batch injections, especially under continuous injection. 472 

The flocs were not only fully utilized in the membrane tank, but loose cake layers 473 

were gradually formed with continuous injection. In addition, the removal efficiency 474 

of small MW HA molecules (<3 kDa) steadily increased with increasing injection 475 

frequency. In comparison to aeration rate and polyacrylamide, solution pH showed 476 

better efficacy at removing small MW HA molecules and alleviating membrane 477 

fouling. Moreover, subsequent raw water experiments confirmed the practicability of 478 

the integrated UF membrane under continuous injection with acid solution pH. Based 479 

on the excellent membrane performance, this innovative integrated filtration method 480 

with loose multiple layers shows great application potential for water treatment. 481 
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Table 1 Characteristics of feed water 

Items With 20 mg/L HA Miyun Reservoir water 

Water temperature (oC) 18.1 ± 2.8 19.6 ± 1.7 

pH 7.4 ± 0.2 8.1 ± 0.3 

Turbidity (NTU) 11.8 ± 0.4 1.2 ± 0.3 

Conductivity (µs/cm) 93.3 ± 5.1 352.7 ± 10.8 

Dissolved organic matter (DOC, mg/L) 6.9 ± 0.7 3.4 ± 0.6 

UV254 (cm-1) 0.5 ± 0.04 0.06 ± 0.01 

Residual chlorine (mg/L) 0.5 ± 0.1 - 
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Fig. 1. TMP development over time: (a) Different dosages of flocs with one-time injection; 

Different injection frequencies in the presence of 13.0 mM flocs (b) and 26.0 mM flocs (c). 
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Fig. 2. (a) Concentration and peak value of MW distribution of HA before and after filtration with 

different injection frequencies on day 8; (b) Removal efficiency of HA with different injection 

frequencies over time; (c) Removal efficiency of different MW HA molecules with different 

injection frequencies on day 8. 
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Fig. 3. (a) TMP development with different aeration rates over time; (b) Concentration and peak 

value of HA MW distribution before and after filtration on day 8; (c) TMP development with 

different dosages of APAM over time; (d) Concentration and peak value of HA MW distribution 

before and after filtration with different dosages of APAM on day 8. 
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Fig. 4. (a) TMP development under different pH conditions over time; (b) Concentration and peak 

value of HA MW distribution before and after filtration under different pH conditions on day 8; (c) 

Removal efficiency of different MW HA molecules under different pH conditions on day 8. 
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Fig. 5. (a) TMP development as a function of time with raw water; (b) Concentration and peak 

value of MW distribution of raw water before and after filtration on day 8. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

0 100 200 300 400

0

10

20

30

0 10 20 30 40

0

10

20

30

V
ol

um
e 

(%
)

Size (nm)

Average UF membrane 
         pore size

V
ol

um
e 

(%
)

Size (nm)

(a)

 
Fig. 6. (a) Particle size distribution of HA molecules in the membrane tank; (b) Images of 

Al-based flocs in the membrane tank. 

(b) 
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   Fig. 7. Morphology of the membrane surface in the tank on day 8 in the presence of 26.0 mM 

flocs with an injection frequency of (a) 4 d and (b) 2 d. 

Floc “protection” layer  

(a) (b) 

0.77 mm 
1.91 mm 1.63 mm 

064 mm 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
Fig. 8. Schematic diagram of the membrane fouling alleviation with multiple dynamic floc layers. 
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Highlights 

  Al-based flocs were directly injected into UF membrane tank with bottom aeration. 

  Membrane fouling was significantly alleviated by multiple dynamic floc layers. 

  Solution pH played an important role on the properties of dynamic floc layers. 

  Excellent performance was exhibited with the integrated filtration by raw water. 


