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11  Abstract: This study has evaluated different types of carbon fiber (CF) biofiltration media in
12 terms of their efficiency in mitigating nanofiltration (NF) fouling and their ability to remove
13 natural organic matter (NOM) and disinfection by-product formation potential (DBPFP). Com-
14 pared to direct NF, a combined CF biofiltration-NF system enhanced dissolved organic carbon
15 and DBPFP removal by up to 32.6% and 39.1%, respectively, achieving final removal rates of
16 78.45% and 85%. Furthermore, this combined system reduced irreversible NF fouling by up to
17  44.5%. Specifically, activated carbon fiber (ACF) exhibited a greater tendency to remove low-
18  molecular-weight organics, thus achieving greater performance. Microbial sequencing and cor-
19 relation analyses further indicated that the microbial communities were significantly influenced

20 by the physicochemical properties of the CF, such as microporosity, electrical resistance, and
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surface functional groups. Pore size distribution and carboxyl content were shown to promote
the enrichment of dominant species such as Pseudomonadota, Chloroflexota, and Bacillota.
This led to a higher expression of fatty acid metabolism and the citric acid cycle, contributing
to the degradation and removal of DOM and DBPFP. Overall, this study demonstrates the
promising potential of applying CF as a biofiltration substrate to improve subsequent NF pro-
cesses, and achieving greater water treatment performance overall by the combined CF-NF
process.

Keywords: Activated carbon fiber; Low-molecular-weight organics; Biofiltration; Nanofil-

tration; Microbial metabolism

1. Introduction

In response to increasing water scarcity and declining source water quality, more effective
and sustainable technologies are crucial and urgent [1]. With respect to safe drinking water
supplies, previous studies have shown that natural organic matter (NOM) in raw waters can
form disinfection byproducts (DBPs) during chlorination, with potential links to bladder and
colorectal cancers [2, 3]. Therefore, removing NOM more effectively is essential for mitigating
adverse effects on treated waters and enhancing the performance of treatment processes, such
as membrane filtration.

Biofiltration is a cost-effective and environmentally friendly water treatment process.

Common filtration media include granular activated carbon, anthracite, ceramic materials, and
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sand [4]. Similar to conventional filter media, carbon fiber (CF) is a porous material and rep-
resents the third generation of carbon products with a fibrous structure. Through activation,
activated carbon fiber (ACF) is produced, which has a fibrous structure, numerous micropores,
excellent volumetric capacity, and a larger specific surface area. Compared to granular acti-
vated carbon, ACF's micropores are primarily concentrated on the material surface, which re-
sults in faster adsorption rates, shorter adsorption paths, and reduced resistance to adsorption
[5]. Previous studies have demonstrated that ACF is highly effective in adsorbing organic pol-
lutants, including NOM and pharmaceutical compounds [5, 6]. Additionally, ACF has been
shown to be a suitable carrier for biodegradation processes [7]. Therefore, it is proposed that
ACEF could be a superior choice as a biofiltration media to enhance treatment efficiency.

Previous research has shown that activated carbon made from different materials can alter
microbial community structure and microbial activity, with pore size distribution playing a key
role in biofiltration performance by influencing the abundance of key microbial species [8-10].
Moreover, surface acidic functional groups have been found to affect the adsorption properties
of the medium, influencing microbial aggregation [11]. Despite these findings, the role and
impact of ACF as a biofiltration medium for the removal of dissolved organic matter (DOM)
and disinfection byproduct formation potential (DBPFP) from surface water remain unexplored.
Furthermore, there is limited research on the synergistic effects of the physicochemical prop-
erties of the filter media on microbial metabolism related to NOM.

Previously, combining biofiltration with subsequent nanofiltration (NF) has been used to
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further reduce organics and improve final treated water quality [12]. However, the impact of
CF as biofiltration media on subsequent NF performance remains unclear, especially in the
complex and variable organic environments of surface waters. Therefore, this study explores a
combined biofiltration and NF process to treat real surface water, using CF as the biofilter
media. The primary objectives are to investigate the impact of CF on NOM removal and sub-
sequent NF performance from a mechanistic perspective. Particular emphasis is placed on un-
derstanding the reciprocal effects between the physicochemical properties of CF, microbial
metabolism, and NOM removal. Overall, this work aims to deepen the understanding of CF-
based biofiltration and provide valuable insights for its practical application in treating surface

water for potable supplies.

2. Materials and Methods
2.1. System setup and operation

A parallel bench-scale up flow biofiltration system, based on three quartz glass columns
(height: 400 mm, inner diameter: 25 mm), was established to treat surface water from a local
lake (Olympic Park, Beijing, China)(SI, table S1). A schematic diagram is shown in the Sup-
plementary Information (Fig. S1). Briefly, three types of CF media were cut into 1x1 cm square
pieces and packed into their respective columns to ensure a uniform media volume in each
(approximate depth of 0.5 mm). CF and ACF (ACF-1 and ACF-2) materials were purchased

from Beierge Activated Carbon Fiber Co., Ltd. (Nantong, China). Raw water was fed to the
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bottom of the biofilters by a multi-channel peristaltic pump at a fixed flow rat, resulting in an
upwards flow through the column corresponding to a hydraulic retention time (HRT) of ap-
proximately 24 h. The flow discharged from the top of each column and was collected in stor-
age bottles for subsequent analysis and application to the Nanofiltration unit.
2.2. Water quality analysis and fouled membrane characterizations

Water samples were collected from the Olympic Park lake and transported to the labora-
tory for storage prior to use. The samples were filtered through 0.45 pm syringe filters prior to
analysis, as follows. The dissolved organic carbon (DOC) concentration was determined using
a total organic carbon analyzer (TOC-Vwp, Shimadzu, Japan). The fluorescence intensity of
fluorescent organics was characterized using 3D excitation-emission matrix (EEM) fluores-
cence spectrophotometry (F-4600 FL, HITACHI, Japan). Specific fluorescent compounds were
quantified using parallel factor analysis (PARAFAC) and fluorescence region integration. UV-
visible absorbance spectra were obtained using a UV-visible spectrometer (UV-2600, Shi-
madzu, Japan) over a wavelength range of 200-800 nm. In addition, the molecular weight (MW)
distribution of dissolved organic matter (DOM) was determined by a high-performance liquid
chromatography (HPLC) system (Waters, USA) coupled with a size exclusion chromatography
(SEC) column (Phenomenex, BioSep 5 mm, SECs3000). Surface functional groups of lyophi-
lized samples and NF membranes were characterized by Attenuated Total Reflection Fourier
Transform Infrared (ATR-FTIR) spectroscopy (Spectrum Two, PerkinElmer), scanning from

4000-400 cm™ at a 4 cm™! resolution. The chemical bonding composition of CF and lyophilized
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samples was analyzed using X-ray Photoelectron Spectroscopy (XPS) (Thermo Scientific
250Xi).
2.3. Nanofiltration tests and DBPFP measurements

A commercial polyamide (PA) NF membrane (NF90, RisingSun Membrane Technology
(Beijing) Co., Ltd.) was used in this work. Filtration tests were conducted at room tempera-
ture using a laboratory-scale dead-end filtration setup (Millipore, Amicon 8400, USA) with
an effective membrane area of 45.34 cm? at a pressure of 4 bar, supplied by ultrapure Na. The
membrane flux was determined indirectly by automatically recording the weight of the fil-
tered effluent by a digital balance connected to a computer (Figure S1). Three consecutive fil-
tration cycles were performed, each with a feed water (biofilter effluent) volume of 100 mL.
Backwashing was performed by inverting the contaminated membrane and filtering 10 mL of
deionized (DI) water at 1 bar. To eliminate the influence of membrane impurities, new mem-
branes were soaked in deionized water for more than 24 h, and only membranes with a simi-
lar initial filtration flux were selected for experiments.

The DBPFP of biofiltration and NF effluents were determined after chlorination, in
terms of the commonly detected trihalomethanes (THMs) and haloacetic acids (HAAs), to as-
sess DOM conversion and the ability of the treatment methods to eliminate DBP precursors,
as detailed in the SI (Text S2).

2.4. Characterizations of the CFs

The specific surface area and pore structure of the CF media were characterized by a fully
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automated specific surface and porosity analyzer (Micromeritics ASAP 2460, USA) via the
Brunauer-Emmett-Teller (BET) method. X-ray photoelectron spectroscopy (XPS, Thermo Sci-
entific K-Alpha, USA) was used to investigate the specific forms of functional groups on the
CF surfaces. Quantification of acidic functional groups on the CF surfaces was achieved by the
Boehm titration method (SI, Text S1) [13].
2.5. Microbial diversity and metabolism

At the end of the experiment, CF pieces from each column were sampled and stored in
sterile centrifuge tubes at -20°C for DNA extraction and 16S rRNA analysis. After high-
throughput sequencing, the resulting data were filtered, and all samples were normalized to
33,974 sequences. Microbial community structure and diversity were processed and analyzed
using the Majorbio Cloud Platform. To assess differences between bacterial communities, prin-
cipal coordinate analysis (PCoA) and linear discriminant analysis (LDA) effect size (LEfSe)
were performed. LEfSe (with an LDA score threshold of 4) was used to identify species that
were significantly different between columns. PICRUSt2 was used to predict the potential
functions of the bacteria based on level 3 of the Kyoto Encyclopedia of Genes and Genomes
(KEGGQG) database. The raw sequencing data were deposited in the Sequence Read Archive
(SRA) database of the National Center for Biotechnology Information (NCBI) under accession

number PRINA131025.

3. Results and Discussions
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3.1 Influences of different CFs on DOM removal via biofiltration

The DOM removal rates for the biofilters over the course of the experiment are summa-
rized in Fig. 1a. The entire operational period, 122 d, can be divided into two stages. During
the first stage, the DOM removal rate was the highest, primarily driven by adsorption, and this
stage was non-stationary. As the treatment process progressed, the removal efficiency gradually
decreased due to the saturation of adsorption sites and eventually stabilized [14]. In the second
stage, the DOM removal was sustained by both biodegradation and adsorption, reaching an
approximate steady-state, with biodegradation driven by bacterial metabolic activity [15]. For
stage 11, the DOM removal of CF, ACF-1, and ACF-2 showed significant differences, with
average removal rates of approximately 13.7%, 22.6%, and 43.2%, respectively.

Analysis of the total fluorescence intensities of the biofilter effluents indicated that ACF-
2 had the best performance in removing fluorescent organics (SI, Fig. S3). This can be at-
tributed to the combined effects of adsorption and biodegradation by microorganisms that were
acclimated over the long-term operation [16, 17]. Specifically, three fluorescent components
were identified through PARAFAC analysis, as shown in Fig. 1b. Among these, C1 exhibited
excitation and emission wavelengths similar to those of microbial humic-like DOM [18-20],
while C2 and C3 were found to resemble protein-like components and terrestrial humus-like
DOM derived from soil and terrestrial plants, respectively, with excitation and emission simi-
larity scores greater than 0.95 [19, 21-23]. Compared to the raw water, ACF-2 achieved the

greatest reduction of C2 and C3, of 47.9% and 59.2%, respectively. The C1 component was
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effectively removed by all three biofilter systems, with ACF-2 achieving a 43.8% improvement
over ACF-1 (overall removal 65.4% vs. 45.4%) (Fig. 1c).

Figure 1

3.2 MW distribution of DOM and microbial derived biopolymers

The changes in the MW distribution of organics in the raw water and the corresponding
biofilter effluents are summarized in Fig. 2a. The results show that medium-sized organics (1-
10 kDa) were the dominant fraction in all the samples, with ACF-2 performing the best in
removing organics within this range. Additionally, as shown in Fig. 2b, the removal rates of
DOM in the MW range of 0—800 Da were approximately 160% (ACF-1) and 250% (ACF-2)
greater than CF (27.1%), achieving removal rates of 71.3% and 96.5%, respectively. For DOM
in the MW range of 800-1400 Da, the removal rates were approximately 140% (ACF-1) and
270% (ACF-2) greater than CF. These results demonstrate that ACF was superior in removing
low-molecular-weight (LMW) organic compounds, likely due to the abundant micropores in
ACEF, which facilitate the adsorption and biodegradation of LMW organics [24]. Interestingly,
the peak of CF around 4000 Da was greater than that of ACF-1. It was found that, compared to
ACF-1, both CF and ACF-2 possessed richer amounts of phenolic hydroxyl groups (as will be
shown in later sections), enabling the formation of multiple hydrogen bonds with carboxyl or
carbonyl functional groups prevalent in medium-molecular-weight (MM W) humic substances,

thus enhancing their removal [25, 26]. The content of microbially derived macromolecular
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DOM, or biopolymers (represented by polysaccharides and proteins), in the raw water and
biofilter effluents was further explored (Fig. 2¢, d). The results show that biofiltration reduced
the polysaccharide and protein content to varying degrees. ACF-2 achieved removal rates of
approximately 46.4% for polysaccharides and 91% for proteins, representing 3.3 times and 3
times improvement over CF (10.6% and 30.3%), respectively. The EEM results also indicated
that protein components in the effluents differed due to microbial degradation and matrix ad-
sorption, with fluorescent protein components significantly reduced by the ACF-2. Previous
studies have shown that extracellular enzymes secreted by microorganisms (e.g., proteases,
amylases, cellulases) can break down large molecules of polysaccharides and proteins into
smaller organic molecules [27]. Furthermore, microbial metabolism (respiration or anabolism)
can convert macromolecular DOM into energy and cellular matter [28], which reveals more
efficient biodegradation in the ACF-2 system.

Figure 2

3.3 Impact of biofiltration on NF

Organic matter in the biofiltration effluent was further analyzed by XPS to obtain detailed
information about its chemical bonding. In all profiles (Fig. 3a), the C 1s peak can be decon-
voluted into three main bonding peaks. The peak at C1 is attributed to C-C/C-H, which is

mainly derived from hydrocarbon compounds, including the side chains of polysaccharides,
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amino acids, and lipids [29]. The peak at C2 is associated with C-O/C-N bonds in amide, alco-
hol, or ether amine groups found in proteins and polysaccharides. The weak peak at C3 is at-
tributed to RCOOH/O=CO-R, such as the carboxyl or ester groups of carboxylates and saccha-
rides [30]. Compared to the DOM in the raw water, the proportion of C2 components in the
effluent from CF, ACF-1, and ACF-2 increased by 5.82%, 1.39%, and 7.31%, respectively,
while the proportion of C1 components decreased. This may be attributed to extracellular hy-
drolases in the biofilm breaking down macromolecular polysaccharides and proteins into cor-
responding amides or monosaccharides [31]. This enhanced functional expression likely results
in a stronger polysaccharide degradation capacity in the ACF-2 system, leading to a greater
reduction in C1 components. Furthermore, the reduction in C1 components across all three
systems corresponds to the decrease in protein-like components observed in the EEM results.
In the O 1s spectra, the O1 peak corresponds to C=0O bonds from carboxylate, carbonyl, ester,
or amide compounds; O2 is attributed to compounds such as alcohols, aldehydes, or sugars
(RHC(OH)(OR)/C-0O-H/C-0O-C); and O3 is attributed to nitrogen oxides (NOx). The reduction
in O2 content across all biofiltration systems may originate from the mineralization and degra-
dation of substances such as humic compounds and sugars [32].

Regarding the impact of biofiltration on subsequent NF, all three systems reduced mem-
brane fouling to varying degrees compared to the raw water (Fig. 3b). Among them, pretreat-
ment with the ACF-2 biofilter most significantly mitigated fouling, increasing the final mem-

brane flux by approximately 16.9% relative to the raw water filtration. NF membrane fouling

11
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can be categorized as reversible or irreversible [20]. When filtering raw water, irreversible
fouling accounted for 43.17% of the total fouling. Due to the dual effects of biodegradation
and adsorption on NOM, the irreversible fouling of the NF membrane when filtering the efflu-
ent from CF, ACF-1, and ACF-2 was reduced by approximately 15.6%, 22.3%, and 44.5%,
respectively. Previous research has indicated that biopolymer concentration is positively cor-
related with total membrane resistance. Biopolymers exhibit a high degree of adhesion, and
their adherence to the membrane surface increases filtration resistance [33]. At the same time,
LMW organic compounds can result in NF membrane pore blockage, leading to irreversible
fouling [34]. Therefore, the biopolymers and LMW compounds removed by biofiltration are
key factors contributing to the mitigation of different types of membrane fouling. It was ob-
served that the CF removed only about 33% of the LMW organics, and its removal of polysac-
charides and proteins was also significantly lower than that of ACF-2 (by approximately 22.8%
and 33.2%, respectively). Consequently, the ACF-2 system can significantly reduce irreversible
membrane fouling, which is a key contributor to mitigating overall membrane fouling. Further-
more, the reduction in irreversible fouling can also be attributed to a fundamental change in
fouling-layer structure. Biofiltration preferentially degrades high-affinity protein-like com-
pounds and long-chain fatty acids, resulting in a more porous, granular deposit layer on the NF
membrane [35]. This transformation, driven by DOM biotransformation and enhanced electro-

static repulsion between transformed organics and the membrane surface, reduces chemical

12
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anchoring of foulants, thereby enabling more effective flux recovery through simple hydrody-
namic cleaning.

The schematic in Fig. 3¢ illustrates the overall NF process, where high-molecular-weight
organics (such as humic acids, polysaccharides, and proteins) are retained primarily by the size
exclusion and Donnan effects of the NF membrane [36]. These retained substances accumulate
on the membrane surface, forming a gel layer. This layer acts as a secondary barrier, increasing
permeation resistance and consequently reducing flux [37]. Simultaneously, the removal of
LMW organics (such as carboxylates and sugar alcohols) via the preceding biofiltration process
reduces membrane pore blockage, thereby mitigating flux decline. In addition, the deproto-
nated, negatively charged functional groups on the polyamide NF membrane surface promote
the removal of negatively charged dissolved organics via electrostatic repulsion [38-40]. This
phenomenon, combined with the XPS data showing that ACF-2 effluent contained more oxi-
dized (and thus more electronegative) DOM, further explains the superior performance of the
ACF-2 pretreatment.

Contact angle tests were also conducted on the fouled NF membranes to evaluate the hy-
drophilicity of the accumulated foulant layer (Fig. 3d). Compared to the virgin NF membrane,
the contact angles of all fouled membranes decreased, suggesting an accumulation of hydro-
philic organic matter on the membrane surface [41]. The contact angle decreased most signifi-

cantly for the membrane fouled by raw water. In contrast, the contact angles of membranes

13
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filtering the biofilter effluents were higher (i.e., less hydrophilic). Specifically, the contact an-
gles for membranes filtering ACF-1 and ACF-2 effluents were approximately 14.7% and 20%
higher, respectively, than that of the membrane fouled by raw water. This increase may be
attributed to the removal of hydrophilic polysaccharide components via biofiltration [42], as
ACF-1 and ACF-2 removed 32.1% and 46.4% of these components, respectively. Furthermore,
because biofiltration removes a large amount of organic matter, there is less foulant build-up
on the membrane surface, resulting in a contact angle closer to that of the virgin polyamide
membrane [43].

Figure 3

3.4 Water quality analysis before and after NF

As shown in Fig. 4a, direct NF of the raw water resulted in a DOC removal rate of 59.17%.
However, pretreatment with ACF-2 provided the greatest improvement, increasing the total
DOC removal by 32.8% to a final rate of 78.45%. In comparison, the systems using ACF-1 and
CF pretreatment achieved total removal rates of 65% and 62%, respectively. This difference
likely stems from the biofiltration process altering the composition of the organic matter. As
indicated by the XPS results, the proportion of oxygen-containing carbon (i.e., C2 and C3)
progressively increased (from 30.46% in raw water to 36.09% after ACF-2 treatment). This
results in an elevated average binding energy of carbon atoms within the DOM, enhancing its

overall electronegativity [44]. Consequently, a greater amount of these more electronegative
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organic compounds is removed by the NF membrane via electrostatic repulsion. Furthermore,
the ACF biofilter removes LMW organic compounds, which would be more likely to pass
through the membrane pores. The combination of these effects (increased electronegativity and
removal of LMW compounds) alters the DOM composition, leading to a higher overall reten-
tion rate by the NF membrane. EEM fluorescence spectroscopy also confirmed the positive
effect of biofiltration on removing fluorescent dissolved organic matter (FDOM) (Fig. 4b). The
ACF-2 system was the most effective, showing the highest removal of FDOM, including tyro-
sine-like (Region 1), tryptophan-like (Region II), and fulvic/humic-like compounds (Regions
III and VI). As shown in Fig. 2b, the DOM in both raw water and biofiltration effluent was
dominated by molecules exceeding 1 kDa. This suggests that size exclusion is the primary
retention mechanism for the NF membrane [45, 46]. After NF, the intensities of all fluorescent
peaks were substantially reduced (Fig. 4c), which was consistent with the high removal rates
observed in the DOC and EEM analyses.

Previous studies have shown that trihalomethane formation potential (THMFP) is highly
influenced by hydrophobic DOM, whereas haloacetic acid formation potential (HAAFP) is
more dependent on the hydrophilic fraction [47]. In our system, the combination of standard
(non-activated) CF and NF reduced THMFP by 61.4%, which was primarily attributed to the
65.4% removal of DOC (Fig 4d). The ACF-2 and NF combination was most effective, increas-

ing the THMFP removal by 35.3% (compared to NF alone) to a total reduction of 83.1%. This
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superior performance may be attributed not only to the high DOC removal but also to the mi-
crobial conversion of large hydrophobic organic molecules into small organic acids via aerobic
respiration, which inherently reduces THMFP [48]. Organic composition analysis indicated
that biofiltration altered the carbon bonding, significantly increasing the affinity of organic
molecules for water. This process makes them more water-soluble, thus enhancing the overall
hydrophilicity of the DOM [49, 50]. A calculation of the specific THMFP (per unit of DOC)
supports this: the value decreased from 69.6 pg/g in the raw water to 54.5 pg/g in the ACF-2
effluent, indicating a selective reduction in hydrophobic THM precursors. For HAAs, NF alone
achieved a 68% removal rate. This is likely due to the retention of hydrophilic DOC (which
serves as HAA precursors) on the NF membrane surface, a conclusion indirectly supported by
the increased hydrophilicity of the membrane after filtering raw water. In comparison, the ACF-
2 and NF combination was again the most effective treatment, achieving an 89.5% HAAFP
removal (while total DOC removal was 78.45%). This enhanced HAAFP reduction can be par-
tially ascribed to the microbial conversion of biopolymers and humic acids into small-molecule
organics, which are less likely to form HAAs [51]. Finally, calculating the specific HAAFP
(per unit of DOC) after NF treatment showed a 38.1% reduction, from 22 pg/g in the raw water
to 13.4 pg/g in the ACF-2 effluent. This indicates that the combined system effectively inter-
cepted more electronegative organic matter, including the hydrophilic HAA precursors.

Figure 4
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3.5 Physical and chemical properties of CFs

To establish why the CF and ACFs exhibited different DOM removal performance, their
physicochemical properties were first investigated. The pore properties of the CF/ACFs were
evaluated in terms of N> adsorption-desorption isotherms at 77 K. As shown in Fig. 5a, both
ACFs exhibited Type I isotherms [52]. The N> adsorption increased rapidly in the low-pressure
region, indicating the presence of abundant micropores. In contrast, the N> adsorption capacity
of the standard (non-activated) CF was poor, and a clear adsorption curve was not detected.
The results shown in Fig. 5b summarize the pore volume and specific surface area of the ACFs,
confirming that they contain abundant micropores, whereas the standard CF contained almost
none. This explains the higher removal capability for LMW organics by the ACFs. The unique
fibrous morphology and continuous pore channels of ACFs likely reduce mass transfer re-
sistance, allowing LMW organics to diffuse rapidly to adsorption sites and achieve a rapid
adsorption equilibrium [24]. The pore size distributions of the CF and ACFs are given in the SI
(Fig. S4), where it can be seen that the poor adsorption performance of the CF yielded no
detectable results. The DOM adsorption capacity of the ACFs was further evaluated using
pseudo-first-order (Fig. S5) and pseudo-second-order (Fig. 5c) adsorption kinetics. The equi-
librium adsorption capacities of ACF-2 and ACF-1 were 1.66 and 1.32 mg/g, respectively,
while that of the CF was only 0.26 mg/g. Notably, ACF-2 exhibited a 10.7% greater micropore

volume and a 10.1% larger specific surface area than ACF-1. However, the equilibrium adsorp-
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tion capacity of ACF-2 for DOM was 25.7% greater than that of ACF-1, indicating that chem-
ical adsorption differences also played a role. The surface acidic functional groups of the ACFs
were subsequently quantified using Boehm titration (Fig. 5d). The total content of acidic func-
tional groups on the ACF surfaces was found to be approximately twice that of the standard
(non-activated) CF, a property that can favor the removal of hydrophilic organic compounds.
Furthermore, the significantly higher concentration of electron-deficient carboxyl groups may
also accelerate electron transfer and promote microbial activity following acclimation [53].
Their presence also lowers the electron-transfer barrier between microbial electroactive pro-
teins and the material surface, thereby accelerating respiratory chain cycling and increasing
metabolic rates.

Figure 5

3.6 Influence of CF and ACFs on microbial diversity and metabolism

Understanding the impact of different biofilters on microbial communities can further re-
veal the underlying mechanisms for the different DOM removal performances. Based on the
Bray-Curtis distance and principal coordinates analysis (PCoA), significant differences in mi-
crobial community composition were observed for the different biofilters (Adonis, R?=0.8421,
P=0.001) (Fig. 6a). Venn diagrams of amplicon sequence variants (ASVs) revealed variability
among the three biofiltration systems, with unique ASVs accounting for 72.89%, 53.68%, and

56.13% of the total unique ASVs in CF, ACF-1, and ACF-2, respectively. Richness (Chaol)
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and diversity (Shannon index) analyses show that ACF-2 had a higher richness and diversity
than both ACF-1 and CF (Fig. 6¢). At the phylum level, Pseudomonadota emerged as the most
dominant phylum in the ACF-2 biofilter (34.4%), which was 1.2 times more abundant than
ACF-1. Pseudomonadota is known for its ability to degrade polysaccharides [54], while Chlor-
oflexota breaks down complex polymeric organic compounds into low molecular weight sub-
stances and mineralizes them [55], being 1.1 times more abundant in ACF-2 than in ACF-1. At
the genus level (SI, Fig. S8), the abundance of several genera in ACF-2 was much greater than
in the CF, including Ignavibacterium (average absolute abundance: 2.621 vs 0.971), Ellin6067
(average absolute abundance: 2.956 vs 1.239), and Pseudolabrys (average absolute abundance:
2.612 vs 1.569). These microorganisms are adept at degrading organic matter [56, 57], which
explains the greater removal efficiency of ACF-2 compared to CF. Further analysis of microbial
community variability using LEfSe analysis (Fig. 6E) revealed higher LDA scores, indicating
greater species variability and influence. The Ellin6067 (LDA score: 4.107) in ACF-2 is in-
volved in organic matter degradation and the carbon cycle [57], while Burkholderiales (LDA
score: 4.627) contributes to electron transfer, the mineralization of DOM, and degradation of
poly- and aromatic hydrocarbons [58, 59]. In contrast, the main differential genera in CF and
ACF-1, such as Nocardia and Gaiella (LDA scores 4.22 and 3.904), are less effective in de-
grading DOM during water treatment [60]. These findings highlight that different substrate
environments lead to distinct microbial communities, with ACF-2’s microbial community be-

ing more efficient in removing DOM.
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Figure 6

To explore the relationship between microbial diversity and the physicochemical proper-
ties of the CF/ACFs and DOM removal, Mantel analysis was performed (Fig. 7a, 7b). The
results indicated significant correlations between microbial communities and factors such as
microporosity (R? = 0.9289, p = 0.001), electrical resistance (R?> = 0.7764, p = 0.001), and
carboxyl groups (COOH) (R? = 0.8411, p = 0.017) of the CF/ACFs. Previous studies have
shown that the electrical conductivity of materials can influence microbial community compo-
sition by altering electron-donor and electron-acceptor interactions [61]. The oxygenated func-
tional groups on the surface of ACF enhance the adsorption of hydrophilic DOM [62], while
the pore size of the packing material selectively adsorbs DOM based on molecular weight. For
example, substances with molecular weights below 5 kDa, and between 5 and 10 kDa, can
enter micropores and mesopores, respectively [15]. DBPFP was shown highly correlated with
DOM properties (R? = 0.8826, p = 0.01). In addition, specific DOM characteristics were sig-
nificantly correlated with microbial diversity, indicating that microbial communities contribute
substantially to DOM transformation. Notably, the DOM components C1 (R* = 0.8235, P =
0.001) and C3 (R?=0.7925, P =0.001) showed strong correlations with microbial diversity.

Functional annotation based on PICRUSt2 predictions can reveal metabolic signatures

among different systems, and the results of applying this are shown in Fig. 7c. The metabolism
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pathway accounted for more than 66.5% of the ASVs across all the biofiltration systems, fol-
lowed by Environmental Information Processing, Cellular Processes, and Genetic Information
Processing. In terms of metabolic pathways, ACF-2 showed a greater propensity for organic
matter removal and degradation compared to ACF-1, particularly in fatty acid metabolism (P
= 0.02), the citric acid cycle (P = 0.03), and steroid degradation (P = 0.02), all of which are
linked to microbial metabolism and respiration [63, 64].

Further analysis using PLS-PM indicates that the pore size distribution and surface chem-
ical group content significantly govern microbial diversity, either directly or indirectly, thereby
influencing DOM removal efficiencies (Fig. 7d). Carboxyl groups on the surface can indirectly
affect microbial community structure by influencing resistivity (0.93). Previous studies have
shown that microorganisms are influenced by the electron transfer process associated with the
electron-conducting properties of the substrate (electrical resistance), which in turn affects mi-
crobial enrichment [65]. Additionally, the microporosity of the medium also influences micro-
bial adaptation (1.05). The medium pore size selectively adsorbs DOM, while surface acidic
functional groups play a role in DOM chemisorption [11].

Figure 7

3.7. Discussion

The results described above reveal significant differences in the physical and chemical
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properties among the CF and ACFs. CF exhibits only mesopores, while ACF contains a sub-
stantial number of micropores, making it more available to LMW organic compounds (Figure
8). The adsorption capacities of ACF-1 and ACF-2 were 5 times and 6.4 times greater than that
of CF, respectively. CF also has relatively fewer acidic oxygen-containing functional groups
on its surface. However, medium-molecular-weight humic acids, rich in carboxyl and carbonyl
groups, form hydrogen bonds with phenolic hydroxyl groups (ACF-2 > CF > ACF-1) on the
medium’s surface [25, 26]. This interaction results in the overlap of molecular weight distribu-
tions between CF and ACF-1. The removal efficiencies of CF for DOM and DBP precursors
were only approximately 13.7% and 8%, respectively. For ACF, there are notable differences
in DOM removal between ACF-1 and ACF-2, with ACF-2 achieving a 91.2% greater removal
efficiency for DOM compared to ACF-1 (43.2% vs. 22.6%).

Figure 8

These significant differences can be attributed primarily to variations in microbial com-
munity structure rather than differences in physical and chemical properties. In biological fil-
tration, microbial metabolism is often considered the main driver of organic matter degradation
and the removal of other contaminants after long-term operation [66]. Microorganisms degrade
or transform organic matter through secreted extracellular enzymes (e.g., proteases, amylases,

cellulases), while also converting microbial metabolic activities (such as respiration or anabo-
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lism) into energy and cellular substances (Figure 8). At the same time, microorganisms prefer-
entially utilize organic matter adsorbed onto substrates, renewing the adsorption capacity and
maintaining a dynamic equilibrium between microbial degradation and adsorption [15]. In
short, microorganisms degrade organic matter adsorbed within the pores of the filter medium,
regenerating the medium’s adsorption capacity. This creates a cycle that balances biodegrada-
tion and adsorption, leading to stable removal efficiency. The dominant microbial species
(Pseudomonadota, Chloroflexota, Bacillota) enriched in ACF-2 are beneficial for organic mat-
ter degradation and direct electron transfer mineralization. Functional analyses predict that
ACF-2 is more enriched in metabolic and degradation pathways, directly contributing to its
superior performance when combined with subsequent NF. This results in 78.45% removal of
DOM and 83.14% and 89.6% removal of THMFP and HAAFP, respectively.

The greater capacity of ACF to remove LMW organics reduces the likelihood of NF mem-
brane pore blockage, thus mitigating irreversible fouling-induced flux decline. Compared to
CF, ACF contains a greater abundance of oxygen-containing acidic functional groups, enabling
effective adsorption and removal of hydrophilic organic matter. This reduces accumulation on
the NF membrane surface. Additionally, biofiltration transforms organic components by in-
creasing their electronegativity, which enhances electrostatic repulsion with the NF membrane.
This, in turn, alleviates reversible fouling and further mitigates flux decline (Figure 8). Alt-

hough long-term operation may involve risks of biofilm detachment and metabolite leaching,
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the electrochemical properties of ACF suppress leachate generation at the source by accelerat-
ing microbial metabolism, while efficient electron transfer also reduces the accumulation of
intermediate products from incomplete biodegradation. Furthermore, in NF systems, NF mem-
branes provide an effective physical barrier that intercepts residual leachates.

In conclusion, the performance of biofiltration in DOM removal is influenced by the phys-
ical and chemical properties of the filter media, which in turn affect microbial enrichment and
the microbial biodegradation rate. The combination of ACF biofiltration and NF effectively
removes DOM and DBPFP, while also mitigating both reversible and irreversible fouling of

the NF membrane, highlighting its promising application.

4. Conclusion

The physicochemical properties of the CF determine which DOM constituents are selec-
tively adsorbed and jointly influence the enrichment of microbial communities. In addition, the
size-filtering effect and the indirect effect of carboxyl groups on the filter media's electrical
resistance can also influence microbial enrichment, consequently impacting the biodegradation
process. This biodegradation regenerates the adsorption capacity of the filter media, ultimately
achieving a balance between adsorption and biodegradation. The combined process of ACF
biofiltration and NF not only contributes to the efficient removal of DOM and DBPFP but also
mitigates both reversible and irreversible NF membrane fouling. This evaluation of the com-

bined process (ACF-based biofiltration with NF) offers valuable insights for water purification
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and management, and provides a solid foundation for the practical application of the process.
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Figure Captions

Figure 1. Water quality characteristics during operation of biofilters: (a) DOC concentrations
in the influent and effluents, and corresponding DOC removal rates; (b) DOM fluorescence
characteristics of the water samples during Stage 11, as identified by PARAFAC analysis; and
(c) Changes in the abundance of the three fluorescent components (C1, C2, C3) in different
water samples during Stage II.

Figure 2. (a) MW distribution of DOM in raw water and effluents from the different biofilters;
(b) Quantification of DOM fractions within different MW ranges; (c) Changes in the content
of microbially-derived biopolymers; and (d) Integral quantification of EEM fluorescence re-
gions in raw water and biofilter effluents.

Figure 3. (a) High-resolution C 1s and O 1s XPS spectra of DOM in raw water and effluents
from the different biofilters; (b) Normalized flux during NF tests; (c) Schematic diagram illus-
trating DOM retention by the NF membrane; and (d) Water contact angles of virgin and air-
dried fouled NF membranes after filtration.

Figure 4. Water quality analysis before and after NF: (a) DOC concentrations before and after
NF, using raw water or biofilter effluents as the feed solution; (b) EEM fluorescence spectra of
different NF effluents; (c) MW distribution of raw water and different NF effluents; and (d)
DBPFP of water samples before and after NF.

Figure 5. Physicochemical properties of the CF and ACFs: (a) N2 adsorption/desorption iso-
therms of the ACFs; (b) Pore volume and specific surface area; (c) Pseudo-second-order ad-
sorption kinetics of DOM onto the CF and ACFs; (d) Surface acidic functional group content;
and (e) High-resolution C 1s XPS spectra of the CF and ACFs.

Figure 6. Microbial community structure analysis: (a) Principal coordinate analysis (PCoA)
plot based on Bray-Curtis dissimilarity of ASVs; (b) Venn diagram showing shared and unique
ASVs among the three biofilters; (c) Alpha-diversity of the microbial communities (Chaol and
Shannon indices); (d) Relative abundance of dominant bacterial phyla; and (e) LEfSe analysis
identifying significantly enriched bacteria in each biofilter (p < 0.05, LDA score > 4).

Figure 7. Correlation and functional analyses: (a) Relationships among microbial composition,
DOM characteristics, and CF properties; (b) Impact of DOM characteristics on microbial com-
position; (c) Extended error bar plot of predicted functional pathways (KEGG Level 3) with
significantly different abundances in ACF-1 and ACF-2 (FDR-adjusted p < 0.05); and (d) PLS-
PM analysis showing how the pore size distribution and surface chemical groups of the ACFs
govern microbial diversity and DOM removal (red lines = positive correlation; blue lines =
negative correlation; The black line represents aspects that are not directly related to the PLS-

PM, but are part of the overall mechanism for DOM degradation.).
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738  Figure 8. Schematic diagram illustrating the mechanisms of DOM removal by ACF biofiltra-
739  tion and the subsequent impacts on NF fouling.
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Figure 1. Water quality characteristics during operation of biofilters: (a) DOC concentrations
in the influent and effluents, and corresponding DOC removal rates; (b) DOM fluorescence
characteristics of the water samples during Stage 11, as identified by PARAFAC analysis; and
(c) Changes in the abundance of the three fluorescent components (C1, C2, C3) in different
water samples during Stage I1.
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747  Figure 2. (a) MW distribution of DOM in raw water and effluents from the different biofilters;
748  (b) Quantification of DOM fractions within different MW ranges; (c) Changes in the content
749  of microbially-derived biopolymers; and (d) Integral quantification of EEM fluorescence re-
750 gions in raw water and biofilter effluents.

36



751

752
753
754
755

(a) Raw [CF [ACF1 [ACF2
c1 c1 o
C1 63.91%
c2 I65.56% c2 64.6% 2 c2
69.53% 15.83% © 235% oy . 16.92% C3 2.84%,
c3 / : 18.48% 3
1493% 13;09/" 1}25%
3 7l
8
2 284 288 284 288 284 288 284 288
& Raw CF [ACF-1 IACF-2
f=
- { o1
| o1 \ \ A
A% \ 66.71% / oL \ o1
/ | 23.07%, | 02“ in\ 56.58% \70.11%
/ /746% o3 f /9 w03 | 4‘//2 6092% / 02 o3
/ ,19.47% - 13.88% 97 16,5206 \ AL12% 17779
/ W \//; ) e 4
532 53 540 532 53 540 532 53 540 532 536 540
Binding Energy (ev]
(C) g ay (ev)
% humic acid(e’)
%  fulvic acid
O S polysaccharide
. -
st 2 gn‘ i protein
s ©® carboxylates
e .
« °, glucuronides
L]
- aldehydes
L)
ketones

Figure 3. (a) High-resolution C 1s and O 1s XPS spectra of DOM in raw water and effluents
from the different biofilters; (b) Normalized flux during NF tests; (c) Schematic diagram illus-
trating DOM retention by the NF membrane; and (d) Water contact angles of virgin and air-

dried fouled NF membranes after filtration.
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757  Figure 4. Water quality analysis before and after NF: (a) DOC concentrations before and after
758  NF, using raw water or biofilter effluents as the feed solution; (b) EEM fluorescence spectra of
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Figure 5. Physicochemical properties of the CF and ACFs: (a) N2 adsorption/desorption iso-
therms of the ACFs; (b) Pore volume and specific surface area; (c) Pseudo-second-order ad-
sorption kinetics of DOM onto the CF and ACFs; (d) Surface acidic functional group content;
and (e) High-resolution C 1s XPS spectra of the CF and ACFs.
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Figure 6. Microbial community structure analysis: (a) Principal coordinate analysis (PCoA)
plot based on Bray-Curtis dissimilarity of ASVs; (b) Venn diagram showing shared and unique
ASVs among the three biofilters; (c) Alpha-diversity of the microbial communities (Chaol and
Shannon indices); (d) Relative abundance of dominant bacterial phyla; and () LEfSe analysis
identifying significantly enriched bacteria in each biofilter (p < 0.05, LDA score > 4).
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: (@) Relationships among microbial composition,
DOM characteristics, and CF properties; (b) Impact of DOM characteristics on microbial com-
position; (c) Extended error bar plot of predicted functional pathways (KEGG Level 3) with
significantly different abundances in ACF-1 and ACF-2 (FDR-adjusted p < 0.05); and (d) PLS-
PM analysis showing how the pore size distribution and surface chemical groups of the ACFs
govern microbial diversity and DOM removal (red lines = positive correlation; blue lines =
negative correlation; The black line represents aspects that are not directly related to the PLS-
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782  Figure 8. Schematic diagram illustrating the mechanisms of DOM removal by ACF biofiltra-
783  tion and the subsequent impacts on NF fouling.
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