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Abstract: Hydrophobic-modified flocculants have demonstrated considerable promise
in the removal of emerging contaminants by flocculation. However, there is a lack of
information about the impacts of dosing such flocculants on the performance of
subsequent treatment unit(s) in the overall water treatment process. In this work,
inspired by the ubiquitous protein folding phenomenon, an innovative approach using
an elevated membrane cleaning temperature as the means to induce residual
hydrophobic-modified chitosan flocculant (TRC), after flocculation-sedimentation, to
reduce membrane fouling in a subsequent ultrafiltration was proposed; this was
evaluated in a continuous flocculation-sedimentation-ultrafiltration (FSUF) process
treating samples of the Yangtze River. The hydrophobic chains of TRC had similar
temperature-dependent hydrophobicity to those of natural proteins. In the 40-day
operation of the FSUF system with combined dosing of alum and TRC, a moderately
elevated cleaning water temperature (45 °C) of both backwash with air-bubbling and
soaking with sponge-scrubbing cleaning, significantly reduced reversible and
irreversible fouling resistance by 49.8%~61.3% and 73.9%~83.3%, respectively,
compared to the system using cleaning water at 25 °C. Material flow analysis, statistical
analysis, instrumental characterizations, and computational simulations, showed that
the enhanced fouling mitigation originated from three factors: the reduced contaminant
accumulation onto membranes, the strengthened membrane-surface-modification role
of TRC, and the weakened structure of the fouling material containing TRC, at the
elevated cleaning temperature. Other measures of the performance, these being water
purification, membrane stability and economic aspects, also confirmed the potential and
feasibility of the proposed approach. This work has provided new insights into the role
of hydrophobic-modified flocculants in membrane fouling control, in addition to

emerging contaminant removal, in a FSUF surface water treatment process.
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1. Introduction

The contamination of surface water used for drinking water sources, by either
conventional or emerging contaminants, has continued to increase and poses a serious
threat to drinking water security (Larsen et al., 2016). Improved drinking water
treatment technologies, as a response, are continuously being developed. Among them,
the flocculation-sedimentation-ultrafiltration (FSUF) hybrid process train, has the
merits of a compact continuous treatment flow, simple operation and maintenance, no
secondary pollution risk of contaminant degradation (e.g. by oxidation), relatively low
cost, and high treated water quality. As such, it has attracted considerable attention and
been applied in many drinking water treatment plants (DWTPs) (Gan et al., 2021; Long
etal., 2021). In the FSUF process, the flocculation-sedimentation (FS), prior to UF, acts
as an efficient pretreatment to reduce membrane-fouling-causing contaminants,
involving inorganic suspended solids (ISS) and natural organic matter (NOM) (Ma et
al., 2014); in addition, unsettled residual micro-flocs (i.e. flocculant-contaminant
complexes) after sedimentation, can be effectively retained by UF, which gives rise to
an improved quality of the produced water (Liu et al., 2017).

Despite the above synergistic effects between FS and UF, the application of the
combined process still has shortcomings that require improvement, with regard to
current and future concerns in water treatment. One of the most enduring challenges for
all kinds of membrane-filtration-based technologies, is membrane fouling control (Xu
et al., 2021). FS pretreatment alone has been found to be insufficiently effective for

fouling mitigation during the long-term running of FSUF (Su et al., 2021). The
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accumulation of residual flocculants (especially those with high molecular weight (MW)
(He et al., 2021)), as well as micro-flocs, on the membrane may induce or aggravate
fouling, leading to unavoidable flux decline and increased operating cost (Xu et al.,
2021). Therefore, alternative approaches, involving membrane surface modification
and optimization of operation process (such as membrane cleaning methods) (Guo et
al., 2021; Li et al., 2022), have been proposed for fouling control.

In recent years, there has been increasing concern in the drinking water supply
industry about the contamination of source waters by emerging organic contaminants
(EOCs, such as the well-known anthropogenic antibiotics) (Wilkinson et al., 2017), and
how to effectively remove the EOCs by the well-established FSUF process in existing
DWTPs (Yang et al., 2022). Conventional flocculants (either organic (e.g.
polyacrylamide (PAM) and its derivatives) or inorganic (e.g. Al or Fe salts)), despite
their high performance for ISS and NOM removal, have been shown to be ineffective
for the removal of small-sized antibiotic molecules (Demissie et al., 2021). To address
this, a promising approach, recently reported, is to develop new flocculants through
chemical modification of conventional hydrophilic flocculants (for example: chitosan,
metal hydroxides, etc.) with moderately hydrophobic organic chains (Demissie et al.,
2021; Liu et al., 2019; Wang et al., 2022; Yang et al., 2020). By doing so, the
hydrophobic association between the hydrophobic-modified flocculants and small
antibiotic molecules can be strengthened (Liu et al., 2019; Wang et al., 2022; Yang et
al., 2020), thereby enabling greater binding of antibiotics into floc particles during
flocculation, and removal by subsequent sedimentation.

The benefit of strengthening the hydrophobicity of flocculants dosed in the
flocculation unit is not only that it can increase the water purification capacity

(enhancing the treatment efficacy for EOC removal) as reported (Liu et al., 2019; Wang
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et al., 2022; Yang et al., 2020; Yang et al., 2021), but also that it may increase other
aspects of performance, in particular, the formation (during filtration) and destruction
(during membrane cleaning) of foulant materials on the membrane surface in the
subsequent UF unit (Ho et al., 2022). This latter aspect has not been fully studied as yet,
and is inspired by the ubiquitous protein folding phenomenon in nature (Colvin et al.,
2016; Dill et al., 2008). As has been acknowledged, water-mediated hydrophobic
association plays a vital role in protein folding, through which tertiary and quaternary
structures of proteins with mature functions are achieved (Eisenberg and Sawaya, 2016).
The apolar segments of proteins form hydrophobic cores, whereas the polar and charged
chains make up the stabilized water-exposed surface of proteins (Walti et al., 2016).
Similarly, it is suggested that the hydrophobic chains of the residual hydrophobic-
modified flocculants after FS be tightly bound onto the hydrophobic surface of
ultrafiltration membranes (such as the commonly used polyvinylidene fluoride (PVDF)
membranes) through hydrophobic association, whereas the hydrophilic and charged
chains of flocculants form a stabilized water-exposed surface. In this way, residual
hydrophboic-modifed flocculants after FS, exert a surface-modification effect on UF
membrane which can provide a protective hydration layer on the membrane surface to
inhibit fouling formation.

Although a part of the residual hydrophobic-modified flocculants will participate
in the above-proposed in-situ membrane surface modification, another part will become
involved in influencing the nature of the fouling (Li and Elimelech, 2004) on the used
membrane. Inspired by the structural changes of proteins with the variation of
temperature (Wolfenden et al., 2015), structure of fouling deposits containing
hydrophobically modified flocculants may also change at different temperatures. This

may bring about new opportunities for developing more efficient membrane cleaning
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modes (e.g. by adjusting the cleaning water temperature). By revisiting the features of
protein folding, it was recognized that the strength of hydrophobic association is
temperature-dependent; thus, with the rise of temperature, the hydrophobicity of most
of the hydrophobic chains in proteins increases and the original stable tertiary or
quaternary structure of proteins may be weakened) (Baldwin, 1986; Wolfenden et al.,
2015). Based on this, it was hypothesized that the temperature-responsive characteristic
of hydrophobic chains could possibly be utilized for the destruction of membrane
fouling by an environmental-benign and chemical-free membrane cleaning method.
Thus, as residual hydrophobic-modified flocculants enter the inside of the membrane
fouling layer, and act as one of the building materials, increasing the cleaning water
temperature may induce the flocculants to decrease the stability of the fouling structure
from within, promoting the release of material under turbulence caused by the
backwash with air-bubbling, soaking with scrubbing, or other techniques. However,
little information is known about this approach for membrane cleaning and fouling
control in the continuous-flow FSUF process with the dosing of hydrophobic-modified
flocculants.

In this work, the hypothesis of using membrane cleaning temperature as the means
of reducing fouling, in the long-term operation of a continuous-flow FSUF process with
the dosing of hydrophobic-modified flocculant, was evaluated for the first time. To
achieve this, laboratory experiments were carried out: raw water samples collected from
the Yangtze River were employed; chitosan modified with thermo-responsive
hydrophobic chains (denoted as TRC), as well as commercial alum and PAM for
comparison, was selected as the flocculant; both backwash with air-bubbling (B&A
cleaning) and soaking with sponge-scrubbing (S&S cleaning) were employed for

membrane cleaning, and the effects of the B&A and S&S cleaning temperatures on
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fouling control were studied; the underlying mechanisms of fouling reduction were
clarified with evidence from material flow analysis, statistical analysis, instrumental
characterizations, and computational simulations. The results of this work present a new,
proof-of-concept approach to the control of membrane fouling in the FSUF process,
and are expected to provide new insights into the role of hydrophobic-modified

flocculants in surface water treatment.

2. Materials and methods
2.1. Water samples and flocculants

Raw water from the Yangtze River was sampled in August, 2021, at Caishi DWTP,
Ma’anshan City, Anhui Province, China (Supporting Information (SI) Fig. S1). To
represent micro-polluted surface water contaminated by trace antibiotics, the samples
were spiked with stock solutions of four commonly detected antibiotics
(sulfamethoxazole (SMX), norfloxacin (NOR), tetracycline (TC) and roxithromycin
(ROX); Dalian Meilun Biotechnol. Co., Dalian, Liaoning Province, China;
physicochemical parameters in the Sl, Table S1), to reach a concentration of 0.1 pg/L
of each, before the water treatment tests. Water quality parameters are listed in Table 1.

The hydrophobic-modified flocculant TRC, with optimized structural parameters
(as shown in Fig. 1a) according to the authors’ previous work (Wang et al., 2022), was
synthesized by grafting thermo-responsive hydrophobic chains (poly(N-iso-
propylacrylamide), PNIPAM) onto chitosan (viscosity-average MW: 820 kDa;
deacetylation degree: 86%; Shandong Aokang Biotechnol. Co., Jinan, Shandong
Province, China). The detailed synthesis method, as well as characterization results, are
given in the SI (Text S1 and Fig. S2). Alum and PAM were purchased from Nanjing

Chem. Reagent Co., Nanjing, Jiangsu Province, China.
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2.2. Water treatment tests

Continuous-flow FSUF tests were conducted using a parallel continuous-flow
apparatus (schematic description of the experimental set-up shown in Fig. 1b) at 25 °C
for 40 days, to evaluate the performance of membrane fouling control and water
purification. The flow rate was maintained at 12 L/day throughout.

The flocculant/coagulant dosages used in the FSUF process tests were optimized
by preliminary jar tests (operation details in the Sl, Text S2); the results of jar tests
(removal efficiencies (REs)-dosage profiles depicted in the S, Fig. S3) were consistent
with those reported in previous literature (Melo-Guimaraes et al., 2013; Demissie et al.,
2021). Neither alum nor PAM could effectively remove trace antibiotics, but TRC
exhibited improved REs for both conventional parameters (RE(turbidity) and
RE(DOC): ~90%) and trace antibiotics (REs: 72%-92%), compared to alum and PAM.
Successive dosing of the inorganic alum (6 mg/L) and organic TRC (4 mg/L)
demonstrated enhanced cost-effectiveness by increasing the REs and decreasing the
optimal dosages of TRC. As alum was effective in the removal of conventional
contaminants (ISS and NOM), this enabled TRC, dosed subsequently, to be used where
it was most effective (for antibiotic removal) (Wang et al., 2022).

The corresponding optimal dosages of flocculant/coagulant were dosed in the first
flocculation tank. The mechanical stirring speeds of the four flocculation tanks were
200, 150, 100 and 50 rpm, as shown in Fig. 1b, respectively. The hydraulic retention
time (HRT) of each flocculation tank, the inclined plate sedimentation tank, and the
submerged UF tank were 5, 60, and 30 min, respectively. A cluster of PVDF hollow
fiber UF membranes (Hangzhou Haotian Co., Hangzhou, Zhejiang Province, China),

with pore size of 20 nm, surface area of 0.025 m?, and inner/outer diameter of 1.0/1.4
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mm, were employed in the UF tank. B&A cleaning, involving backwash (0.66
L/(m?-min)) accompanied with air-bubbling (2.5 L/min) for 1 min, was performed after
every 0.5-h of operation; S&S cleaning, by soaking the membrane in water for 5 min
accompanied with sponge-scrubbing (details provided in the SI, Text S3), was
performed after every 13-day period. In addition to cleaning at 25 °C, a reduced (5 °C)
and an elevated (45 °C) temperature, representing a relatively significant difference,
were also tested for both B&A and S&S cleaning, to investigate the effects of cleaning
temperatures on fouling control as proposed above. Considering the aspects of energy
consumption (which increases with temperature elevation above ambient) and
microorganism growth (which can be inhibited at a temperature above the normal
maximum temperature for the process-related microorganisms), the elevated
temperature selected in the cleaning tests was 45 °C. This temperature could be facilely
achieved using industrial low-grade waste heat via a heat exchanger, if the concept of
using elevated cleaning temperature for fouling control was to be promoted to large-
scale practical applications (Adhikary et al., 2020; Zhou et al., 2015). Membrane
fouling, represented by trans-membrane pressure (TMP), was monitored. Reversible
(REV, m?) and irreversible fouling resistances (IRR, m™), defined as the related
material that is able, or unable, to be removed by the S&S cleaning, respectively, were
calculated according to equations (Egs.) 1 and 2 (Guo et al., 2021):
REV = (TMP, — TMPa)/(x-J)  (Eq. 1)
IRR = (TMPa— TMPo)/(u-J)  (Eq. 2)

where TMPo, TMPy, and TMP, (Pa) are the TMP values at the beginning of the testing
(day 0), before, and after, S&S cleaning, respectively; u is the viscosity (Pa-s) of water;
and J (m*/m?s) is the flux.

Water quality parameters of the effluents after the fourth flocculation tank, the
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sedimentation tank, and the UF tank, respectively, were continuously measured every
day (detailed methods provided in the SI, Text S4). Among them, the concentrations of
TRC were determined by a fluorescent labeling technique. Details of the technique, as
well as its feasibility verification, are provided in the SI, Text S4 and Figs. S4-S7. To
exclude the impact of material adsorption onto the inner surface of the FSUF apparatus,
controlled experiments were conducted to calibrate the results; each data point was the

average from three parallel experiments.

2.3. Material flow analysis (MFA), statistical analysis, instrumental
characterizations, and computational simulations

MFA, to summarize the main material path, was carried out using Sankey
diagrams (Graedel, 2019; Van Vuuren et al., 2019). Principal component analysis (PCA)
and correlation analysis of the MFA results were conducted using IBM SPSS® Statistics
20 software. Details of analytical instruments and methods, involving measurements of
water contact angles (WCASs), zeta potentials (ZPs) and sizes of TRC, SEM and AFM
observations, fouling cake layer thickness determination, mechanical property tests,
pore size distribution analysis, and measurements of floc size and fractal dimension (Dr,
representing the compactness of porous materials), are described in the SI (Text S4, S5
and Fig. S8). Computational simulations of molecular structures and the corresponding
binding energies of different molecular pairs were performed using Materials Studio®
2019 software (Chen et al., 2019; Liu et al., 2019) with detailed information provided

in the SI, Text S6.

3. Results and discussion

3.1 Thermo-responsiveness of TRC

10
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The thermo-responsiveness of the hydrophobic-modified flocculant is the key
premise of the above-hypothesized membrane cleaning method that involves regulating
the washing temperature. Therefore, the thermo-responsiveness of TRC was tested. The
variations of the WCA of TRC, transmittance of TRC aqueous solution, and ZP and
size of TRC in water, at different temperatures are plotted in Fig. 1c. As WCA is
commonly used to represent the hydrophilicity/hydrophobicity of materials (Cui et al.,
2019; Zhang et al., 2021), the upward trend of the WCA-temperature curve indicated
that TRC became more hydrophobic at the elevated temperature. The original
transparent (transmittance: ~90%) TRC aqueous solution (1 g/L) at 5 °C became opaque
milky white with the increase of temperature, since the heightened hydrophobicity
reduced the solubility. Specifically, the critical temperature point representing the
switch for solution transparency, which is called the lower critical solution temperature
(LCST) of thermo-responsive materials (Wang et al, 1998), was determined to be ~34
°C (SI, Fig. S9). The average size of TRC underwent a decline from ~4.78 nm at 5 °C
to ~2.12 nm at 45 °C, and higher temperature gave rise to lower ZP. Chitosan backbones
with protonated amino groups were positively charged (Lupa et al., 2022), whereas
PNIPAM typically showed more negative ZP due to the adsorption of OH" ions at higher
temperatures when its structure collapsed (Utashiro et al., 2016). Hence, the downward
ZP-temperature curve of TRC was attributed to the collapsed PNIPAM chains with
more adsorbed OH" ions which suppressed the positive charges of chitosan. The MD
computation results in Fig. 1d displayed the temperature-dependent behaviour of the
PNIPAM chain, which was similar to that of hydrophobic chains of protein in the
folding process (Baldwin, 1986; Wolfenden et al., 2015): fewer intermolecular
PNIPAM-water H-bonds (53, 34, and 20 at 5, 25, and 45 °C, respectively), but more

intramolecular H-bonds within the PNIPAM chain (10, 17, and 22 at 5, 25, and 45 °C,
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respectively), were formed at higher temperatures, engendering the collapsed chain. In
contrast, the chitosan chain did not change much at various temperatures (the Sl, Fig.
S10). Potential link between the temperature-dependent bahaviour of the PNIPAM

chains of TRC to fouling control performance will be described later.

3.2 Membrane fouling control performance
3.2.1 Effect of flocculant/coagulant type

The rise in TMP, indicating membrane fouling development, for different FSUF
systems, with the single dosing of alum, PAM, and TRC, and the combined dosing of
alum and TRC (denoted as alum+TRC), over the 40 days of operation (3 membrane
cycles/stages), is illustrated in Fig. 2a. The TMP increased steadily during each stage
before S&S cleaning. Among the FSUF systems with the single dosing of
flocculant/coagulant, the TRC system displayed the slowest TMP growth rate; the TMP
at day 40 was 13.75 kPa in the TRC system, which was much less than the values (19.25
and 21.55 kPa, respectively) in the alum and PAM systems. When the TRC was
combined with alum, a further improvement in fouling development was achieved, with
the final TMP decreasing to 11.95 kPa. The S&S cleaning at the end of each stage was
effective in the removal of REV, with a substantial TMP decline; the remaining fouling
resistance corresponded to the IRR. Both REV and IRR in the different
flocculant/coagulant systems are depicted in Fig. 2b. The advantages of the alum+TRC
system over the other three systems in fouling mitigation were shown in the enhanced
reduction of both REV and IRR. As stated above in Section 2.2, the successive dosing
of alum and TRC can remove more potential fouling-causing materials prior to UF,
compared to the dosing of any single flocculant/coagulant (SI, Fig. S3). In addition,

another reason for the enhanced fouling reduction was attributed to the effective
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membrane-surface-modification effect of residual TRC in the UF feed water, which
was supported by both experimental and computational results (SI, Figs. S11-S12),
specifically: When the UF membranes were used for direct filtration (without any
pretreatment) of raw water (SI, Fig. S11), alum solution and TRC solution, the WCAs
of used membranes were always lower than that of the pristine membrane, indicating
that each of the hydrophilic materials originating from the raw water, alum, and TRC
contributed to the hydrophilization of the UF membrane surface. Among them, TRC
made the most contribution, with the lowest WCA value. Chemical computations
demonstrated that the hydrophobic PNIPAM chain had a much larger BE with PVDF
(the matrix material of the UF membrane) via hydrophobic association, than the
chitosan backbone, other coagulant/flocculant, or any of the main contaminants in
residual micro-flocs (the Sl, Fig. S12). Hence, similar to the association of hydrophobic
segments in proteins, PNIPAM chains of residual TRC and the hydrophobic PVDF
chains on the UF membrane surface could be tightly bound, whereas the hydrophilic
charged chitosan of TRC or other compositions of micro-flocs formed a water-exposed
surface, which provided a protective hydration layer to inhibit accumulation of fouling

material.

3.2.2 Effects of cleaning temperatures

The PNIPAM chains of TRC were found to be important in membrane surface
modification in the alum+TRC system. As the hydrophobicity of the PNIPAM chains
are temperature-dependent, the effects of both B&A and S&S cleaning temperature on
the fouling control performance in the system were studied. The TMP development, as
well as REV and IRR, are depicted in Figs. 2c-d, in which the FSUF system denoted

by X °C/Y °C, referred to a cleaning mode with B&A cleaning at X °C and S&S cleaning

13
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atY °C.

The variations in the B&A cleaning temperature generated significant differences
in TMP growth from the first day(Fig. 2c). An elevated backwash water temperature
(X=45 °C) was beneficial for slowing down TMP growth, whereas the lower
temperature (X=5 °C) was detrimental with more severe fouling. The B&A cleaning
every 30 min gradually amplified the above differences in the following 39 days. At
day 40, the average TMP of the two systems with B&A cleaning temperatures of 5 °C
reached 15.75 kPa, while the average of the other two systems with B&A cleaning
temperatures of 45 °C was 6.08 kPa. Similar to the influence of B&A cleaning
temperature, a higher S&S cleaning water temperature promoted the decline of TMP;
however, the influence of the S&S cleaning temperature was less than that of the B&A
cleaning temperature. The 45 °C/45 °C cleaning mode in the FSUF system had the best
performance (Fig. 2c-d). Compared to the conventional cleaning process at room
temperature, the approach of moderately increasing the cleaning temperature in the
alum+TRC system substantially reduced the REV and IRR by 49.8%~61.3% and
73.9%~83.3%, respectively (Fig. 2d). However, in the FSUF system using alum alone
as the coagulant, the elevated temperature did not affect the TMP variation, REV and
IRR (the SI, Fig. S13). This implied that, although the increase of temperature will lead
to intensified activity of water molecules, the contribution of the intensified activity to
fouling mitigation was small. The significant fouling reduction at the elevated
temperature in the alum+TRC system was more likely attributable to the temperature-
responsiveness of TRC, which will be considered subsequently (in Section 3.3).

In addition to TMP, the surface morphology of the used membranes at day 40 was
examined using SEM and AFM, to show directly the membrane fouling. Before the

final S&S cleaning in stage 3, the membranes with cake layers on the surfaces were
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observed using SEM. Images in Fig. 3a-f demonstrated that cake layers in the systems
with B&A cleaning at both 25 °C (Fig. 3b) and 5 °C (Fig. 3e-f) covered nearly the whole
membrane surface with a compact structure. In contrast, loose cake layers with obvious
cracks were found in the two systems with elevated B&A cleaning temperature (Fig.
3c-d); between them, an elevated S&S cleaning temperature (in stages 1 and 2) also
made the cake layers looser and thinner with larger cracks (Fig. 3c). The SEM
observations implied that the raised cleaning temperature effectively damaged the cake
layers, which was beneficial to lowering hydraulic resistance during the UF operation.

Subsequently, after cake layers were removed by S&S cleaning for the last time,
the surfaces of the used membranes with only irreversible fouling were observed using
AFM (Fig. 3g-1). Among AFM images, the system with the 45 °C/45 °C cleaning mode
had the smallest surface roughness (Rq of 0.216; the closest to the value of a pristine
membrane), indicating the effectiveness of elevated cleaning temperature in the
mitigation of irreversible fouling. Taking the Rq value of the 25 °C/25 °C mode as the
reference, irrespective of the S&S cleaning temperature, the membrane surfaces in the
two systems with a B&A cleaning temperature of 45 °C had a smaller Rq, whereas those
in the other two systems with a B&A cleaning of 5 °C had a larger Rq. Such a result
confirmed the dominant influence of the B&A cleaning temperature over the S&S

cleaning temperature on irreversible fouling control.

3.3 Mechanisms for the membrane cleaning approach based on temperature
regulation

The above results confirmed the effectiveness of increasing cleaning temperature
for fouling control in the FSUF system with the dosing of TRC. To reveal the

mechanisms, an in-depth investigation involving statistical analyses, instrumental
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characterizations, and chemical computations, was carried out as follows.
3.3.1 Impact on the accumulation of contaminants on the membranes

The flows of the principal materials in solution, involving inorganic (ISS) and
organic (total organic carbon (TOC)) substances,) total phosphorous (TP), TRC and
alum, which might impact membrane fouling, in the FSUF process, were visualized
using Sankey diagrams (as shown in Fig. 4a and the S, Fig. S14); these diagrams have
been widely employed for performing the path analytics and understanding the potential
links of complex data (Graedel, 2019; Van Vuuren et al., 2019). Control tests, using raw
water without spiked antibiotics as a reference, demonstrated that the influence of
antibiotics on fouling could be neglected (see details in the SlI, Fig. S15), since the
concentrations of spiked antibiotics were 4 log-units lower than the above-mentioned
principal materials in water. Hence, antibiotic flows were not analyzed here. As
illustrated in Fig. 4a, and the SI, Fig. S14, material flows in the flocculation and
sedimentation units were the same in the FSUF systems with different cleaning modes,
as the same FS operation parameters were used. After sedimentation, the residual
materials in the UF feed water were divided into three parts, involving those in the
fouling material on the membrane, in the sludge at the UF tank bottom, and in the final
produced water. As materials adhering to the membranes directly influence their
permeability, PCA and correlation analysis of the final TMP value and different
percentages of materials on the membranes were performed as depicted in Fig. 4b-c.

According to PCA-loading plots (Fig. 4b), only one statistically significant
principal component (PC1) was found, explaining 96.99% of the total variance (a
considerably high value to show the accurate description of the real experimental data
by the PCA model). With respect to PC1, different variables were grouped into two

species — the positive-value (TMP, and percentages of alum, ISS, TP and TOC on the
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membrane) and the negative-value species (percentage of TRC). It could be inferred
that TRC left on the membrane inhibited the accumulation of ISS, TOC and TP and the
increase of TMP. The linear correlation between TMP and other variables in Fig. 4c
provided quantitative data describing the relationships. ISS, TOC and TP on the
membranes, which could generate inorganic, organic and bio fouling (Gao et al., 2011;
Lietal., 2023), respectively, were positively correlated with TMP with large regression
coefficients (R?). The amounts of ISS, TOC, or TP accumulated on the final membrane
in the 45 °C/45 °C system was the lowest among the five systems, indicating that the
increased cleaning temperature effectively alleviated accumulation of these
contaminants. This further weakened the mass transfer of small-sized contaminants
(those smaller than 20 nm in the effluent after FS, as shown in the Sl, Fig. S16) from
the membrane surface to the pores. As depicted in the pore size distribution curves of
the used membranes after the final S&S cleaning (Fig. 4d), although peaks and the
average pore sizes shifted towards smaller values after use due to the blockage of pores,
those in the 45 °C/45 °C system were the closest to the corresponding values of the

pristine membrane.

3.3.2 Impact on the surface-modification of UF

Regarding the impact of externally dosed coagulant and flocculant on the UF
membrane, the results in Fig. 4c showed that alum and TRC had opposite influences on
TMP. The amount of alum on the membrane was positively (slope>0) correlated
(R?=0.781) with TMP, implying that the residual coagulant on the membrane
aggravated inorganic fouling (Ma et al., 2014). However, the inverse correlation
(slope<0) between TMP and TRC left on the membrane was found to be more

significant (R?=0.984). This indicated that the hydrophobic modified flocculant
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deposited on the membrane did not intensify organic fouling, but was conducive to
fouling reduction Among the five systems, the largest amount of TRC but lowest
amount of alum left on the membranes appeared in the 45 °C/45 °C system (Fig. 4c),
giving rise to the lowest TMP at the end of the FSUF operation. In the same system, the
most significant surface-modification-effect with the lowest WCA value of the used
membrane (Fig. 4e) was found. Hence, similar to the strengthened hydrophobic
association of hydrophobic chains in proteins at elevated temperatures (Baldwin, 1986;
Wolfenden et al., 2015), the increase of cleaning temperature strengthens the
membrane-surface-modification role of TRC.

Direct evidence to support this was provided by the computed BEs of different
fragments adsorbed onto the PVDF interface in water at different temperatures, as
illustrated in Fig. 5.The fragments of TRC (chitosan and PNIPAM chains), NOM and
ISS (using kaolin as a representative) were computed. According to Fig. 5, at any
temperature, the BE of the PNIPAM-PVDF complexes formed by hydrophobic
association were notably greater than those of other complexes, confirming that the
surface-modification effect of TRC was unlikely to be significantly affected by the
coexistence of other contaminants. For the PNIPAM-PVDF complexes (Fig. 5a-c), the
rise of temperature remarkably enhanced the hydrophobic association, with BE values
from 15.25 kcal/mol at 5 °C to 40.56 kcal/mol at 45 °C. This was consistent with
previous findings in protein folding that hydrophobic association was an entropy-
increase-driven process (Eisenberg and Sawaya, 2016), for which the elevated
temperature was favored according to thermodynamic relationships. Consequently, the
membrane-surface-modification effect of TRC was strengthened by both the B&A and

SS cleaning at an elevated temperature.
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3.3.3 Impact on the structure of fouling on the membrane

As well as inhibiting contaminant accumulation and strengthening the surface-
modification effect of TRC, the increased cleaning temperature can affect the structure
of fouling on the membrane, which may be similar to the impact of temperature on the
protein structure. Building materials of the fouling deposits, involving the coagulant,
the flocculant, ISS, NOM and so on, were the same to those of flocs generated in the
same FSUF system. Thus, the influence of temperature on fouling structure was
qualitatively similar to that on the floc structure, of which the in-situ characterizations
have been well established (Yang et al., 2013). The real-time variations of floc size and
fractal dimension (Dr) at different temperatures and velocity gradients (G values) were
monitored and are shown in Fig. 6a-b. In the tests, prior to changing the water
temperature (the starting point, t=0 min), flocs were fully grown under a rapid mix at
G= 128 s* for 5 min, and a subsequent flocculation at G= 16 s for 15 min at 25 °C.
Subsequently, three stages of experiments at different temperatures were successively
designed and conducted, involving stage 1 at the unchanged G value (16 s?), stage 2
for floc breakage at G= 128 s, and stage 3 for floc regrowth at G= 16 s™). A floc
strength factor (F1) and regrowth factor (F2) under different conditions, were calculated:

Fi=d2/d1  (EQ.3)

F2=(ds-d2)/(d1-d2) (Eq.4)
where d1, d2, and d3 were the floc sizes at the end of stages 1, 2, and 3, respectively. As
depicted in Fig. 6a-b, in stage 1, although the G value was kept unchanged, the higher
temperature induced the flocs to became slightly smaller and less compact (Dr decline)
spontaneously. This implied that the increased temperature weakened floc stability.
Such an effect was enhanced at a greater G value in stage 2: flocs at 45 °C, with a lower

F1 value, were much more easily broken than flocs at the other two temperatures.
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Therefore, it could be inferred, through a reasonable analogy, that fouling material with
a destabilized structure at the elevated temperature was more easily degraded and
removed from the membrane under turbulent conditions caused by cleaning.
Furthermore, the results in stage 3 demonstrated that the regrowth capacity of the
broken flocs at 45 °C was the worst (substantial decline of F2 value). In other words,
the increased temperature caused more severe irreversible damage to the structure of
flocs, as well as to that of the fouling material, analogously. The collapsed TRC
structure at the elevated temperature causes the fouling material to become unstable
and thus be removed more easily. The temperature-induced structural damage was also
related to the thermo-responsiveness of PNIPAM chains, according to the computed
BEs of PNIPAM-NOM and PNIPAM-ISS complexes (Fig. 6¢c-h): With the rise of
temperature, the BEs, representing the stability, of both complexes decreased; since
TRC, NOM and ISS were the main building materials of fouling (Ho et al., 2022), the

fouling structure was thus weakened.

3.4 Evaluation of other measures of performance: water purification, membrane
stability, and economic aspects

Other important measures of performance of the FSUF process, involving water
purification, membrane stability, and economic aspects, which might be influenced by
the elevated cleaning temperature, were evaluated as follows.
3.4.1 Water purification

Water quality improvement is a priority goal of water treatment, and it was
important to establish whether the elevated cleaning temperature would affect the
produced water quality. The quality of the produced water by the different FSUF

systems is summarized in the Sl, Figs. S6 and S17. The dosing of TRC in the FSUF
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process remarkably improved the REs of the antibiotics (SI, Fig. S15), due to the
enhanced hydrophobic association between the hydrophobic-modified flocculant and
antibiotics, as previously reported (Wang et al., 2022). For the alum+TRC system which
had the highest REs of the antibiotics (SI, Fig. S17), changing the cleaning temperature
in the UF tank did not lead to significant differences in water quality (SI, Fig. S6). This
was attributed to the fact that the major contribution to contaminant removal occurred
in the FS stage. Despite this, compared to other cleaning modes, the minor improvement,
rather than a deterioration, of REs of contaminants in the 45 °C/45 °C system (S, Fig.
S18) eliminated any concerns about adverse water quality impacts by the elevating-
temperature cleaning approach. The minor improvement of REs was ascribed to the
improved cleaning performance at the higher temperature which inhibited penetration
(mass transfer) of contaminants through the membrane, as aforementioned.

In addition to the contaminants in the produced water, attention was also given to
the presence of residual TRC and AI**, considering the potential risks associated with
the flocculant and the coagulant. For TRC, both the natural chitosan backbones and the
PNIPAM chains (widely used for in-vivo drug delivery) of TRC are environmentally-
benign and biocompatible polymers (Sun et al., 2014). In addition, according to the test
results (Fig. 4a), TRC was not detected in the final produced water, since the size of
TRC (Fig. 1c) was much larger than the UF membrane pores. With respect to residual
Al ions, according to the Sankey diagram in Fig. 4a, the Al concentration in the
produced water was 0.027 mg/L, which is much lower than the upper limit (0.2 mg/L)
in Chinese national standards for drinking water quality (GB 5749-2022). Therefore, it
was concluded that the successive dosing of TRC and alum in the FSUF system did not

pose significant, direct risks to the produced water quality.
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3.4.2 Membrane stability

PVDF is well-known for its high chemical stability with heat resistance (Liu et al.,
2011). Despite this, the physical stability of the membranes under the conditions of
repeated temperature changes was uncertain. The stress-strain curves of the pristine
membrane, and used membranes (after the final S&S cleaning), for the different FSUF
systems are shown in the SI (Fig. S19), which indicated a negligible difference in
behavior among all the membranes. This result demonstrated that the elevated cleaning
water temperature did not appear to affect the mechanical integrity of the UF
membranes. On the other hand, as previously mentioned in Section 3.3.1, although
membrane pores were blocked to various degrees after use in all FSUF systems (Fig.
4d), the degree of pore blockage in the 45 °C/45 °C system was the lowest. Thus,
compared to the conventionally operated 25 °C/25 °C mode, the elevated cleaning

temperature slightly improved the pore structure stability of the membrane.

3.4.3 Economic analysis
A preliminary analysis of the economic feasibility of applying an elevated-
cleaning-temperature approach was explored, in view of the additional cost of energy
for heating the cleaning water for the B&A and S&S (Che) operations. By assuming the
use of industrial low-grade waste heat (e.g. industrial cooling water at 90 °C) (Adhikary
et al., 2020; Zhou et al., 2015) for heating the cleaning water at an initial temperature
of 25 °C in large-scale applications as a basis, the Cxe was calculated:
CHe=PPUcwXx(mpa+mss)X(Tceaning- Tinitial)/ ((Tew-Tcleaning) <€)  (EQ. 5)
where: PPUcw (CNY/Kg) is the price per unit of industrial cooling water at 90 °C; mga
(kg) and mss (kg) are the total massmass of water used for B&A and S&S cleaning,

respectively; Tcleaning (°C), Tinitial (°C), and Tew (°C) are the temperatures of backwash or
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soaking water (45 °C), initial water (25 °C), and the used industrial cooling water (90
°C), respectively; ¢ is the heat exchange efficiency.

Based on the values as given in the SI (Table S2), the Cne for the 40 days of FSUF
operation (480 L of treated water in total) was ~0.097 Chinese Yuan (CNY). That is to
say, the cost was ~0.202 CNY (~US$ 0.029)/(m? of water) for the elevated-cleaning-
temperature approach to significantly alleviate membrane fouling (the reductions of
REV and IRR were 49.8%~61.3% and 73.9%~83.3%, respectively, as mentioned
above). As well as the very low energy cost, the mitigated fouling during the UF
operation could save, (i) pumping energy costs (one of the major operational expenses)
due to fouling (Jafari et al., 2021; Porcelli and Judd, 2010), (ii) membrane replacement
costs (another of the major operational expenses) when the membrane service lifetime
is reached after extensive fouling formation (Jafari et al., 2021; Porcelli and Judd, 2010),
and (iii) chemicals (such as acids and bases) in conventional membrane cleaning.
Considering these aspects, it could be regarded as potentially economically feasible to
apply the proposed cleaning approach by raising the cleaning water temperature to

mitigate fouling.

4. Conclusions

The hydrophobic-modified flocculant TRC was found to have temperature-
dependent hydrophobicity, which was similar to the characteristics of natural proteins.
Inspired by the protein folding phenomenon, the approach of using membrane cleaning
temperature as the trigger to induce deposited, residual TRC after FS to reduce
subsequent UF fouling was proposed and verified in this work. The alum+TRC FSUF
system was found to have notable advantages in fouling control over the conventional

alum system. Amoderately elevated cleaning water temperature (45 °C), applied in both
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B&A and S&S cleaning in the alum+TRC system, gave rise to substantial reductions in
REV and IRR of 49.8%~61.3% and 73.9%~83.3%, respectively, of which the elevated
temperature of B&A cleaning contributed the major part. The mechanisms for the
enhanced fouling mitigation performance of the novel approach were: (i) inhibited
contaminant accumulation onto membranes, (ii) the strengthened membrane-surface-
modification effect of TRC, and (iii) the weakened structure of the foulant layer at the
elevated cleaning temperature. Other key measures of performance, involving water
purification, membrane stability and economic aspects, also confirmed the advantages
and feasibility of the novel approach. In summary, this work has demonstrated more
beneficial role of hydrophobic-modified flocculants in the treatment of surface water

by a flocculation-sedimentation-ultrafiltration process.
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Figure captions

Captions

Table 1. Water quality parameters of the untreated raw water.

Fig. 1. (a) Chemical structure of TRC; (b) Schematic diagram of the continuous-flow
FSUF apparatus; (c) Variation in water contact angle (WCA) of TRC, transmittance (T)
of TRC solution, average size and zeta potential (ZP) of TRC in aqueous solutions with
temperature; (d) Optimized structures of TRC in water phase (TRC and water
molecules are separated in the images to better illustrate the intermolecular H-bonds;
the numbers of intermolecular H-bonds between TRC and water, and intramolecular H-
bonds in TRC, are marked) at different temperatures.

Fig. 2. (a and c) TMP growth with time, and (b and d) reversible and irreversible
membrane resistances, in different FSUF systems with (a and b) different flocculants
and/or coagulant, and (c and d) alum+TRC using different cleaning temperatures (X
°C/Y °C refers to a cleaning mode with B&A cleaning at X °C and S&S cleaning at Y
°C).

Fig. 3. (a-f) SEM images of membranes with cake layers on the surfaces, and (g-1) AFM
images of membranes with cake layer removed from the surfaces at day 40, in FSUF
systems with alum+TRC using different cleaning temperatures (X °C/Y °C refers to a
cleaning mode with B&A cleaning at X °C and S&S cleaning at Y °C).

Fig. 4. (a) Material flow in the FSUF system with alum+TRC using the cleaning
temperature mode of 45 °C/45 °C; (b) Principal component analysis among the final
TMP and percentages of different materials on the membranes; (c) Linear correlation
of the final TMP with percentages of different materials on the membranes in different
FSUF systems (full: 5 °C/5 °C; empty: 5 °C/45 °C; upper half: 25 °C/25 °C; lower half:
45 °C/5 °C; cross: 45 °C/45 °C); (d) Pore size distributions and (e) water contact angles,

of pristine and used membranes.



Fig. 5. Optimized structures and corresponding binding energies of different complexes
formed between PVDF and various components (a-c: chitosan backbone; d-f: PNIPAM
chain; g-i: representative NOM fragment; j-l: representative ISS fragment) in water at
(@ d,g,and j)5°C, (b, e, h,and k) 25 °C, and (c, f, i, and I) 45 °C.

Fig. 6. (a and b) Real-time variations of (a) floc size and (b) Dr at different temperatures
and velocity gradients; (c-h) Optimized structures and corresponding binding energies
of different complexes formed between PNIPAM chain and various components ((c-e)
representative NOM fragment; (f-h) representative 1SS fragment) at (c and f) 5 °C, (d

and g) 25 °C, and (e and h) 45 °C.



Table 1 Click here to access/download;Table (Editable version);Table

1R.docx

Table 1. Water quality parameters of the untreated raw water.

Concentration of

Turbidity ISS? DOC UV SUVA TP Concentration
pH each antibiotic
(NTU) (mg/L) (mg/L) (cm?) (L/(mg-m)) (mgP/L) of AF* (mg/L)
(ng/L)
7.53 14.2 135 6.59 0.16 2.40 0.116 0.10 0.0012

& Inorganic suspended solids

*


https://www.editorialmanager.com/wr/download.aspx?id=2936623&guid=308394f4-e7a3-4dfb-ba88-7dd882e4715c&scheme=1
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Fig. 1. (a) Chemical structure of TRC; (b) Schematic diagram of the continuous-flow
FSUF apparatus; (c) Variation in water contact angle (WCA) of TRC, transmittance (T)
of TRC solution, average size and zeta potential (ZP) of TRC in aqueous solutions with
temperature; (d) Optimized structures of TRC in water phase (TRC and water
molecules are separated in the images to better illustrate the intermolecular H-bonds;
the numbers of intermolecular H-bonds between TRC and water, and intramolecular H-

bonds in TRC, are marked) at different temperatures.
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Fig. 2. (a and ¢) TMP growth with time, and (b and d) reversible and irreversible

membrane resistances, in different FSUF systems with (a and b) different flocculants

and/or coagulant, and (c and d) alum+TRC using different cleaning temperatures (X

°ClY °C refers to a cleaning mode with B&A cleaning at X °C and S&S cleaning at Y

°C).
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Fig. 3. (a-f) SEM images of membranes with cake layers on the surfaces, and (g-1) AFM
images of membranes with cake layer removed from the surfaces at day 40, in FSUF
systems with alum+TRC using different cleaning temperatures (X °C/Y °C refers to a

cleaning mode with B&A cleaning at X °C and S&S cleaning at Y °C).
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Fig. 4. (a) Material flow in the FSUF system with alum+TRC using the cleaning
temperature mode of 45 °C/45 °C; (b) Principal component analysis among the final
TMP and percentages of different materials on the membranes; (c) Linear correlation
of the final TMP with percentages of different materials on the membranes in different
FSUF systems (full: 5 °C/5 °C; empty: 5 °C/45 °C; upper half: 25 °C/25 °C; lower half:
45 °C/5 °C; cross: 45 °C/45 °C); (d) Pore size distributions, and (e) water contact angles,

of pristine and used membranes.
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Fig. 5. Optimized structures and corresponding binding energies of different complexes
formed between PVDF and various components (a-c: chitosan backbone; d-f: PNIPAM
chain; g-i: representative NOM fragment; j-I: representative ISS fragment) in water at

(@ d, g,andj)5°C, (b, e, h,and k) 25 °C, and (c, f, i, and I) 45 °C.
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Fig. 6. (aand b) Real-time variations of (a) floc size and (b) Dr at different temperatures

and velocity gradients; (c-h) Optimized structures and corresponding binding energies

of different complexes formed between PNIPAM chain and various components ((c-e)

representative NOM fragment; (f-h) representative 1SS fragment) at (c and f) 5 °C, (d

and g) 25 °C, and (e and h) 45 °C.
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