 Secondary effluent purification towards reclaimed water production through the hybrid post-coagulation and membrane distillation technology: a preliminary test
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Abstract

Shortage of water resource makes the production of high-grade reclaimed water become an important topic. This study proposed the post-coagulation and membrane distillation hybrid technology for further treatment of the secondary effluent to produce the reclaimed water with high quality. The emerging high-efficient polytitanium coagulant was utilized in post-coagulation unit, with the results suggesting its superior coagulation performance than the conventional polyaluminum chloride in terms of both particulates and organic matter removal. The titanium coagulated effluent then flowed to the subsequent direct contact membrane distillation unit for further purification. Permeated flux of the direct contact membrane distillation reached stable value of around 5.1 L/m2·h, which was accompanied by the production of the filtrate with high quality (turbidity < 0.4 NTU and dissolved organic carbon < 1.0 mg/L). Post-coagulation could not only withdraw the foulants from raw secondary effluent, but also improve the subsequent permeate flux and mitigate membrane fouling during membrane distillation process. The foulants attached on membrane surface was the main cause of membrane fouling during membrane distillation procedure. Both economical and practical prospect are included in this study, with the results demonstrated that post-coagulation of the secondary effluent followed by the subsequent membrane distillation procedure was a feasible and high-efficient strategy towards reclaimed water production.
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1. Introduction

Municipal wastewater is mainly treated by activated sludge (AS) process including adsorption-biodegration (AB) process, sequencing batch reactor (SBR) activated sludge process and anaerobic-anoxic-oxic (A2/O) process (Daverey et al., 2019; Huang et al., 2019). Vast majority of the treated municipal wastewater is directly discharged into the receiving water bodies, which is actually a waste of valuable freshwater resource (Qiao et al., 2018; Gu et al., 2019). The secondary effluent of the conventional biological process is used as a significant source of the high-grade reclaimed water in Singapore, which is named NEWater (PUB, 2019). The treated-used water is further purified by the advanced membrane technology and ultra-violet disinfection to produce NEWater. The reclamation of secondary effluent from municipal wastewater treatment plants has received much more attention owing to its large reserve and relatively easy to reach the standard (Jin et al., 2013; Si et al., 2019). 
The reclaimed water can serve as an alternative source of water for multifarious applications, such as agriculture, urban, environmental and industrial uses (Gikas and Tchobanoglous, 2009; Zalacain et al., 2019). Moreover, reclaimed water is a stable and comparatively untapped source of water, less affected by climatic and seasonal changes (Racar et al., 2019). Previous studies reported the production of reclaimed water from municipal wastewater through pressure-driven microfiltration (MF), ultrafiltration (UF) and reverse osmosis (RO) (Ghayeni et al., 1996; Ravazzini et al., 2005; Gu et al., 2019). Whilst, high energy consumption and serious membrane fouling restricted the application of pressure-driven membrane filtration technology.

Different to the pressure-driven membrane separation processes (MF, UF, RO, etc.), membrane distillation (MD) is a thermal-driven membrane separation method (Qin et al., 2018; Park et al., 2019; Khumalo et al., 2019). Membrane fouling in MD procedure is less problematic because MD utilizes a microporous hydrophobic membrane whose pores are relatively large and not easy to be clogged (Lawson and Lloyd, 1997). Moreover, MD procedure requires low operating temperature, and the unit could be combined with alternative energy sources, such as industrial waste heat, solar and geothermal energy (Hejazi et al., 2019). Recently, application of MD technology for water purification has received increasing attention in water and wastewater treatment (Li et al., 2016).

The secondary effluent from municipal wastewater treatment plant contains a large amount of dissolved and refractory organic matter, inorganic substances and pathogens (Gao et al., 2019; Ibn Abdul Hamid et al., 2019). Pretreatment of the secondary effluent before MD filtration procedure is quite necessary. Coagulation, which can remove colloidal particles, suspended solids and natural organic matter (NOM), is one of the most commonly-used and economical wastewater treatment process (Zhu et al., 2016; Zhao et al., 2017). Previous studies reported wide application of primary coagulation with conventional Al-based coagulants before MF (Jin et al., 2015), nanofiltration (NF) (Yu et al., 2016) and UF-RO processes (Shang et al., 2019), with the results demonstrated the enhanced removal of foulants and reduced membrane fouling. Similar conclusions could be achieved during coagulation-MD hybrid process as previously reported (Wang et al., 2008; Li et al., 2016; Choudhury et al., 2019). Different from the biologically treated coking wastewater and recirculating cooling water as they reported (Wang et al., 2008; Li et al., 2016), secondary effluent from municipal wastewater treatment plants has larger reserve and is relatively easier to reach the reuse standard. Since membrane distillation is a recently developed membrane filtration technology, few studies reported the performance of the hybrid coagulation and membrane distillation (C-MD) procedure for further purification of secondary effluent, especially using the emerging titanium coagulants for coagulation. 

Compared with the conventional Al- and Fe-based coagulants, the emerging Ti-based coagulants are becoming increasingly attractive due to i) its strong coagulation capability at least comparable to that of Al- and Fe-based coagulants (Wu et al., 2011; Zhao et al., 2011, 2013, 2015), and ii) the titanium-coagulated sludge recycling to produce functional nano-TiO2 particles (Park et al., 2014; Huang et al., 2015; Chi et al., 2019). This study investigated both coagulation performance of polytitanium chloride (PTC) for the treatment of secondary effluent (PAC coagulation as reference), and the subsequent MD filtration performance in terms of both permeation flux and membrane fouling. Influence of operation conditions (with/without coagulation, temperature and flow arte, etc.) on the performance of the hybrid C-MD process were included. Mechanisms of the PTC-coagulation and the membrane fouling during MD filtration were also studied.

2. Experimental
2.1 Raw water and coagulants

Raw water was the secondary effluent of the A2/O process from the secondary sedimentation tank of Everbright Water Limited in Jinan, Shandong Province, China. General properties of the test water included: residual turbidity = 1.07 ± 0.14 NTU, zeta potential = -9.28 ± 3.48 mV, ultra-violet absorbance at 254 nm (UV254) = 0.097 ± 0.009 cm-1, pH = 7.91 ± 0.53 and dissolved organic carbon (DOC) = 16.42 ± 0.07 mg/L.

Two typical coagulants, polyaluminum chloride (PAC) and polytitanium chloride (PTC), were used in this work. Basicity (B) of PAC and PTC was selected at 1.5 due to their superior coagulation capability (Yang et al., 2011; Zhao et al., 2013). Both PAC and PTC were prepared by the slow-titration method according to previous studies (Yang et al., 2011; Zhao et al., 2015). Concentrations of PAC and PTC was calculated as mg Al/L and mg Ti/L, respectively.

2.2 Post-coagulation

Herein, coagulation of the secondary effluent is defined as post-coagulation. A programmable jar tester (MY3000-6F, Meiyu, China) was used to conduct standard post-coagulation tests. Raw water was first stirred at 200 rpm for 30 s, followed by immediate addition of the coagulant with pre-determined amount. Rapid stirring (200 rpm) was continued for 1 min, followed by 15 min of slow stirring at 40 rpm to enable floc growth, and finally settled for 15 min. Water samples were collected from 2.0 cm below the solution surface for quality measurement, including turbidity (2100Q turbidimeter, Hach, China), UV254 (TU-1810PC ultraviolet-visible spectrophotometer, Persee, China), DOC (TOC-VCPH analyzer, Shimadzu, Japan), zeta potential (Malvern Zetaszier Nano-ZS90, Malvern Instrument, Germany) and effluent pH (pHS-3C pH meter, Inesa, China). Before measuring UV254 and DOC, water samples were filtered through the 0.45 µm cellulose acetate membrane. The specific ultraviolet absorbance (SUVA), the radio of UV254 to DOC concentration, was calculated to indicate the hydrophobic and aromatic fractions of natural organic matter (NOM) in water (Marais et al., 2019).  

2.3 Membrane distillation 

A microporous hydrophobic polytetrafluoroethylene (PTFE) membrane (Merck Millipore Ltd, Ireland) with pore size of 0.2 µm, was used in MD process. Schematic diagram of the experimental set-up is shown in Fig. 1. In brief, the membrane was placed in the middle of the direct contact membrane distillation (DCMD) module (the most commonly-used configuration) with effective area of 12 cm2. Raw water or the coagulated effluent were applied as the feeding solution going through one side of the membrane, while the deionized (DI) water was applied as drawing solution flowing through another side of the membrane. Both feeding and drawing solutions were in direct contact with the membrane. Temperature of the feeding solution varied at 40, 50 and 60 °C, while the drawing solution kept at 20 °C by circulating cooler (DL-400, China). Flow rate of the feeding solution (100, 200, 300 and 400 mL/min) and the drawing solution (50 mL/min) was controlled by peristaltic pump (Longer Pump, China). Mass of the cumulative permeate was measured on-line by electronic balance (Adventurer CP3102, OHAUS, America), which was connected to computer for data recording every 5 min.   

2.4 Membrane fouling

In this study, both the raw secondary effluent and the coagulated ones (after primary settling) were utilized for DCMD filtration. Particles size distribution (PSD) were measured by a laser diffraction particle size analyzer (Mastersizer 3000, Malvern). After post-coagulation and DCMD hybrid treatment process, the fouled membranes were taken out from the DCMD module and dried at room temperature. Morphology of the pristine and fouled membranes were examined by a scanning electron microscope (SEM, S2500).Water contact angles of the membranes before and after MD process were measured by contact angle measuring instrument (JC2000D3A, Power Each). To reduce the effect of droplet evaporation, the measurements were taken within 5 s after droplet deposition.

3. Results and discussion

3.1 Performance of post-coagulation 

Performance of post-coagulation was investigated in terms of both post-coagulation efficiency and post-coagulation mechanism. The emerging PTC coagulant was expected to produce the effluent with higher quality than conventional PAC coagulant. High-quality effluent indicated the superior performance of the subsequent DCMD procedure in terms of both enhanced permeation flux and reduced membrane fouling. Investigation of coagulation mechanisms would be helpful for the follow-on analysis of the fouling mechanisms during DCMD procedure, since zeta potential of the coagulated flocs directly influenced their interaction with membrane surface (Chekli et al., 2017; Shen et al., 2020).
3.1.1 Post-coagulation efficiency

Fig. 2 shows the coagulation performances of PAC and PTC for the treatment of the secondary effluent. At dosage lower than 20 mg/L, residual turbidity of the PAC-coagulated effluent was lower than that of the PTC-coagulated effluent (Fig. 2a), while as coagulant dosage exceeded 20 mg/L, the opposite trend was observed. In general, residual turbidity gradually increased as PAC dosage increased in PAC coagulation case, while in PTC coagulation case, the residual turbidity maintained at around 2.0 NTU within the PTC dosage range from 5 to 40 mg Ti/L. Further increased the PTC dosage led to sharp increase of the residual turbidity. 

Significant advantage of the PTC coagulation could be observed in terms of the removal of organic matter over the PAC coagulation (Fig. 2b and c). Both UV254 and DOC removal efficiencies increased with increasing PAC dosage and then reached the plateau values at around 30 % and 45 %, respectively. Whilst, in PTC case, UV254 removal sharply increased with dosage increased. It could be found that UV254 removal by PAC coagulation was less influenced by dosage and was always lower than that by PTC coagulation, especially under high coagulant dosage conditions (> 30 mg/L). The maximum UV254 removal efficiencies of PTC and PAC coagulation reached 63.2 % and 31.91 %, respectively. The DOC removal by PTC coagulation firstly increased gradually, and afterwards slightly decreased with increasing dosage. The optimal DOC removal by PTC reached 61 % around at 45 mg/L, while the optimal DOC removal by PAC was about 44.3 % only. 

The SUVA value of the secondary effluent used in this study was 0.59 ± 0.05 L/mg·m, which was much lower than that from the full-scale water treatment plant and reservoirs, whose SUVA value were usually more than 3 L/mg·m (Marais et al., 2019; Kumari and Gupta, 2019). In general, the water with low SUVA value contained mostly hydrophilic, dominantly lower molecular weight and less aromatic NOM (Ates et al., 2007), which was difficult to be removed from water. Moreover, UV254 reflected a kind of organic compounds (e.g. lignin, humus and the aromatic organic matters) that showed intense absorbance at 254 nm, which accounted for only 40 % - 60 % of DOC in natural water and this proportion might be changed after coagulation (Yang et al., 2011). The SUVA values of the coagulated effluent were higher than that of raw water, which was in accordance with the research of Shang et al. (2019), especially in PTC coagulation case. Coagulation capability of PTC for DOC removal might be stronger than that for UV254 removal, which therefore, resulted in the increased value of SUVA after PTC coagulation. The SUVA values of the PAC coagulated effluent were at about 0.60 ± 0.02 L/mg·m within the PAC dosage range investigated. This result indicated that PAC did not significantly alter the spectroscopic characteristics of the original dissolved organic matter in raw water (Kitis et al., 2001). Gaussian distribution of the SUVA values with PTC dosage (Fig. 2d) indicated the selective removals of UV254 and DOC by PTC coagulation depending on PTC dosage. The highest SUVA value (0.90 L/mg·m) at PTC dosage of 35 mg/L indicated prefer removal of DOC to the UV254-representative ones.
3.1.2 Post-coagulation mechanism

Variation of floc zeta potentials with PAC and PTC dosage are presented in Fig. 2 (e). Within the dosage range of PTC from 5 to 40 mg/L, zeta potential of the coagulated flocs remained stable at about -10 mV, and subsequently increased to over 0 mV at 55 mg/L. In contrast, zeta potential of the flocs formed by PAC coagulation was much higher even at low dosage of 5 mg/L (ca. -2.5 mV). Continuous increase of the zeta potential with increasing PAC dosage could be seen, with 0 mV being observed at 15 mg/L. Results indicated that PAC hydrolyzed to the hydrolysates with more positive charges right after their addition to water, and PAC had stronger charge neutralization capability than PTC. 

In general, strong charge neutralization capability did not correspond well with the coagulation performance always. As aforementioned, although PAC showed stronger charge neutralization ability, PTC coagulation achieved higher UV254 and DOC removal than PAC. Coagulation performance was also influenced by other coagulation mechanisms including sweep flocculation, adsorption and bridge effect and sedimentation capacity of flocs. Previous studies reported similar conclusions (Huang et al., 2018; Zhao and Li, 2019). Both PAC and PTC were expected to rapidly hydrolyze into the dissolved Al/Ti species or Al/Ti-hydroxide participates right after their addition to test water, followed by their reaction with contaminants in water (Yang et al., 2011). In case of PTC coagulation, sweep flocculation was expected to play dominant role, especially within the PTC dosage range of 5-40 mg Ti/L. Further increase of the PTC dosage (up to 55 mg/L) led to sharp increase of floc zeta potential, which indicated the probable coagulation mechanisms of both charge neutralization and sweep flocculation. In addition, PTC was expected to consume more OH- during its hydrolysis process, and therefore released more H+, which led to lower effluent pH after PTC coagulation (Fig. 2 f). 

3.2 Membrane distillation with/without coagulation

Performance of membrane distillation with/without coagulation was investigated in terms of both permeate flux and membrane fouling. Coagulation with PTC enhanced the DCMD permeate flux with reduced membrane fouling as expected. The SEM images and photographs of membrane surface before and after MD filtration procedure are included.
3.2.1 Performance of membrane distillation

The coagulated effluents were collected as feeding solution for the subsequent direct contact membrane distillation (DCMD) experiments. The PAC and PTC dosages of 20 mg/L and 40 mg/L were selected according to coagulation performance. At 20 mg/L, the residual turbidity and UV254 values of the PAC and PTC coagulated effluent were almost the same, while there was a significant difference in DOC values (Fig. 2). Based on this, the effect of DOC concentration on MD filtration performance could be discussed. Whilst at 40 mg/L, significant advantage of PTC over PAC was observed in terms of the removal of both turbidity and organic matter (both UV254 and DOC). Superiority of PTC to PAC for both coagulation and filtration performance is the point that needs research. 
The selected DCMD process was the most commonly used one compared with vacuum membrane distillation (VMD), sweep gas membrane distillation (SGMD) and air gap membrane distillation (AGMD) (Ashoor et al., 2016). Variation of the permeate flux with filtration time is shown in Fig. 3 (a), and the stable permeate fluxes under varied coagulant dosage conditions are presented in Fig. 3 (b). It could be noted that post-coagulation significantly influenced the DCMD performance as evidenced by the improved permeate flux and effluent quality (Table 1). 
In general, the permeate flux showed an obvious downward trend, followed by the gradual decrease to a stable stage. Initial filtration flux of the membrane distillation of raw water was 4.99 L/m2·h, followed by the final stable permeate flux at about 4.47 L/m2·h. In contrast, in cases of PAC20, PAC40, PTC20 and PTC40 post-coagulation pretreatment, the initial permeate flux increased to around 5.91, 5.91, 5.94 and 6.00 L/m2·h, respectively, followed by the respective stable flux at 4.71, 4.43, 4.67 and 5.06 L/m2·h. The PTC40 was obviously superior to PAC20, PAC40 and PTC20 in terms of the permeate flux, which was probably due to the higher coagulation performance in terms of both UV254 and DOC removal as presented in Fig. 2. The PTC20 had comparable residual turbidity, UV254 and DOC removal efficiencies to PAC20, while the stable permeate fluxes in PAC20 and PTC20 cases were roughly coincident. Worth noting was that the stable permeate flux in PAC40 case was lower than that of raw water. This result could be ascribed to the higher residual turbidity (about 3.0 NTU) and larger particles resulted from PAC40 coagulation as compared with raw water case (Fig. 4 b). The large particles conveyed and attached on membrane surface might cause the deposition of particles and the formation of cake layer (Chen et al., 2019), which might be the reason for sharp decrease of the permeate flux in PAC40 case. 
Effluent quality after MD process was obviously improved and the removal efficiency of UV254 increased by a maximum of 60 % (Table 1), while removal efficiency of organic matter was only increased by about 15 % in coagulation-UF hybrid treatment process (Zhao and Li, 2019). Meanwhile, the pH of C-MD process effluent was > 6.0 and there was no unpleasant smell under different coagulation conditions. Coagulant dosage influenced the effluent quality and therefore was an important factor affecting the permeate flux of the follow up DCMD. In raw water case, removal efficiency of UV254 by direct distillation was 78.35 %, which was similar to that in case of 20 mg/L. As coagulant dosage increased from 20 mg/L to 40 mg/L, the removal efficiency of UV254 increased by almost 12 % and residual turbidity decreased from 1.20 NTU to about 0.35 NTU. According to the performance of post-coagulation, the UV254 and DOC removal efficiencies by PAC20 and PTC20 was low (about 20 % and 30%, Fig. 2). When the coagulated effluent was used as feeding solution for membrane distillation system, it would cause membrane fouling and form fouling layer, which probably cause the wetting phenomenon (Grossi et al., 2020). Thus, the solutes in the feeding solution would leak through the membrane and contaminate the distillate water (Warsinger et al., 2017). This might be the reason for the turbidity value of MD effluent higher than 1 NTU (Table 1). 

In summary, it could be found that i) post-coagulation significantly increased the permeate flux of the subsequent DCMD; ii) PTC40 had obvious advantage over PAC20, PAC40 and PTC20 due to the better coagulated effluent quality; iii) coagulation (PTC40 case)-DCMD hybrid treatment process could achieve a high removal of organic matter up to 90 %.
3.2.2 Membrane fouling
Change of the normalized permeate flux (J/J0) is commonly utilized to indicate the degree of membrane fouling (Fig. 4a). Generally, the normalized permeate flux decreased at first and then approached stationary as distillation proceeded under all the post-coagulation conditions. The stable normalized permeate flux was in the order of PTC20 < PAC40 < PAC20 < PTC40. 

The normalized permeate flux of PAC40 and PTC40 cases were almost comparable in the initial six days, whereafter, the stable normalized permeate flux in PAC40 case sharply declined and became much smaller than that in PTC40 case with the prolongation of MD period. The PTC40 coagulated effluent contained less particles and organic matter as previously mentioned (Fig. 2a, b and c). And, size of particles in PTC40 coagulated effluent ranged from 3 to 300 µm and most were in the range of 3 to 100 µm (Fig. 4b and c). Whilst, volume-based PSD of PAC40 coagulated effluent was in the range of 4 to 80 µm and the number-based PSD ranged from 4 to 50 µm (Fig. 4b and c). Small particles were likely to enter membrane pores or attach on membrane surface. This might be the probable reason for the sharp decline of the permeate flux in case of PAC40 when filtration time increased up to 9 days. Although PAC20 and PTC20 showed comparable removal of UV254, DOC and residual turbidity (Fig. 2), the normalized permeate flux was obvious different from each other. It could be inferred that coagulated effluent quality was not the only factor influencing the normalized permeate flux. Composition of organic matter might also affect normalized permeate flux, which was mainly reflected by the varied SUVA values. The SUVA of the PTC20 coagulated effluent was significantly higher than that in PAC20 case, which indicated that the PTC20 coagulated effluent contained more dissolved aromatic organic matters than PAC20 coagulated effluent. Aromatic organic matters had been considered to be major foulants causing membrane fouling (Wang et al., 2019).
The scanning electron microscope (SEM) images, photographs of membrane surface morphology and contact angles of membranes before and after DCMD produces are shown in Fig. 5. Membrane fouling increased heat- or mass-transfer resistance, or caused vapor-pressure reduction (Tan et al., 2016), which therefore decreased the efficiency of MD performance. Herein, the main reason for membrane fouling was the existence of residual particles and organic matter in the coagulated solutions (feeding solution). The flocs with larger size (than membrane pores) could be absolutely rejected by the membrane, resulting in cake fouling, while the flocs with comparative size with membrane pores entered membrane pore, resulting in pore fouling (Du et al., 2019). 

It could be noted that the membrane fouling caused by raw water filtration was the most serious, while the membrane fouling formed by PTC40 coagulated effluent was slighter than that of PAC40 coagulated effluent (Fig. 5). Raw water not only contained the most suspended solids (SS) and organics, but also included the least volume and the most number of small-size particles than the post-coagulated effluent (Fig. 4b and c). Thus the most serious membrane fouling was observed in raw water case. Higher quality of the PTC40 coagulated effluent and larger size of the flocs therein were speculated to be the dominant reason for the least membrane fouling during DCMD procedure. 

Compared with the pristine membrane (Fig. 5a), the SEM images presented that the pollutants covered on membrane surface and the fouling layers formed by raw water was looser and thicker than those fouled by PAC40 and PTC40 coagulated effluent. After DCMD, it could be see that the foulants were attached on the membrane surface instead of blocking the membrane pore, especially through Fig. 5 (c). Therefore, the main reason for membrane fouling was assumed to be the attachment of foulants on the membrane surface in this study. Besides, it was worth noting that there was a negative correlation between the contact angle and the degree of membrane fouling. The more serious the membrane fouling was, the higher contact angle of the membrane was. The hydrophobicity of the fouled membranes was in the order of raw water > PAC40 coagulated effluent > PTC40 coagulated effluent. Raw water was supposed to include great deal of the hydrophobic organic matters, which led to the well hydrophobicity of fouled membrane. Since coagulation was easier to remove hydrophobic substances from water than hydrophilic substances (Finkbeiner et al., 2019), the hydrophobic organic matters were preferred to be removed by PTC40 and the foulants on membrane surface were more likely to be the hydrophilic ones. Thus, the fouled membranes in PTC40 case showed lower contact angle. Besides, asymmetrical distribution of foulants on the membrane surface made the contact interface of water-drop and membrane uneven, which might be another reason causing lower contact angle of the membrane fouled by PTC40 coagulated effluent.

3.3 Membrane distillation: influence of temperatures and flow rates

Heat and velocity difference between the two sides of the membrane are the key factors influencing performance of the DCMD procedure (Soukane et al., 2017). Optimizing operation conditions of DCMD procedure would help reduce energy consumption and provide theoretical foundations for its practical applications.
3.3.1 Influence of temperature difference

In this study, temperature of the feeding solution varied at 40, 50 and 60 °C, while the permeate solution kept at 20 °C. Fig. 6 (a) depicts the effect of heat difference between feeding and drawing solutions on permeate flux of DCMD. Permeate flux significantly increased with increasing temperature of feeding solution, with the stable permeate flux reached 5.06, 9.07 and 11.82 L/m2·h, respectively in case of 40, 50 and 60 °C. This could be attributed to the increase of vapor pressure difference on both sides of membrane, which promoted water vapor to enter the drawing solution through the membrane pores. This will probably be accompanied by the occurrence of temperature polarization according to previous studies (Luo and Lior, 2017). Effluent quality after DCMD under varied temperature was measured, with the results showing the comparable UV254 removal (about 93 %) and residual turbidity (0.3-0.4 NTU). Significant improvement of the permeate flux with high-quality effluent made the DCMD filtration at high temperature highly attractive. 

Higher permeate flux indicated more attachment opportunity of the foulants in the feeding influent on membrane surface, which may lead to more serious membrane fouling. Influence of heat difference between feeding and drawing solutions on membrane fouling was often overlooked. Fig. 6b shows that, the bigger temperature difference was, the more serious membrane fouling and the lower degree of contact angle were. When feeding solution reached 60 °C, contact angle of the fouled membrane reduced to 86.61 º, which indicated that the membrane changed from hydrophobic to hydrophilic one. Accumulation of the hydrophilic organic matters on membrane surface was speculated to cause membrane fouling. Based on the above analysis and energy consumption, the optimal temperature of feeding solution was 40 °C with permeate solution kept at 20 °C.
3.3.2 Influence of flow rate
Temperature polarization inevitably influenced the performance of DCMD procedure, especially at high temperatures (Phattaranawik et al., 2003). The existence of temperature boundary layer led to temperature polarization, which therefore will lead to the decrease of membrane flux (Liu et al., 2019). A highly-efficient strategy to reduce temperature polarization was to increase the relative flow rate between two sides of the DCMD membranes (Park et al., 2019), which will help to reduce the thickness of the boundary layer, and thus reduce the influence of temperature polarization.
The influence of velocity difference between feeding and drawing solutions on performance of coagulation-DCMD process is shown in Fig. 7. Herein, the flow rate of the permeate solution kept at 50 mL/min, while that of the feeding solution varied at 100-400 mL/min (with 100 mL/min interval). Permeate flux showed sharp increase as flow rate of the feeding solution increased to 300 mL/min. Increase of the feed-side flow rate boosted turbulence and advanced the mass and heat transfer mechanisms, and therefore led to a higher flux (Cath et al., 2004). The UV254 and DOC of MD effluent did not obviously change (kept at about 0.009 cm-1 and 1.255 mg/L) and their removal efficiencies reached around 90 % and 92 %, respectively. Residual turbidity of the effluent was always lower than 1 NTU. The improvement of the permeate flux was not always seen as further increased the flow rate. In case of 400 mL/min, evident decline of the permeate flux was observed, especially in the initial 6 days, followed by higher permeate flux than that in 300 mL/min case. Besides, effluent quality in case of 400 mL/min was the worst (the turbidity of 1.06 NTU, the DOC > 3 mg/L and UV254 removal efficiency of 81 %). 

Although increase of velocity difference between feeding and drawing solutions could increase stable permeate flux, the pressure on the side of feed solution also increased, which would increase the possibility of membrane wetting (Izquierdo-Gil et al., 2008). Surface images and contact angle of the fouled membranes are shown in Fig.7 (b). Improved flow rate was accompanied by less cover of the foulants. Contact angle of the fouled membranes varied at 108 º, 122.77 º, 115.06 º and 110.87 º, respectively in case of 100, 200, 300 and 400 mL/min. Membrane fouling in case of 100 mL/min was the most serious as evidenced by the lowest contact angle, while increase of flow rate of feeding solution could mitigate membrane fouling. When membrane wetting occurred, the membrane pores would be filled with liquid water, so that the solutes in the feeding solution would leak through the membrane and contaminate the distillate water (Warsinger et al., 2017). That was the probable reason for the poor water quality in case of 400 mL/min. Simultaneously, membrane wetting was supposed to reduce the hydrophobicity of membranes and therefore further lowed the DCMD efficiency. Thus, membrane wetting was one of the key points to be controlled during DCMD process. Elevating the relative velocity between two sides of the membrane led to great possibility of membrane wetting. In summary, performance of coagulation-DCMD hybrid process could be improved by properly increasing the relative velocity between feeding and drawing solutions. Excessive difference of relative velocity would lead to membrane wetting. According to the analysis of the permeate flux, effluent quality and contact angle, 200 mL/min was the optimized flow rate of feeding side with velocity of 50 mL/min for permeate solution.
3.4 Economical and practical prospect

This study provides a hybrid process, post-coagulation and membrane distillation (C-MD), for further purification of the secondary effluent. Coagulation is the most commonly used and economical strategy of pretreatment before membrane filtration (Huang et al., 2018; Racar et al., 2019). Herein, the emerging titanium coagulation was utilized instead of the conventional Al- and/or Fe-based coagulation before MD procedure. Advantages of titanium coagulation included both strong coagulation capability (Wu et al., 2011; Zhao et al., 2013; Hussain et al., 2019) and recycling of the titanium-coagulated sludge to produce functional TiO2 nanoparticles (Zhao et al., 2011; Park et al., 2014; Huang et al., 2017). Development of titanium industry ensured the comparable market price of titanium coagulants as most-commonly used PAC (about US$144/ton). The recycled TiO2 nanoparticles could achieve superior photocatalyst to commercial TiO2 (P-25) (Chi et al., 2019; Okour et al., 2009). TiO2 nanoparticles of 446.5 kg/day could be obtained from a medium size (25000 m3/d) wastewater treatment plant (Shon et al., 2007). Moreover, low mortality of titania particles with barely observed LC50 indicated their environmental safety (Lee et al., 2008; Kim et al., 2011).

Membrane distillation filtration, different from the pressure-driven MF/UF/RO processes, is a thermal-driven membrane separation methodology (Lawson and Lloyd, 1997). Membrane fouling is an everlasting problem for membrane filtration technology, while exception of additional pressure of MD procedure ensured the mitigated membrane fouling. Moreover, cost of water production through MD process could be significantly decreased due to the utilization of alternative energy sources (e.g. industrial waste heat, solar and geothermal energy) (Ashoor et al., 2016; Khumalo et al., 2019). Herein in this study, the C-MD hybrid procedure included two material flows: i) high-grade effluent and ii) the titanium coagulated sludge. It could be found from Table S1 that the high-quality effluent (residual turbidity < 0.4 NTU, DOC < 1.0 mg/L, pH > 6.0 and smell: no unpleasant feeling) could meet the requirement of standards of reclaimed water quality for the reclaimed water reuse in agriculture, stockbreeding and so on (Song et al., 2019; Terré et al., 2019). Whilst, the titanium-coagulated sludge could get effective recycling as aforesaid. The C-MD hybrid procedure for the treatment of the secondary effluent could achieve both water purification and sludge recycle. Thus, hybrid post-coagulation and membrane distillation technology has a significant potential for the production of clear water from secondary effluent. 

4. Conclusions

This study proved that coagulation-MD hybrid treatment process was feasible to purify secondary effluent towards reclaimed water production. Two coagulants, PAC and PTC, were utilized for secondary effluent pretreatment, followed by DCMD to further purify coagulated effluent for improving effluent quality and mitigate membrane fouling. The PTC coagulated effluent achieved lower residual turbidity and higher UV254 and DOC removal efficiencies, and the flocs formed by PTC had bigger size and better sedimentation performance than that of PAC. Compared with direct distillation of raw water, MD of coagulated effluent realized higher permeate flux and reclaimed water quality, and mitigated membrane fouling, especially in case of PTC40. Heat difference and relative velocity between feeding and drawing solutions were the main factors influencing MD performance. Optimal temperature and flow rate of feeding solution was 40 °C and 200 mL/min, respectively, while those of drawing solution were 20 °C and 50 mL/min. The effluent could meet the reclaimed water reuse standard and provide an alternative source for industrial water and agricultural water. 
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