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Abstract

:

Natural waters in tropical countries are turbid and rich in inorganic substances such as iron and manganese. Hence, membrane fouling by these inorganic substances is the most serious problem in membrane filtration processes for potable water production. This study aimed to assess raw water storage as a simple but effective means for controlling membrane fouling in the filtration of river water in a tropical country. Raw water taken from the Ping River in Chiang Mai, Thailand, in different seasons, was either immediately filtered or stored in a tank for two days before filtration through a polyvinylidene difluoride (PVDF) membrane with a nominal pore size of 0.1 μm. The turbidity and particulate organic carbon (POC) in the raw water were reduced by storage, while dissolved manganese was oxidized during the storage period. Although the amounts of metallic substances retained on membranes were larger than those of silica and organic matter, their contribution to the fouling resistance was found to be less than silica and organic carbon. The fouling analysis using hydraulically irreversible fouling index (HIFI) was found to be not able to measure the effects of storage when the initial flux increased. Hence, the ratio of the hydraulically reversible fouling index (HRFI) to the total fouling index (TFI), i.e., HRFI/TFI, was proposed to elucidate the effects of raw water storage on membrane fouling, which was manifest during the early stage of membrane filtration operation.
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1. Introduction


The water demand in the world is predicted to double by 2030 and exceed the available water supply by more than 40% due to rapid economic growth in developing countries [1]. Although the population without access to safe drinking water is decreasing and target 7.C in the Millennium Development Goals was achieved in 2010 [2], meeting Goal 6.1 of the Sustainable Development Goal, namely, achieving universal and equitable access to safe and affordable drinking water for all by 2030, is still a great challenge for humanity.



In small-scale water supply systems in developing countries, maintaining operational integrity is key for the sustainable supply of safe drinking water. Operational failure is caused by a lack of trained operators, budget limits, and limited access to repair parts [3]. It is also caused by difficulty in the operation of conventional water purification systems, such as rapid sand filters, wherein there are many operational parameters such as coagulant dose, pH adjustment, coagulation–flocculation mixing, and sand filter backwashing [4]. The operational failure of water supply systems causes problems such as the leakage of contaminants into treated water and/or water supply outage [5].



Recently, membrane filtration became popular not only in developed countries, but also in developing countries, because of its high-quality treated water and ease of operation and maintenance [4]. The membrane filtration process is effective for the treatment of highly turbid surface waters often found in rivers in tropical developing countries, and it can achieve high removal efficiency of suspended solids and pathogenic microorganisms compared to the conventional coagulation and rapid sand filtration processes [6]. However, the mitigation and control of membrane fouling is a crucial issue for the operation of membrane filtration systems. Membrane fouling lowers treatment efficiency by increasing the filtration resistance and cleaning frequency of the membranes [7].



The quality of raw water taken from tropical rivers is characterized by high turbidity with wide fluctuations and high concentrations of iron and manganese. High turbidity promotes physically irreversible membrane fouling [8,9], and the oxidation of manganese in the membrane filtration process causes serious membrane fouling due to the deposition of oxidized manganese particles inside the pores [10]. Thus, to mitigate membrane fouling, pretreatment of raw water before membrane filtration and cleaning of fouled membranes are commonly applied [11]. The most widely used pretreatment processes for turbidity removal are coagulation and sedimentation processes. Coagulation pretreatment requires technical knowledge and skills to prepare the chemical coagulant and to adjust dosing rates to the fluctuating raw water quality. However, in the small-scale water supply systems of developing countries, there are few skilled operators who have sufficient technical skills to operate coagulation–sedimentation processes properly [12,13]. Thus, a simple and easy-to-operate pretreatment system is required for the sustainable operation of small-scale membrane filtration systems in developing countries.



While coagulation and sedimentation processes can remove insoluble fractions of iron and manganese, the removal rates are not high due to the presence of dissolved fractions. Thus, for the removal of dissolved manganese and iron, it is necessary to apply oxidation and sand filtration to transform dissolved manganese and iron into insoluble colloids and then remove them using sand filters [14]. The oxidation–sand filtration processes are difficult to apply to raw water from tropical rivers due to its high turbidity, which can easily clog sand filters, and the high cost of oxidants. Thus, even if high turbidity could be reduced by coagulation–sedimentation, there remains the problem of other foulants such as manganese, iron, and dissolved organic matter.



Storage of raw water is commonly considered as a measure to avoid water shortages and abrupt water quality change; however, as turbidity is lowered by gravity settling, it can be also considered to be one of the simplest pretreatment procedures. During storage of raw water, some silt settles out and pathogens die off. After storage for at least 48 h, any Schistosome cercariae becomes noninfective [15]. Storage of raw water does not require any special skill or facility, and is feasible in rural areas in developing countries where a land plot for water storage is available. However, little is known to date about the effect of raw water storage on manganese, iron, and dissolved organic matter in raw water, which also cause membrane fouling. Thus, this study aimed to evaluate the effectiveness of raw water storage on membrane fouling mitigation in the membrane filtration of river water in different seasons of a tropical country, with special attention to inorganic substances, including iron and manganese, and dissolved organic matter. Raw water was obtained in November 2014 and in March 2015 from a river in Chiang Mai, Thailand and stored for up to two days in both cases. The raw water was stored for two days, and the changes in water quality were measured before and after raw water storage. In order to investigate the mechanism of membrane fouling mitigation, fouling development during the filtration of stored and non-stored raw water was analyzed by utilizing unified membrane fouling index (UMFI), and by the amounts of foulants extracted from used membranes using a chemical cleaning solution, as well as the residual foulants that remained on the membrane after chemical cleaning. The commonly used indicator of membrane fouling, i.e., hydraulically irreversible fouling index (HIFI), was found to be misleading when the initial flux was high and, thus, an alternative index of a ratio of the hydraulically reversible fouling index (HRFI) to the total fouling index (TFI), i.e., HRFI/TFI, was proposed to analyze the effectiveness of storage on membrane fouling mitigation.




2. Materials and Methods


2.1. Raw Water Source


Raw water for membrane filtration experiments was taken from the Ping River, Chiang Mai, Thailand, which is a source of municipal water supply to Chiang Mai City (Figure 1), in November 2014 and March 2015. The river water was highly turbid and contained high concentrations of iron and manganese, which were derived geologically from laterite distributed widely in this tropical region. Turbidity of the Ping River is high, similarly to many other rivers in southeast Asia. In the rainy season, turbidity increased to more than 100 Nephelometric Turbidity Unit (NTU), with the maximum being more than 500 NTU. Even in the dry season (typically from November to April), the turbidity of the Ping River was around 40 NTU on average. Dissolved organic carbon (DOC) in the dry season was around 2.0 mg/L, while that of rainy season was relatively higher, at 2.9–5.7 mg/L.



The raw water sampling site was located in an area upstream of Chiang Mai City with low population density, to avoid any major artificial influence on water quality (Figure 1). After sampling, half of the water sample was kept still in a 20-L tank for two days before filtration experiments, while the other half was used for filtration experiments just after sampling. From the stored raw water, samples were taken after 20, 25, 44, 50, and 70 h to analyze the soluble manganese in November 2014 and, similarly, samples were taken for the same purpose after 0.5, 2, 28, 30, 46, 50, 52, 70, 72, 75, and 100 h in March 2015.




2.2. Membrane Filtration


Membrane filtration was performed in a stirred cell (Amicon 8050, Merck Millipore, Burlington, MA, USA) with a cell volume of 50 mL (Figure 2). The stirred cell was connected to a feed water reservoir (DV-20, Advantec Toyo Kaisha, Ltd. Tokyo, Japan), which was pressurized with a nitrogen gas cylinder. A flat sheet of polyvinylidene difluoride (PVDF) membrane (VVLP, Merck Millipore Burlington, MA, USA), with an effective filtration area of 13.4 cm2 and a nominal pore size of 0.1 μm, was installed in the cell. A duplicated filtration experiment was conducted at a constant pressure of 50 kPa, which was monitored by a digital pressure gauge. The filtrate weights were continuously measured by a digital balance, and the filtrate volume was calculated by dividing the filtrate weights with the specific density of water. Backwashing was manually performed every 30 min by reversing the membrane filter in the filter cell, and then by passing through 50 mL of pure water at 100 kPa. Pure water permeability of the membranes was measured before and after the filtration experiments. In November 2014, 8-h membrane filtration experiments were conducted for all experimental conditions, while respective 2-h, 4-h, and 8-h filtration experiments were conducted in March 2015.




2.3. Foulant Extraction


The foulants were extracted in two steps, namely, chemical extraction and membrane digestion. Chemical extraction was performed by soaking in 50 mL of 3.6 × 10−2% (w/v) HCl (pH 2) for 13 h, followed by soaking in 4 × 10−4% (w/v) NaOH (pH 10) for 13 h. After chemical extraction, the membranes were digested with 6% (w/v) nitric acid by a microwave (Multiwave 3000, PerkinElmer Japan, Yokohama, Japan) to extract the remaining inorganic substances from the membranes.




2.4. Analytical Methods


The pH, electric conductivity (EC) and turbidity of the raw water and the filtrate were analyzed onsite by an MP-6 Portable Meter (Hach, Loveland, CO, USA) and 2100Q Portable Turbidity Meter (Hach, Loveland, CO, USA), respectively. The total organic carbon (TOC) of raw water, membrane filtrates, and chemical cleaning solutions was analyzed by TOC-L (Shimadzu, Kyoto, Japan) with the non-purgeable organic carbon method. Excitation–emission matrix analysis for those samples was also conducted by a Cary Eclipse Fluorescence Spectrophotometer (Agilent, Santa Clara, CA, USA). Iron, manganese, calcium, and aluminum in raw and filtrated water, and inorganic extracts from membranes were measured by inductively coupled plasma mass spectrometry (Agilent 7500cx, Agilent, Santa Clara, CA, USA).




2.5. Fouling Analysis


The unified membrane fouling index (UMFI), which was developed to analyze membrane fouling both in constant pressure mode and constant flow-rate mode for comparing fouling tendency in bench-scale experiments and full-scale operation [16,17], was applied to analyze membrane fouling in this study. Filtration resistance (R) is the sum of clean membrane resistance (Rm), hydraulically reversible resistance (RHR), hydraulically irreversible resistance (RHI), and chemically irreversible resistance (RCI).


Rtotal = Rm + (RHR + RHI + RCI) = Rm + Rf.



(1)







If the simplifying assumption is made that total fouling resistance increases linearly with the filtered volume, fouling resistance (Rf) can be described as Rf=kfV, where kf is a rate constant for the increase in resistance and V is the specific filtration volume (filtered volume per membrane surface area).



Specific flux JS was calculated as follows:


JS=JΔP = 1μ(Rm + kfV),



(2)




where J is the flux, ΔP is the transmembrane pressure, and μ is the viscosity.



Filtration performance can be normalized by dividing J/ΔP at any specific volume by the following initial condition:


JS′ = (J/ΔP)V(J/ΔP)0=11 + kfRmV,  or   1JS′ = (J/ΔP)0(J/ΔP)V=1 + (kfRm)V.



(3)







For a single filtration cycle between hydraulic backwashes, the total fouling index (TFI) can be related to the normalized specific flux and the specific volume as follows:


1JS′ = 1 + (TFI)V.



(4)







For multiple hydraulic backwash cycles without any chemical cleaning, the hydraulically irreversible fouling index, HIFI, can similarly be related to average values of JS’ during individual filtration cycles and V as follows:


1JS′ = 1 + (HIFI)V.



(5)







The slope in a plot of 1/JS′ versus V represents the hydraulically irreversible fouling index (HIFI). This HIFI value can be interpreted as the rate of hydraulically irreversible fouling development and, thus, utilized to quantify fouling mitigation effect, for example, by coagulation pre-treatment [17]. In another study, the HIFI values were utilized to show the influence of biopolymer concentration on the hydraulically irreversible fouling rate through the filtration of different surface waters [18]. Because no chemical cleaning was applied to the filtration experiments in this study, the total fouling index (TFI) is the sum of HIFI and hydraulically reversible fouling index (HRFI), TFI = HIFI + HRFI [17].



Fouling resistance (Rf) developed by filtration or fouling resistance remaining after chemical cleaning can be shown as follows:


RfRm = Rtotal − RmRm.



(6)









3. Results and Discussions


3.1. Water Quality of Raw Water and Filtrate


The water samples were taken in the dry season in November 2014 and March 2015. The turbidity and DOC, iron, and manganese contents of the raw water with and without storage are shown in Table 1, Table 2, Table 3 and Table 4.



In November 2014, after two days of storage, the turbidity was decreased from 16.1 NTU to 9.8 NTU, which corresponds to a 39% reduction. TOC was also reduced from 2.8 mg∙L−1 to 2.1 mg∙L−1 by storage (25% reduction), while DOC, which is shown in the “filtrate” row in Table 1, was reduced from 2.4 mg∙L−1 to 2.1 mg∙L−1 (13% reduction). It is important to note that, after storage for two days, the TOC concentration became almost the same as the DOC concentration. The reduction of UV254 from 0.045 to 0.038 (16% reduction), which represents the concentration of ultraviolet (UV)-absorbing matter, was less than the TOC; thus, the specific UV absorbance (SUVA) value increased slightly after storage. The oxidation–reduction potential (ORP) values increased slightly from 180 mV to 194 mV, indicating that the raw water was maintained in an oxic condition during the storage period. The dissolved organic matter contained a soluble microbial by-product-like fraction and humic and fulvic acid fractions according to the fluorescent excitation–emission matrix (EEM) result of raw water (data not shown).



In March 2015, the turbidity was 42.5 ± 9.1 NTU, which was higher than that of November 2014. Contrary to November 2014, TOC was not reduced by storage. UV254 for the samples in March 2015 was not determined due to the limitation of the sample volume. EC was lower and ORP was higher than in November 2014. According to these results, although both November and March were in the dry season, the river water in March 2015 was more affected by the precipitation compared to November 2014. In general, rain water contains fewer ions and is in relatively oxic conditions, which led to lowering EC and the increase of ORP of river water in March 2015. The rainfall also caused erosion and/or washout of soil and mixing of bottom sediment, which led to higher turbidity. After storage, turbidity was reduced to 27.0 ± 4.5 NTU. Higher water temperature was due to the higher atmospheric temperature of March, which is the second hottest month to April in Thailand.



Table 3 and Table 4 show the concentration of inorganic substances in the raw and filtered water before and after storage in November 2014 and March 2015. Concentrations of total iron and total manganese in the raw river water in November 2014 were 0.87 mg∙L−1 and 0.24 mg∙L−1, respectively. These iron and manganese components were geologically derived. Most of the total iron in the raw water existed in a particulate form, as indicated by the low dissolved iron levels before storage (0.01 mg∙L−1). This is also supported by the concentration of soluble iron (S-Fe) in the filtrate. However, most of the manganese in the raw water existed in a dissolved form, as evidenced by the total manganese (T-Mn) concentration of 0.24 mg∙L−1 and soluble manganese (S-Mn) concentration of 0.23 mg∙L−1. The T-Mn concentration slightly decreased to 0.20 mg∙L−1 after storage (17% reduction), but S-Mn was significantly reduced to 0.12 mg∙L−1 (48% reduction). The filtrate concentration was even less at 0.09 mg∙L−1. Although precipitation of oversaturated manganese carbonate and manganese hydroxide could take place in natural waters, their solubility (MnCO3 14.5 μM; Mn(OH)2 61.8 μM, [19]) is higher than the manganese concentrations in the raw water samples in this study. Thus, it was found that the dissolved manganese (S-Mn) was oxidized by two days of storage under oxic conditions.



Among other metals, calcium was present at the highest concentration (30.6 mg∙L−1), followed by magnesium (6.4 mg∙L−1), sodium (6.2 mg∙L−1), and aluminum (0.7 mg∙L−1).



In March 2015, the concentration of total iron (T-Fe) in the raw river water was 2.12 mg∙L−1, which was higher than that in November 2014, and total manganese (T-Mn) was 0.30 mg∙L−1, which was comparable to that in November 2014. While most of the iron existed in a particulate form as indicated by the low dissolved iron levels before storage, about two-thirds of T-Mn existed in a dissolved form as indicated by the dissolved manganese (S-Mn) levels before storage (0.21 mg∙L−1). T-Fe concentration was reduced to 1.02 mg∙L−1 (52% reduction) after storage due to the settling. T-Mn concentration was reduced to 0.07 mg∙L−1 (77% reduction) and S-Mn concentration was reduced from 0.21 mg∙L−1 to 0.01 mg∙L−1 (95% reduction) after storage.




3.2. Manganese Oxidation and Removal by Storage


Most soluble manganese exists as Mn(II). Mn(II) oxidation by dissolved oxygen, as shown by Equation (7), is thermodynamically unfavorable and hardly occurs in natural waters [20].


Mn2+ + 14O2 + 32H2O →← MnOOH(s)+2H+.



(7)







Diem and Stumm (1984) reported that Mn(II) oxidation by O2 did not occur in a time frame of years in solutions which were homogeneous with respect to Mn(II) (not oversaturated with regard to MnCO3 or Mn(OH)2) and were sterile [21]. However, when oversaturated with MnCO3 or Mn(OH)2, Mn(II) was oxidized to about one-fifth of the initial concentration within several days due to surface complexation on MnCO3 or Mn(OH)2 with Mn(II). Mn(II) oxidation rate is also enhanced on metal oxide surfaces [22,23]. In addition, microbial activity involves and enhances Mn(II) oxidation in natural waters [21,24,25], although there is no unequivocal evidence directly linking Mn(II) oxidation to energy conservation [26].



Manganese oxidation reaction kinetics can be described as follows [21]:


−d[Mn(II)]dt=k1[Mn(II)]+k2[Mn(II)][MnO2],



(8)




where k1 is the rate constant for the oxidation of dissolved manganese, and k2 is the rate constant for the autocatalytic oxidation. MnO2 is supposed to be produced by the oxidation of Mn(II), shown as follows:


−d[Mn(II)]dt=d[MnO2]dt,



(9)






[MnO2]=[Mn(II)]0−[Mn(II)]+[MnO2]0,



(10)




where [Mn(II)]0 is the initial concentration of dissolved manganese, and [MnO2]0 is the initial concentration of MnO2, which is assumed to be zero. If manganese oxidation by the autocatalytic reaction as shown in Equation (8) was significant during the storage, the reduction rate of Mn(II) would not follow the pseudo-first-order kinetics, but would be curved as [Mn(II)] decreased. However, in Figure 3, the decreasing rate of ln[Mn(II)] follows a straight line, indicating k1[Mn(II)] >> k2[Mn(II)][MnO2]. Thus, under the storage condition in this study, the autocatalytic oxidation of Mn(II) was estimated to be negligible.



From Figure 3, the pseudo-first-order rate constant (k1) was estimated to be 0.33 day−1 or 2.3 × 10−4 min−1 for the experiment in November 2014, and 0.92 day−1 or 6.4 × 10−4 min−1 for the experiment in March 2015, values which were larger than the value of less than 2 × 10−6 min−1 (pH 8.35, pO2 = 1.0 atm) for homogeneous conditions with respect to Mn(II), but smaller than the values of 3.0 × 10−3 min−1 (pH 8.5, pO2 = 0.21 atm) or 1.2 × 10−2 min−1 (pH 8.5, pO2 = 1.0 atm) in the presence of a metal oxide, i.e., goethite (α−FeOOH, 10 mM Fe) [23]. Thus, in the storage condition of this study, the manganese oxidation rate might be accelerated possibly due to the presence of other metal oxides than MnO2 on the suspended solids. The Ping River water was highly turbid and contained total iron, most of which existed as suspended solids of iron oxide. The surface of these iron oxide solids could serve as Mn(II) oxidation sites, which was supported by the higher oxidation rate for March 2015 with the higher total iron concentration of 2.12 mg/L than that for November 2014. However, the concentrations of iron oxide in the Ping River water were much smaller than the goethite concentration (550 mg/L as Fe) reported in a previous study [23], which led to the smaller rate constant found in the storage condition in this study.



For the membrane fouling by inorganic substances such as iron or manganese through long-term operation, comparatively larger iron-oxide particles initially clogged pores and, afterward, smaller manganese was oxidized and precipitate in the membrane pores [27,28]. However, the filtration term of this study was so comparatively shorter than those previous studies that the severe fouling by manganese did not start during filtration experiments, even though the Mn(II) was reduced by storage. This is also supported by analysis of extracted foulants shown in Section 3.8.




3.3. Iron Removal by Storage


Total iron (T-Fe) was removed by the gravitational settlement of iron-containing particles during storage, since most of the iron in the raw water existed in the particulate form in both November 2014 and March 2015, as indicated by the low dissolved iron levels before storage (Table 3 and Table 4). In March 2015, T-Fe concentration decreased from 2.12 mg/L to 1.02 mg/L after two days of storage, which was about a 50% reduction, and almost three days were required for more than 75% removal (Table 4 and Figure 4). However, it was found difficult to remove most of the iron-containing particles by gravity settlement within several days because of the presence of small-sized iron-containing particles in Ping River as reported elsewhere [27,29]. Consequently, substantial amounts of iron-contacting particles remained in the raw water even after storage, and they were retained on the membranes as a dominant foulant during the membrane filtration process, as described in Section 3.8.




3.4. Organic Carbon Reduction during Storage


Total organic carbon (TOC) was reduced from 2.8 mg/L to 2.1 mg/L by storage in November 2014, while almost no TOC reduction by storage was observed in March 2015 (Table 1 and Table 2).



The difference between TOC and DOC in November 2014 could be interpreted as particulate organic matter (POC). Thus, the reduction of TOC was due to settling of POC and precipitation of a portion of dissolved component during storage. On the other hand, TOC was not reduced by storage in March 2015. Although the average DOC value was reduced, the variance was large, and a statistically significant difference was not observed between DOC concentrations before and after storage.



The difference between these two results may be attributed to the difference of co-existing cation concentration of the raw water in November 2014 and March 2015. The co-existing cations had an important role for the fate of the organic matter during storage. Divalent metal ions, such as calcium ion (Ca2+) or magnesium ion (Mg2+), enhance the adsorption capacity of metal oxide by alternating surface charge from negative to positive [30], as well as the aggregation of metal oxide–organic matter complexes by charge neutralization [31]. As Ca2+ concentration in November 2014 (0.75 mM or 30 mg/L) was higher than that in March 2015 (0.4 mM or 16.5 mg/L), these mechanisms were supposed to promote DOC removal during storage in November 2014.




3.5. Membrane Filtration Flux


Figure 5 shows the flux normalized at 100 kPa versus the specific filtration volume V (m3∙m−2) throughout the whole filtration experiments with periodical hydraulic backwash in November 2014 (Figure 5a) and in March 2015 (Figure 5b).



Through the whole filtration cycles in November 2014, the flux without storage condition was reduced from 58.2 m3∙m−2∙d−1 to 12.3 m3∙m−2∙d−1, and that with storage condition was reduced from 55.9 m3∙m−2∙d−1 to 15.7 m3∙m−2∙d−1. As the degree of flux reduction without storage condition was larger, it indicated that raw water storage mitigated fouling development.



On the other hand, the fluxes without and with storage conditions in March 2015 were reduced from 43.5 m3∙m−2∙d−1 to 11.7 m3∙m−2∙d−1 and from 53.7 m3∙m−2∙d−1 to 11.1 m3∙m−2∙d−1, respectively. Storage led to a higher initial flux, probably due to the turbidity reduction (42.5 NTU to 27.0 NTU). However, final fluxes were within the similar range. Thus, it is indicated that the influence of turbidity reduction diminished as the membrane fouling developed.



Flux reduction during each filtration cycle for both without and with storage condition in March 2015 was more severe than that in November 2014, which was easily noticeable for the early stage of the filtration cycles. The final fluxes for both conditions in March 2015 were lower than those in November 2014. The higher turbidity led to a rapid increase of transmembrane pressure in the operation mode of the constant flow rate [8]. Thus, this noticeable reduction of flux in the constant pressure operation mode would be due to the high turbidity in the raw water in March 2015 (42.5 ± 9.1 NTU) compared to November 2014 (16.1 NTU).




3.6. Hydraulically Irreversible Fouling


Figure 6 shows 1/JS′ versus V throughout the whole experiment in this study with periodical hydraulic backwash. The plotted values of 1/JS′ versus V were the averages of duplicate measurements. Linear regression lines were drawn from the data for the whole experiment. The slopes of the regression lines represent the hydraulically irreversible fouling index (HIFI) [17].



In November 2014, the difference between the HIFI values for filtration with and without storage (0.54 and 0.86 m2∙m−3, respectively) clearly shows the mitigation effect on membrane fouling by storage (Figure 6a). This difference between the two conditions is in agreement with the reduction of turbidity, organic matter, iron, and manganese by storage (Table 1 and Table 2). For the fouling by organic matter, large hydrophilic organic matter is reported to contribute mainly to the physically irreversible fouling for the PVDF membrane [32], due to the strong hydrogen bonding between the hydroxyl group in the organic matter and the fluorine in the PVDF membrane material [33]. Furthermore, comparatively large-sized iron oxide contributes to the initial fouling development by blocking membrane pores [27,28]. Thus, raw water storage plays an important role of reducing these foulants, even though it is not possible to identify each specific contribution.



In contrast to November 2014, the HIFI value for 8-h filtration with storage (0.78 m2∙m−3) in March 2015 was larger than that without storage (0.64 m2∙m−3). A possible reason for the higher HIFI value for filtration with storage in March 2015 was its higher initial flux (54 m3∙m−2∙d−1) than that without storage (43 m3∙m−2∙d−1), which was due to the turbidity reduction by storage (Figure 4b, inset graphs). According to the calculation equations for HIFI (Equations (3) and (5)), HIFI value is normalized by the initial flux (J/ΔP)0. Consequently, a higher initial flux could lead to an apparently higher 1/JS′ value than the filtration with a lower initial flux, even though the terminal fluxes are comparable. Then, an apparently higher HIFI value could be derived. Therefore, the evaluation of the membrane fouling for the membrane filtration with the different initial fluxes, such as that in March 2015, by using HIFI is not appropriate and an alternative index is necessary to better elucidate the results of different initial fluxes instead of HIFI.




3.7. Contribution of Turbidity Removal


In this section, the influence of turbidity removal by storage on the cake resistance is discussed. Raw water storage reduced turbidity from 16.1 NTU to 9.8 NTU in November 2014 and from 42.5 NTU to 27 NTU in March 2015, due to the settling of the larger-sized suspended solids. The reduction of solid load on the membrane surface resulted in the reduction of cake layer thickness formed on the membrane surface, which led to the lower filtration resistance. On the other hand, the reduction of larger particles in the cake layer led to a less porous and denser cake structure with higher filtration resistance than that without storage. Thus, the combination effect of the cake layer thickness and cake layer porosity should be considered to understand the effect of turbidity removal.



The settling diameter of particles after storage was estimated by Stokes’ law, shown in Equation (11).


vSL = g(ρp − ρ)dp218μ,



(11)




where vSL is the terminal settling velocity (m∙s−1) in the laminar flow condition, g is the acceleration of gravity, 9.8 m∙s−2; ρp is the density of particles, 2.7 g∙cm−3; ρ is the density of water, 0.997 g∙cm−3 at 25 °C; dp is the diameter of the particles (m), and μ is the dynamic viscosity, 8.9 × 10−3 Pa·s at 25 °C.



The turbidity of suspended particles after two days of storage was 9.8 NTU in November 2014, and 27 NTU in March 2015. In this study, we used a tank with a water depth of about 50 cm for storage. From Equation (11), the diameter of a particle with the settling velocity of 0.25 m∙d−1, or 0.5 m per two days, was estimated to be 1.67 μm, with the assumption of the particle density as 2.7 g∙cm−3. Thus, it can be estimated that the raw water after storage only contained particles smaller than a few micrometers.



Suspended solids in raw water contribute to the cake layer formation on a membrane surface during one filtration cycle. If the fouling resistance was dominated by the cake layer on top of the membrane surface, cake resistance during filtration can be expressed as follows [7]:


RC = (αcakeA)mcake.



(12)







If the cake layer is mainly composed of particles, the specific cake resistance of the cake layer, αcake, can be expressed by


αcake = (1 − ε)2(Sp/Vp)25ρpε3=36(1 − ε)25ρpε3dp2,



(13)




where RC is the cake resistance, A is the membrane surface area, mcake is the cake mass, ε is the porosity of the cake layer, and Sp, Vp, and ρp are the surface area, volume, and density of the individual particle, respectively.



The specific fouling resistance, i.e., filtration resistance per cake layer, increased because the mean diameter of particles in the cake layer decreased after storage, while the total amount of the cake (mcake) was reduced. Thus, the total effect of raw water storage was determined by the balance between the reduced amounts of cake-layer deposits and the increased specific resistance.



In November 2014, HIFI was reduced by storage (Figure 6a) due to the reduction of turbidity and other foulants. This indicated that the fouling mitigation effect by the reduction of cake mass (mcake) was larger than the fouling resistance increase by the porosity reduction of cake due to decrease in the mean diameter of particles.



The reason why the clear effect of storage appeared after several filtration cycles in November 2014 (Figure 6a) was probably due to the transition of the dominant fouling mechanism from pore clogging to the cake filtration. This can be explained by the ratio of the average hydraulically reversible fouling index (HRFI) to total fouling index (TFI) for each filtration cycle (HRFI/TFI) shown in Figure 6a. Because no chemical cleaning was applied to the filtration experiments in this study, TFI represents the combined effects of the hydraulically reversible and irreversible fouling without any effect of chemical cleaning. The HRFI/TFI values for the first two cycles of filtration without and with storage were 0.16 and 0.37, and 0.54 and 0.62, respectively, which were smaller than those of after the third cycle. The smaller HRFI/TFI value indicated that the hydraulically irreversible fouling due to pore clogging [34] was dominant in the initial stage of filtration cycles, even when TFI values were small. Furthermore, relatively larger initial HRFI/TFI values for the filtration with storage than those for without storage condition supported the positive effect of storage on the physically irreversible fouling mitigation. As the filtration cycle increased, the relative influence of hydraulically irreversible fouling was reduced due to the development of cake layer on the membrane surface.



In contrast, in March 2015 (Figure 7b), HRFI/TFI values without and with storage in March 2015 were above 0.8 for the whole filtration cycles. Higher HRFI/TFI values, especially for the beginning of the filtration cycles, indicated that the influence of hydraulically reversible fouling was relatively larger than hydraulically irreversible fouling. This relatively larger influence of hydraulically reversible fouling was due to the higher turbidity load from the raw river water, which resulted in a thicker cake layer formed on the membrane surface. Furthermore, the thicker cake layer associated with a higher turbidity of raw water led to lower hydraulically irreversible fouling (HIFI), since a thicker cake layer could function as a coating and reduce membrane foulants [35,36]. In March 2015, almost no difference was observed between HRFI/TFI values for the raw water without and with storage, even though the HIFI value with storage was higher (Figure 6b).



As shown above, a new indicator of the ratio of HRFI to TFI (HRFI/TFI) could explain the hydraulic reversibility of membrane fouling during the course of filtration. It was also indicated that this new index was useful for comparing the membrane filtration performance and the hydraulic reversibility of membrane fouling of different raw waters.




3.8. Fouling Resistance and Influence of Foulants


The total amounts of foulants extracted from the membranes by each chemical cleaning step and acid digestion are shown in Figure 8. Both with and without storage conditions, iron and aluminum were the dominant foulants extracted from the used membranes both in November 2014 and March 2015. Generally, iron and aluminum are known as being abundant elements in the Earth’s crust and are distributed widely in soil. In fact, lateritic soils, which contain higher amounts of iron oxide in any form, widely occur in southeast Asia, as in other humid tropical regions [37]. Those lateritic soils could be a source of ferruginous substances in surface water, resulting as one of the dominant inorganic foulants. As shown in Table 3 and Table 4, significant portions of iron and aluminum in the raw water existed in suspended form, and, as described in Section 3.7, the suspended particles after storage were estimated to be smaller than 1.67 µm. These smaller particles of iron and aluminum clogged and remained inside the membrane pores due to the physical irreversibility [27,38]. The total extracted amount of other inorganic substances (i.e., Mn, Ca) was less than one-fifth of iron or aluminum. Although the manganese concentration in the raw water was not so low, the amount of manganese retained on the membrane was small because most of the manganese existed in dissolved form before the storage (Table 3 and 4), and oxidized manganese was removed from the raw water due to precipitation after storage, as shown in Section 3.2.



The amount of silica and organic carbon extracted from the membrane in March 2015 was larger than in November 2014.



In November 2014, the total retained amount of inorganic substances, with the exception of manganese, decreased with storage, which can be explained by the settling of suspended inorganic matter during storage. On the other hand, the retained amount of manganese increased with storage by more than 75% due to the oxidation of manganese during storage, as described in the above section, and the retention of manganese precipitated on the membrane. The amount of organic matter retained on the membrane decreased almost by half, even when the extracted amounts were small compared to inorganic substances. This was supported by the removal of a wide fraction of organic matter shown in the EEM analysis of alkaline extracts (Figure S1, Supplementary Materials). According to these results, the decreased fouling resistance in the experiment with storage was attributed to the decrease in inorganic and organic foulants on the membrane.



In March 2015, the amounts of extracted foulants were not significantly different without and with storage, although the fouling resistance was slightly higher with storage conditions than that without storage. The higher fouling resistance of the condition with storage in March 2015 was probably due to the decreased porosity of the fouling layer and higher initial flux. The average sizes of the inorganic particles composing the fouling layer with storage were smaller than without storage, although the amount of inorganic foulants was within a similar range both without and with storage, which led to increased resistance in the condition with storage. The compaction of the fouling layer due to the higher initial flux with storage condition also led to the increase in the fouling resistance. According to these results, the effect of raw water storage is dependent on raw water quality and, thus, a preliminary experiment is required to decide whether a storage tank will be installed.



Compared to the results in November 2014, the amounts of dominant iron and aluminum were less in Mach 2015. On the other hand, the amounts of silica and organic matter were larger in March 2015 than in November 2014. The increase in the silica retained on the membrane in March 2015 was probably due to the difference in type and amount of clay mineral in raw river water as indicated by the turbidity difference in these two seasons (Table 1 and 2). The increase in the retained organic matter in March 2015 might be due to the difference in the composition of organic matter or the larger DOC concentration in raw water. According to these comparisons, dominant inorganic substances such as iron and aluminum did not seem to have a significant influence on the increase in fouling resistance in March 2015. However, silica, organic carbon, or both had a significant influence, even though the absolute extracted amount of these substances was smaller than other substances, probably due to the gel layer formation on the membrane surface by these compounds [28,39].



Furthermore, the ratio of silica to aluminum in November 2014 was smaller than that in March 2015, which indicated that the aluminum foulants in November 2014 were not associated with clay minerals, such as aluminosilicate, but probably due to aluminum-oxide particles. It is indicated that the clay mineral containing raw water may cause fouling with higher hydraulic reversibility, as shown by the index of HRFI/TFI (Figure 7b). Thus, even in the membrane filtration of highly turbid water containing a large amount of inorganic substances, the control of concentration or composition of organic matter, and the clay mineral content in the raw water are important for mitigating the fouling resistance.





4. Conclusions


In order to evaluate the effectiveness of raw water storage on membrane fouling mitigation in the membrane filtration of river water from a tropical country, membrane filtration experiments of river water in different seasons were conducted in this study. Water quality, membrane fouling development, and membrane foulants were compared between the raw water with and without storage, and the following conclusions were obtained:




	
Two days of raw water storage reduced turbidity by about 40% and also suspended inorganic substances, i.e., iron. Although particulate organic carbon was removed by storage in November 2014, no TOC removal was observed in March 2015, which was probably due to the difference in composition of organic matter in river water. According to the lower EC and pH, and higher ORP and turbidity in March 2015 than in November 2014, the effect of the precipitation was large in March 2015.



	
Although the river water contained both iron and manganese in high concentrations, most of the iron existed in particulate form, while manganese existed in dissolved form. In March 2015, iron was not removed fully by storage because almost half of it existed as small-sized particles. Dissolved manganese was oxidized to form insoluble manganese after two days of storage both in November 2014 and March 2015. The manganese oxidation reaction followed a first-order reaction, indicating that autocatalytic oxidation was not dominant. The co-existing iron-oxide concentration had an important role in the manganese oxidation reaction because the surface of iron-oxide solids could serve as Mn(II) oxidation sites, which was supported by a higher manganese oxidation rate constant in March 2015.



	
Storage of raw water for two days was effective in the mitigation of filtration flux decline during filtration experiments in November 2014, because of the removal of turbidity, including inorganics such as iron and manganese, and TOC. On the other hand, although the initial filtration flux was significantly increased by storage in March 2015, the filtration fluxes without and with storage at the end of the filtration cycles were within a similar range.



	
Although the evaluation of the hydraulically irreversible fouling development in November 2014 by HIFI clearly showed the fouling mitigation effect of storage, the HIFI increased by storage in March 2015 due to the higher initial filtration flux with storage than that without storage. Therefore, it was found that the HIFI is not an appropriate index to measure the effects of raw water storage when the initial fluxes are different between filtration experiments with and without raw water storage.



	
Thus, a new index was proposed as the ratio of the average hydraulically reversible fouling index (HRFI) to the total fouling index (TFI), i.e., HRFI/TFI, to assess the effects of raw water storage. Using this index, it was found that the effect of storage on fouling mitigation was manifest in the early stage of filtration when the hydraulically irreversible components were removed from raw water by storage.



	
A comparison of the amount of foulants extracted from the used membranes in November 2014 and March 2015 revealed that silica and/or organic carbon had a significant influence on the fouling resistance even though the absolute amounts were less than other inorganic foulants. Thus, even in the membrane filtration of highly turbid water containing a large amount of inorganic substances, the control of the concentration or composition of silica and organic matter in the raw water is important for mitigating the fouling resistance.
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Figure 1. Location of the Ping River in Chiang Mai, Thailand. 
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Figure 2. Schematic of the membrane filtration set-up and filtration cycle. 
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Figure 3. Soluble Mn removal from the raw water during storage. 
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Figure 4. Total and soluble iron removal during storage. Open triangle: below detection limit. 
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Figure 5. Profiles of normalized flux at 100 kPa during the filtration of November 2014 (a) and March 2015 (b) (n = 2). The inset graphs show the magnified view of the dotted frame regions. 
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Figure 6. Profiles of average hydraulically irreversible fouling index (HIFI) of November 2014 (a) and 2015 March (b) (n = 2). 
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Figure 7. Ratio of hydraulically reversible fouling index (HRFI) to total fouling index (TFI) through the operation in (a) November 2014 and (b)Ma