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ARTICLE INFO ABSTRACT

Editor name: Prof. G. Chen Wastewater treatment is challenged by refractory contaminants and rising water demand, while conventional
coagulation-flocculation suffers from low throughput and is sensitive to the influent water conditions. Cellulose
fibers can act as super-bridging agents offering enhanced turbidity removal when used in conjunction with
traditional coagulants and flocculants. However, the chemical modification of cellulose fibers and their per-
formance under challenging influent conditions remain largely unexplored. In this study, recycled cellulose fibers
are modified with cationic quaternary ammonium groups, imparting a positive charge that can improve treat-
ment performance for a wider range of water matrices including varying influent pH, ionic strength, and
turbidity. Modified fibers achieve turbidity below 5 NTU across all influent pHs (7.0-8.9) and turbidities (62-285
NTU) tested, while pristine fibers show that the target turbidity of 25 NTU is not reached when the influent pH or
turbidity exceed 8.2 or 130 NTU, respectively. Additionally, modified fibers achieve the target turbidity of 25
NTU even in the presence of an additional 20 mM NacCl, while pristine fibers cannot reach this target at an
additional 10 mM NaCl. Furthermore, the modified fibers enhance the removal of metals such as Zn, Cr, Fe, and
Pb through the incorporation of metal hydroxide precipitates within fiber-based flocs. Overall, pristine and
modified fiber-enhanced treatments remove 52% and 65% of metals, respectively, compared to 39% with the
conventional method. Therefore, modified cellulose fibers represent a promising strategy for enhancing
coagulation-flocculation treatment performance.
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technologies that reduce costs and improve water throughput during
wastewater treatment are necessary for addressing the imminent global

1. Introduction

Water scarcity is a global crisis, affecting roughly half of the world's
population at some point during the year [1]. Improperly managed
wastewater exacerbates this challenge by polluting freshwater supplies
and increasing pressure on limited water reserves. When discharged,
untreated wastewater contributes to eutrophication, oxygen depletion,
and biodiversity loss in aquatic ecosystems [2-4]. Effective wastewater
treatment is therefore essential to protect both environmental and
human health. However, current global estimates suggest that only 52%
of wastewater is treated, largely due to a lack of collection and treatment
infrastructure [5]. This issue is expected to intensify with increasing
temperatures, rapid population growth, urbanization, and industriali-
zation, all of which increase wastewater production and the risk of
sending untreated discharges to the environment [6]. Therefore,

water crisis.

The coagulation-flocculation process is the most commonly used
physicochemical method in wastewater treatment plants [7]. In this
process, a hydrolyzing metal coagulant is used in conjunction with a
polymeric flocculant to destabilize suspended particles and facilitate
floc formation and subsequent settling. Common coagulants such as
aluminum or ferric sulfate dissolve in water to release trivalent metal
ions, which hydrolyze to form hydroxide species that neutralize sus-
pended particle charges and facilitate the precipitation of dissolved
substances [8]. Following coagulation, high-molecular weight synthetic
polymers such as polyacrylamide (PAM) are added as flocculants to
increase floc sizes through attachment of clumped particles on their
surface [9]. Although widely used, the coagulation-flocculation process
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is highly sensitive to influent water characteristics, including pH and
ionic strength, which strongly influence floc size, strength, and structure
[10,11]. Moreover, residual coagulants and flocculants that accumulate
in sludge can contribute to landfill toxicity and limit the quality of
sludge-based agricultural fertilizer [7]. These challenges motivate the
development of novel strategies to advance conventional treatment
processes.

Cellulose-based technologies such as filtration media [12], advanced
membranes [13], and nanofibrous adsorbents [14,15] represent a sus-
tainable class of water remediation solutions as they are both renewable
and biodegradable. Among them, fibrous cellulose materials have
recently been developed to enhance conventional coagulation-
flocculation processes [7,16]. When cellulose fibers are introduced in
conjunction with traditional coagulants and flocculants, the resulting
flocs settle faster due to their increased size and density, and the treated
water is significantly less turbid [7]. In this context, the cellulose fibers
act as a flocculation aid by physically bridging and enmeshing destabi-
lized particles and microflocs into larger, more rapidly settling aggre-
gates, and have therefore been termed “super-bridging agents” [7,16].
This mechanism is fundamentally distinct from that of bio-flocculants (e.
g., starch, chitosan), which are typically dissolved or colloidal bio-
polymers that adsorb onto particle surfaces and promote aggregation
through polymer bridging at the molecular scale [17-20]. In contrast,
super-bridging agents are discrete, macroscopic structures (typically
1-2 mm in length and 10-30 pm in diameter) that form a physical
network capable of capturing particles and precipitates over much larger
length scales [7,16]. This fiber-based approach has practical value in
industry as the rapid settling time of the super-sized flocs produced
using cellulose allows for a larger throughput and thus, an increased
capacity without the addition of ballast media [7]. Additionally, the
super-sized flocs can facilitate the use of screening-based floc separation,
reducing the requirement for a large settling tank [7]. Compared to
other technologies for the removal of suspended solids such as electro-
coagulation [21], the fiber-based strategy can be implemented directly
within existing settling tanks, which are used in more than 70% of
wastewater treatment plants in North America [7].

While the fiber-enhanced approach to primary wastewater treatment
has shown promise, important gaps in the literature remain. Despite the
vast potential to functionalize cellulose with a variety of functional
groups for targeting specific contaminants, few studies have assessed
surface-modified cellulose fibers within the proposed context [16,22]. In
one example, iron oxide grafted fibers improved phosphorus removal
and enabled a reduced coagulant dosage when the fibers were reused,
but showed minimal improvement of the removal of model suspended
solids compared to pristine fibers [22]. In another example, fibers
grafted with patches of silica demonstrated improved settling compared
to the original cellulose material due to the increased density of the fi-
bers [7]. However, the potential to enhance performance by tuning the
electrostatic interaction of the fibers via covalent functionalization has
yet to be explored. Moreover, the influence of key water quality pa-
rameters such as pH, ionic strength, and initial turbidity on the perfor-
mance of the fiber-based strategy has not been systematically evaluated.

The objective of this work is to develop a proof-of-concept quater-
nary ammonium-modified fibrous material for use in wastewater treat-
ment, and to evaluate its efficacy over a range of influent conditions.
This represents the first use of a covalently functionalized cellulose fiber
for use as a super-bridging agent and aims to highlight the role of the
fiber surface charge in facilitating turbidity removal via the use of a
well-established functionalization strategy (Table S1). First, the optimal
concentration and degree of oxidation of modified fibers for turbidity
removal in synthetic wastewater are determined. Then, to gain mecha-
nistic insight into the improved performance with modified fibers, the
floc size and settling rate for the (i) conventional, (ii) pristine fiber-
enhanced, and (iii) modified fiber-enhanced treatment strategies are
systematically compared. The robustness of this fiber-enhanced treat-
ment is demonstrated by evaluating the turbidity of the treated water
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after floc settling (settled turbidity) for various influent water condi-
tions, namely pH, ionic strengths, and turbidities, as well as in real
municipal wastewater. The use of a screen to separate the fiber-based
flocs from the treated water is evaluated under both typical conditions
and challenging influent conditions characterized by high pH and high
turbidity. Finally, the removal of metals is evaluated to further
demonstrate the performance of this novel proof-of-concept fibrous
material for wastewater treatment.

2. Materials and methods
2.1. Fiber preparation and modification

Recycled cardboard was used as a starting material to prepare a
suspension of cellulose fibers. Cardboard was torn into 5 cm pieces and
soaked in warm tap water for 5 min before blending for 7 s in a Ninja
blender at 40 g/L. The resulting suspension was poured over a 160 pm
stainless steel sieve and rinsed in deionized (DI) water (Type 3, Milli-Q)
for 60 s before excess water was pressed out of the fibers. To prepare
cellulose fibers modified with quaternary ammonium groups, a method
was adapted from an existing work which produced modified nano-
crystalline cellulose by oxidation with (meta)periodate followed by
quaternary ammonium functionalization with (2-hydrazinyl-2-
oxoethyl)-trimethylazanium chloride (i.e., Girard's reagent T) [23]. By
reducing the duration of the periodate oxidation from 24 h to 2 h or less,
and forgoing a hot water post-treatment step, the cellulose fibers
maintain their length mostly between 1 and 2 mm. All chemicals were
purchased from Sigma-Aldrich unless otherwise noted. First, 5.33 g so-
dium (meta)periodate (NalO4) and 15.6 g sodium chloride (NaCl,
Thermo Fisher Scientific) were dissolved in 179 mL of DI water in a 500
mL flask covered in aluminum foil. Then, 91 g of a blended cardboard
slurry (12 g/260 mL DI water) was added and stirred for 30, 60, or 120
min depending on the desired oxidation time (Scheme 1). This
oxidation-functionalization approach was specifically selected because
the oxidation time provides a direct means to control the degree of
surface cationization of the fibers. As the objective of the functionali-
zation is to modify only the fiber surface, the oxidation is kept under
120 min to avoid fibrillation [23]. The reaction was quenched with 3 mL
of ethylene glycol (C2HgO), and the resulting oxidized fibers were
poured over a 160 pm sieve and rinsed for 10 min in DI water. To induce
the quaternary ammonium functionalization of cellulose, oxidized fibers
underwent a Schiff base reaction (Scheme 2) with Girard's reagent T
(GT, Thermo Fisher Scientific) [24]. Fibers were stirred for 24 h at a
ratio of 1 g dry fibers: 4.8 g NaCl: 2 g GT: 320 g DI water with the pH of
the suspension adjusted to 4.5 with 1 M HCL. The resulting modified
fibers were washed over a 160 pm sieve and rinsed for 5 min using DI
water.

2.2. Characterization of fibers

To determine the length of pristine and modified fibers, a diluted
suspension of fibers was left to dry on a glass Petri dish at 60 °C for 24 h.
Then, images of fibers were collected with a stereomicroscope
(Olympus, SZX16) at 20x magnification. For each fiber type, at least
200 individual fibers were traced in ImageJ. Similarly, a diluted sus-
pension of each fiber was left to dry on a microscope slide for IR analysis.
The IR spectra of each fiber was collected on a mIRage-R (Photothermal
Spectroscopy Corp.) instrument equipped with an IR pump beam
(MIRcat 2400, Daylight) covering 1800-800 cm ! and 3000-2650 cm *
and a 532 nm probe laser. The probe power and IR power were set to
10.7% and 20%, respectively. The spectrum in the presented figures is
an average of at least three measured spectra per fiber.

An electrokinetic analyzer (EKA, SurPASS 3, Anton Paar GmbH)
equipped with a cylindrical cell was used to evaluate the surface charge
(zeta potential) of the fibers. The streaming potential was measured at
room temperature as a function of the pressure decay in the cylindrical
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Scheme 1. Periodate oxidation of cellulose (m < n) (note that oxidation does not occur on all glucose units due to the oxidation time used in this study).
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Scheme 2. Quaternary ammonium modification of oxidized cellulose (note that attaching two cationic groups to the same glucose unit is unlikely due to ste-

ric hindrance).

cell while the electrolyte solution was pumped through. The relationship
between the streaming potential, measured with two Ag/AgCl elec-
trodes, and the zeta potential was determined using the Helmholtz-S-
moluchowski Eq. [25]. The electrolyte consisted of synthetic wastewater
(SWW) prepared according to the recipe presented in Section 2.3,
excluding the silica, urea, peptone, and meat extract. The pH of the
electrolyte was adjusted to values between 7.1 and 8.6, meant to
represent the pH of typical municipal wastewaters, with the addition of
1 M NaOH. For each data point, at least five measurements were taken.

Conductometric titration was used to determine the fibers' surface
charge content by the same protocol as a previous work [23]. Briefly, a
150 mg/L suspension of fibers was titrated in DI water (pH = 6) with
AgNOs3 (10 mM) in 0.1 mL increments. The temperature of the jar was
allowed to reach 21 °C prior to the first titrant addition. The conduc-
tivity was recorded after at least 60 s of stirring on a conductivity probe
(13-620-100, Accumet, Fisherbrand). Three titration curves were ob-
tained for each type of fiber (Fig. S1).

The pristine and modified fibers were freeze dried and analyzed by X-
ray Photoelectron Spectroscopy (XPS) with a Nexsa G2 Surface Analyzer
(Thermo Scientific) equipped with an Al Ko X-ray source. Low resolution
scans were conducted at pass energy 200 eV, whereas high resolution
scans were conducted at 50 eV. The binding energies were referenced to
the Cl1s neutral carbon peak at 284.8 eV.

2.3. Jar test procedure

Jar tests are conducted using the same protocol as previous work
[22]. Ten-fold concentrated synthetic wastewater (SWW) was prepared
according to OECD guidelines by combining 10 mg of magnesium sulfate
heptahydrate (MgS0O4-7H20), 20 mg of calcium chloride dihydrate
(CaClz-2H,0), 35 mg of sodium chloride (NaCl), 0.15 g of urea (Alpha
Chemicals), 0.14 g of dipotassium phosphate (KoHPOy4), 0.55 g of meat
extract, 0.8 g of peptone, and 500 mL of DI water [26]. The concentrated
SWW was stirred for 60 min before use and was stored at 4 °C. In jar
tests, 25 mL of concentrated SWW was diluted in 225 mL of tap water at
room temperature (21 °C), followed by the addition of 350 pL of a silicon
dioxide suspension (40 g SiO2/L, 1-5 pm in size) to raise the initial
turbidity to 62 + 1 NTU. The zeta potential of the silica suspension was
determined with a Zetasizer Ultra (Malvern) using a DTS 1070 Cell
(Fig. S3a). For experiments at different pH, the SWW was adjusted with

1 M HCI or 1 M NaOH. By default, the pH of the SWW was 7.7. To in-
crease the ionic strength or initial turbidity, additional NaCl or SiO5 was
added, respectively, to individual jars prior to starting the jar tests.

Jar tests were conducted in 500 mL glass beakers agitated with a
magnetic stir bar at 200 rpm. To start coagulation, aluminum sulfate
(alum) (ALS, Kemira Water Solutions Canada, Inc.) was added and
mixed for 2 min. Then, anionic polyacrylamide (aPAM, molecular
weight > 10° g/mol, anionic charge density < 5%) (Hydrex 3511,
Veolia) was added in two equivalent doses one minute apart to prevent
floc breakage for a total treatment time of 4 min (Fig. 1) [27]. The aPAM
solution was prepared by dissolving 50 mg of aPAM in 100 mL of DI
water in a fume hood and was used within one month of preparation. For
treatment involving fibers, the fibers are added in a single dose, 15 s
before the first addition of aPAM. The turbidity was measured using a TB
300 IR turbidimeter (Lovibond) with 10 mL of water. For the settled
turbidity experiments, water was sampled 2 cm from the surface after
30 s and 180 s of settling. Select experiments were conducted with
humic acid spiked synthetic wastewater, where the humic acid stock was
prepared by dissolving 50 mg of humic acid (Sigma-Aldrich, #
BCCB6671) in 20 mL of DI water and 300 pL of 1 M NaOH and mixing
overnight to ensure complete dissolution. For the screened turbidity
measurements, the sample was collected by submerging a screen basket
with an aperture between 500 and 5000 pm into the water while stirring
continued. The sampling pipette was cut with scissors 1 cm from the tip
to ensure there was no accidental filtration of flocs during turbidity
measurements. Representative images of the jars after 180 s of settling
were taken using a smart phone camera. A visual representation of the
jar test procedure with and without fibrous super-bridging agents is
provided in Fig. 1. In order to optimize the parameters for conventional
treatment, a 25 NTU setpoint was used as it is equivalent to the
maximum limit of total suspended solids (TSS) for treated wastewater in
Québec (Canada) (Fig. S3b, 25 mg TSS/L) [28].

2.4. Floc size and settling rate determination

Floc settling rate was determined using a similar approach as pre-
vious work [29]. After 180 s of settling, the jar was stirred gently to
resuspend settled flocs which were then individually transferred with a
plastic pipette to the top of a 500 mL graduated cylinder filled with tap
water. A stopwatch was used to determine the time required for 30 flocs
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Fig. 1. Overview of jar test procedure and underlying chemistry during coagulation, flocculation, and settling for conventional and fiber-enhanced treatment
strategies. Values above the diagram represent the timing (min:s) for the three-step jar test procedure used in all experiments.

to reach the bottom of the cylinder which corresponded to a distance
travelled of 24.5 cm. To determine the area of flocs, separate jar tests
were conducted and again the jar was gently stirred after 180 s settling
and 30 individual flocs were transferred to a Petri dish. After leaving to
air dry, the flocs were imaged using a stereo microscope (Olympus,
SZX16) at 20x magnification. The circumference of the flocs was traced
in ImageJ to compute a representative area. To determine differences in
the floc size and settling rate, statistical analyses were conducted in
MATLAB using the Statistics and Machine Learning Toolbox. As data
were not normally distributed (Anderson Darling test), the non-
parametric Kruskal-Wallis test was used, followed by the MATLAB
multcompare function to identify significant differences.

2.5. Jar tests in real wastewater influent

The use of conventional, pristine fiber-enhanced, and modified fiber-
enhanced treatments were evaluated in real municipal wastewater
collected at the influent of the Sainte-Catherine wastewater treatment
plant (Sainte-Catherine, Québec, Canada, water properties in Table S2).
For tests in real wastewater, a TL2350 turbidimeter (HACH) was used to
measure the turbidity after 30 s and 180 s of settling. Total suspended
solids (TSS) was determined by the US EPA Gravimetric method (Section
2540D) [30] with glass microfibre filters (pore size 0.7 pm, GE
Healthcare Life Sciences, Whatman).

2.6. Quantifying removal of metals

All metals were purchased from AnalytiChem with stock concen-
tration 1000 mg/L in 2% nitric acid (HNOs). For jar tests meant to
elucidate the removal of metals, metal stocks were added to each jar to
reach a concentration of 0.5 mg/L of Ni, Fe, and Zn, and 0.05 mg/L of Cr,
Pb, and Mn. These concentrations are of similar magnitude and relative
abundance than those observed in real wastewater influents [31]. Each
jar was adjusted to pH 7.7 using 1 M NaOH before initiating the
coagulation-flocculation processes. A 10 mL sample was collected in a
polypropylene tube (DigiTUBE) after 30 s and 180 s of settling for metal
analysis. Samples were acidified using nitric acid (ThermoFisher

Scientific, 67%) and subsequently digested at 95 °C for 1 h in a DigiPREP
(SCP Science). Then, samples were subject to vacuum filtration through
hydrophilic Teflon filters (pore size 0.45 pm, Fisherbrand) before in-
jection in an iCAP 6000 series ICP Spectrometer (ThermoFisher Scien-
tific) to determine the concentration of each metal in the sample. To
confirm the success of the acidification and digestion procedure, as well
as to ascertain whether there were significant experimental losses of
metals during the experiment, a control test was conducted (Fig. S4).
Following jar tests for the removal of metals with modified fibers, the
sludge was collected, freeze dried, and then analyzed by XPS by the
method described in Section 2.2.

3. Results and discussion
3.1. Characterization of pristine and modified cellulose

The synthesis of modified cellulose was conducted by periodate
oxidation followed by quaternary ammonium functionalization with
Girard's reagent T. The length distribution, zeta potential, surface charge
content, and IR spectra of pristine fibers and modified fibers obtained
via the three different oxidation times are shown in Fig. 2. The average
length of both pristine and modified fibers is ~1600 pm, as shown in
Fig. 2a, suggesting that the periodate oxidation step does not signifi-
cantly alter the physical integrity of fibers despite cleavage of some
adjacent hydroxyl groups on the cellulose chain [23].

The zeta potential of pristine (unmodified) cellulose was between —6
and — 7 mV for the range of pH studied. The zeta potential for modified
cellulose oxidized for 60 and 120 min is consistently greater than the
unmodified starting material, confirming the partial cationization of the
modified fiber surface. At pH 7, the zeta potential of the modified fibers
increased from —2.7, to —0.1, to 1.9 mV, with increasing oxidation time
(30, 60, 120 min). The zeta potential of all functionalized fibers
decreased slightly with increasing pH.

The average charge content on the fibers' surface is measured by
conductometric titration to determine the concentration of quaternary
ammonium groups present (Fig. 2¢ and Fig. S1). Consistent with the
results for the zeta potential, an increase in the oxidation time leads to
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an increasing charge content, from 0.42 mmol/g for 30 min oxidized to
0.48 and 0.56 mmol/g for 60 min and 120 min oxidized, respectively.
This demonstrates that by altering the oxidation time it is possible to
tune the degree of cationization on the fibers' surface. These values are
consistent with previous work which synthesized cationic nanocrystal-
line cellulose and reported a charge content of 1.68 mmol/g after a
much longer (24 h) oxidation time [23].

The IR spectra for the pristine fibers, oxidized intermediate fibers,
and modified fibers are shown in Fig. 2d. The oxidized cellulose displays
a new peak at 1725 cm ™' (peak I) demonstrating the presence of the
C=0 aldehyde group [32]. The modified cellulose no longer has a peak
at 1725 cm~! and instead has a broad peak at 1680 em! (peak II)
associated with the carbonyl group from Girard's reagent T [23], con-
firming that the reaction was successful in preparing modified cellulose
with significant conversion of aldehyde groups. Additionally, XPS of
pristine and modified fibers (60 min oxidized) confirms the presence of
nitrogen on the fibers' surface due to the reaction (Schemes 1, 2)
(Fig. S2).

3.2. Optimization of jar test parameters

Prior to evaluating the robustness of the wastewater treatment
strategies, the mixing speed as well as the coagulant and flocculant
concentration were optimized based on the conventional treatment
strategy with 180 s of settling. The ideal mixing speed was determined to
be 200 rpm (Fig. S5), and the optimal alum and aPAM dosages were
adjusted until the conventional treatment method yielded 25 NTU after
180 s settling and were 48 mg/L and 0.5 mg/L, respectively (Fig. S6).
These three parameters (stir speed = 200 rpm, coagulant dose = 48 mg/
L, flocculant dose = 0.5 mg/L) were maintained throughout all subse-
quent jar tests unless otherwise indicated.

To determine the ideal synthesis conditions for the modified fibers

and the ideal fiber concentration, the settled turbidity for fibers with
different oxidation times and fiber concentrations was evaluated as
presented in Fig. 3. The addition of modified cellulose leads to improved
turbidity removal compared to pristine cellulose (unmodified) under
almost all conditions tested, confirming that the surface charge of the
fibers is a critical factor for fiber efficiency. Interestingly, the optimal
fiber concentration for modified fibers increases with decreasing
oxidation time, whereas the pristine fibers show similar turbidity
removal for all concentrations between 50 and 200 mg/L. At 180 s
settling, the ideal fiber concentration increases from 50 to 150 to 200
mg/L for fibers oxidized for 120 min, 60 min, and 30 min, respectively
(Fig. 3b). This observation is pronounced at 30 s settling, where the fi-
bers oxidized for 120 min show a steep increase in settled turbidity at all
concentrations above 50 mg/L and perform worse than the pristine fi-
bers at 200 mg/L (Fig. 3a). This decrease in performance at a high
concentration of the modified fibers is likely the result of two competing
electrostatic interactions: (i) between modified cellulose and anionic
suspended particles which improves turbidity removal, and (ii) between
individual charged fibers which hinders floc formation and particle
settling, thus inhibiting turbidity removal. Consistent with this expla-
nation, the lowest charge density fibers (30 min oxidation, 0.42 mmol/
g) achieved optimal performance at the highest tested dosage (200 mg/
L), while more highly charged fibers reached optimal performance at
lower concentrations (Fig. 3). With increasing oxidation time, the higher
charge content on the fibers' surface likely causes the dominant inter-
action to switch from turbidity removal (attraction between fibers and
particles) to floc formation inhibition (repulsion between fibers). As
such, increased surface charge promotes initial particle attachment but
may hinder floc growth at higher fiber concentrations by limiting inter-
fiber bridging. Due to the higher concentration of quaternary ammo-
nium groups on the 120 min oxidized fibers (Fig. 2c and Fig. S1), it is
also likely that a higher flocculant dose is required to successfully
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bars are calculated from the average and standard deviation of three replicates. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

aggregate modified fibers at fiber concentrations >50 mg/L.

As the modified fibers oxidized for 60 min showed excellent turbidity
removal at 30 s settling over a broad range of fiber concentrations
(50-150 mg/L), the 60 min oxidation time was chosen for the subse-
quent experiments. These fibers performed best at concentration 150
mg/L, where the turbidity dropped to 3 NTU after 180 s settling,
compared to the 17 NTU achieved with pristine fibers at the same
concentration (Fig. 3b).

3.3. Understanding the mechanisms of turbidity removal via modified
fibers

The residual turbidity, floc size, and floc settling behavior were
compared for the conventional (no fibers) and fiber-enhanced (150 mg/
L pristine and 150 mg/L modified) treatment strategies. Fig. 4a shows
that the improved clarity of the treated water is visually distinct for each
of the conditions tested, and that the fiber-containing sludge has a
higher volume and appears less dense than the conventional sludge. The
analyzed flocs with conventional treatment were all of similar size (0.82
+ 0.64 mm?) and within an order of magnitude of typical floc sizes re-
ported by other studies [33,34], whereas the fiber-based flocs are sub-
stantially larger, and take on a range of sizes based on the number of
fibers which have become incorporated (Fig. 4b and c). As resuspending
settled flocs and measuring them with 2D imaging cannot fully represent
their 3-D structure, these floc sizes should be used only for relative
comparison between treatments. Comparing the pristine and modified
fiber-based flocs, the modified fibers had a significantly larger cross-
sectional area (30.2 mm? compared to 12.3 mm? for pristine fibers)
and settling rate (0.68 cm/s compared to 0.48 cm/s for pristine fibers),
showing potential to match floc settling rates achieved via magnetite-
ballasted flocculation [35]. As such, the short settling times (30 s and
180 s) used in this study are significantly lower than those used else-
where, which can range from 20 min-2 h for similar coagulation-
flocculation processes [36-38].

The floc images in Fig. 4b suggest a mechanistic difference in the
removal of turbidity between the conventional and fiber-enhanced
treatment strategy. With both types of fibers, the silica aggregates
along the surface of the fibers are much smaller than those obtained via
the conventional method, suggesting that instead of simply bridging
silica aggregates together, the fibers accumulate small coagula on their
surface. Then, after bridging induced by the flocculant, the fibers rapidly
settle these attached coagula and facilitate their removal. To better
understand how the surface modification of fibers leads to improved
performance, jar tests were conducted excluding either SiO, and

coagulant, coagulant and flocculant, or just flocculant, which allows for
isolating the various interactions at play with both fiber types (Fig. 5).

In jar tests without any SiO; or coagulant (Fig. 5a), the interaction
between the fibers and anionic flocculant could be isolated, as residual
turbidity was solely the result of unsettled fibers in suspension. The
modified fibers settled more quickly, reaching 12 NTU after 30 s
compared to 30 NTU with pristine fibers, indicating that the improved
performance of modified fibers could be partially attributed to an
enhanced fiber-flocculant interaction (Fig. 5a). In turbid wastewater
without coagulant and flocculant (Fig. 5b) it can be determined if sus-
pended particles adhere to fibers' surface. Under these conditions,
modified fibers facilitated a slight reduction in turbidity (~6%, p <
0.05) after 180 s of settling demonstrating the attachment of some
negatively charged particles (Fig. S3a) directly to the modified fiber
surface (Fig. 5b). The pristine fibers were unable to reduce turbidity
under the same conditions, suggesting the direct fiber-particle interac-
tion is unique to the fibers with quaternary ammonium functional
groups (Fig. 5b). In turbid wastewater without flocculant (Fig. 5¢), the
interaction between coagula and fibers is isolated. After 180 s, the
modified fibers achieved 36 NTU whereas pristine fibers resulted in no
removal (Fig. 5¢). This indicates that the modified fibers also have an
improved interaction with coagulated particles. In summary, these re-
sults demonstrate that the improved performance associated with the
modified fibers is due to a higher affinity for flocculant, individual
particles, and destabilized coagula simultaneously, which enables the
rapid formation of super-sized flocs.

3.4. Turbidity removal under challenging influent conditions

To evaluate the robustness of the fiber-enhanced wastewater treat-
ment strategy and account for the water quality variation observed in
full-scale wastewater treatment plants, jar tests were conducted over a
range of influent conditions. In particular, the pH, ionic strength, and
initial turbidity of the synthetic wastewater were systematically varied
based on the observed properties of real wastewater, and an additional
test was conducted in real wastewater. The pH from urban wastewater is
typically between 7 and 8 but can also reach pH as high as 8.9 when
mixed with industrial wastewater [39]. The ionic strength of wastewater
influent/effluent typically ranges from 0.003 to ~0.040 M while the
turbidity can exceed 250 NTU even for domestic streams [40]. A com-
parison between the settled turbidity after conventional, pristine fiber-
enhanced, and modified fiber-enhanced treatment for the different
tested conditions is presented in Fig. 6. The ideal dosage of modified
fibers (150 mg/L, Fig. 3), as well as a lower dosage (50 mg/L) were used
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Fig. 4. Comparison of settled turbidity, floc size, and floc settling rate for conventional, pristine fiber-enhanced (150 mg/L) and modified fiber-enhanced (150 mg/L)
treatment strategies. (a) Images of jars taken before treatment (leftmost) and after treatment and 180 s of settling. The turbidity values shown are obtained by
sampling 10 mL of water 2 cm from the top of the jar. (b) Representative images of flocs formed via the three treatment strategies. (c) Box and whisker plots for floc
settling rate (left) and floc size (right) for flocs formed via the three treatment strategies (n = 30). The quartiles are calculated using an inclusive median. Each
condition yields a statistically different floc settling rate (p < 0.05) and floc size (p < 0.01). Jar test conditions: 48 mg/L alum, 0.5 mg/L aPAM, pH = 7.7 £ 0.1, initial

turbidity = 62 + 1 NTU.

to prevent masking the sensitivity of the fiber-based strategy to varia-
tions in the influent conditions, as well as to determine if fiber modifi-
cation reduced the fiber dosage that is required for sufficient wastewater
treatment.

The conventional treatment strategy shows a drastic decrease in
effectiveness at pH values above 7.7, where there is no turbidity removal
after 180 s settling as shown in Fig. 6a. This is expected, as the point of
zero charge of precipitated aluminum hydroxide particles is near pH 8,
so achieving charge neutralization and sweep flocculation of the nega-
tively charged SiO; particles at pH greater than 8 is unfavorable [41]. All
fiber-enhanced treatments are less impacted by increasing pH than the
conventional method (Fig. 1). With 150 mg/L of modified fibers, the
turbidity is well below the target value of 25 NTU at both 30 s and 180 s
settling for all pHs. The ability of modified fibers to improve turbidity
removal under higher pH conditions is most evident at 180 s settling,

where the turbidity is less than 4 NTU at pH 8.9 when using 150 mg/L of
fibers (Fig. 6a). In contrast, the pristine fiber treatment achieved a
turbidity of 34 NTU, and the conventional strategy failed to remove any
turbidity at this high pH condition. This suggests modified fibers may
facilitate bridging between particles and any remaining aluminum hy-
droxide precipitates which have negative surface charge at pH 8.9 [41].

Increasing the ionic strength of the SWW with an additional 0.78 mM
of NaCl (a ~6.5-fold increase in the NaCl concentration) challenged the
conventional treatment method, which reached 40 NTU after 180 s
settling (Fig. 6b). At higher ionic strength, the presence of ions may lead
to an increase in the floc dissociation coefficient and conformational
changes in the flocculant polymer both of which inhibit turbidity
removal [42,43]. A similar observation has been made for the removal
of TiOy nanoparticles during coagulation where increasing the ionic
strength above 0.03 M (NaCl) reduced the performance [44]. The fiber-
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with aPAM (0.5 mg/L). Jar tests were conducted in synthetic wastewater without SiO, or alum to determine the relative affinity of each fiber for the anionic
flocculant. As there is no SiO, added, turbidity is representative of fibers in suspension (initial turbidity ~58 NTU). (b) Jar test conducted with only fibers and SiO,,
no coagulant or flocculant. (c) Jar test conducted with alum (48 mg/L) and SiO, but without any flocculant. Jar test conditions: pH = 7.7 + 0.1, initial turbidity = 62
+ 1 NTU. Data points and error bars are calculated from the average and standard deviation of 3 replicates. Statistical differences (p < 0.05, two-tailed hetero-
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references to colour in this figure legend, the reader is referred to the web version of this article.)

enhanced treatment strategies were all inhibited by the increased ionic
strength (Fig. 6b). At 180 s settling, the pristine fibers exceeded the
target, reaching 28 NTU after an additional 9.3 mM NaCl. The modified
fibers (150 mg/L) performed more robustly, only exceeding the target
after 39 mM additional NaCl. This indicates that salts may interfere with
the interaction between fibers and suspended solids, inhibiting their
ability to promote coagulation kinetics and/or floc bridging [45]. For
the modified fibers, it is likely that the inhibitory effect is the result of
Cl™ screening the positively charged quaternary ammonium groups
through compression of the electrical double layer, reducing their
effective surface charge and weakening electrostatic interactions with
negatively charged particles, however the modified fibers still outper-
form pristine fibers for all ionic strengths tested [46].

The residual turbidity increased linearly with initial turbidity for all
treatment strategies as shown in Fig. 6¢. At all initial turbidities above
62 NTU, the conventional method and pristine fiber-enhanced strategy
failed to meet the settled turbidity target at 180 s settling. However, the
modified fibers demonstrated good turbidity removal even when the
initial turbidity was 285 NTU, achieving settled turbidity <5 NTU even
at 30 s settling (i.e., 98% removal in turbidity). By contrast, the con-
ventional method removed only 6% and 52% of turbidity at 30 s and
180 s settling at this initial turbidity, respectively. Comparatively, with
advanced electrocoagulation techniques, the current and operating time
must be adjusted to achieve sufficient removal for highly turbid waters
[47]. This demonstrates the unique ability of the modified fibers to
produce effluent water that satisfies regulatory limits subject to changes
in the influent turbidity without adjusting any chemical dosages or
operating parameters, which is particularly relevant during high rainfall
events where increases in water flowrate and turbidity are triggered
concurrently [48].

Previous work has shown that the addition of fibers enables the use
of a novel screening method to facilitate floc separation due to the
substantially increased floc size [7]. This method has the potential to
improve treatment capacity, and reduce operational costs and capital
expenditures as screening the flocs from the treated water reduces the
need for a large settling tank [49]. This screening method is especially
effective with modified fibers, as shown in Fig. 7. Under the standard
condition (Fig. 7a) (pH 7.7, initial turbidity = 62 &+ 1 NTU, no additional
NacCl), the addition of modified fibers (150 mg/L) achieves the turbidity
target for a screen aperture size up to 2000 pm, whereas pristine fibers,
although substantially more effective than conventional treatment,
required a screen mesh 4 times smaller to reach the target (500 pm). This
is consistent with the representative flocs shown in Fig. 4b, where the
modified fibers produced flocs with diameter ~5000 pm, whereas the

smallest representative pristine fiber floc had diameter ~2500 pm,
which would not be screened by a 2000 pm aperture due to de-
formations of the floc upon impact with the screen. This confirms that
the increased floc size of modified fibers (Fig. 4) leads to a distinct
improvement when separating the super-sized flocs from the treated
wastewater. The improved performance of modified fibers via screening
extends to high pH and high turbidity water conditions (Fig. 7b and c).
At pH 8.9 and for screen sizes between 500 and 2000 pm, modified fibers
consistently achieve the target whereas pristine fibers fail to achieve the
target for any screen aperture size (Fig. 7b). For high turbidity water
(285 NTU, Fig. 7c) the screened method is unable to achieve the
turbidity target even with the smallest screen aperture (500 pm),
regardless of the fiber type, likely due to an excess of silica particles in
suspension. However, the improvement of the modified fibers even in
highly turbid waters is still evident, highlighting the potential of these
fibers to promote screening-based separation, although screen apertures
less than 500 pm would be needed in these cases.

To demonstrate a more realistic application of the modified fibers,
jar tests were conducted in wastewater collected from the Sainte-
Catherine wastewater treatment plant (Québec, Canada) (Fig. 8). The
coagulant dose for this wastewater matrix was optimized to achieve
turbidity <25 NTU after 180 s of settling without fibers (Fig. S7) (2.5
mg/L alum). The best performance was achieved with modified fibers
(150 mg/L) where the settled turbidity reached 18.7 and 10.3 NTU after
30 and 180 s of settling, respectively, compared to 38.5 and 23.8 NTU
with the conventional method, although the pristine fibers at the same
concentration achieved similar performance. This is likely due to the
conductivity of this real wastewater which is 3 times higher than the
synthetic wastewater (Table S2). As described previously (Fig. 6b),
background salts can diminish the performance of the fiber-based
treatments. For comparison, the conductivity of the real wastewater
was similar to the conductivity of the synthetic wastewater with an
additional 10 mM of NaCl, at which point both pristine and modified
fibers were significantly inhibited (Fig. 6b and Fig. S8). In addition to
ionic strength effects, the presence of additional dissolved organic
matter in real wastewater may further contribute to performance limi-
tations. Supplementary experiments with humic acid (Fig. S9) showed a
similar decline in turbidity removal efficiency with increasing dissolved
organic matter, suggesting that negatively charged humic substances
adsorb onto the positively charged fiber surfaces, thereby reducing their
effective surface charge.
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Fig. 6. Turbidity after 30 s and 180 s settling with conventional, pristine fiber-enhanced (150 mg/L), and modified fiber-enhanced (50 and 150 mg/L) treatment
strategies for varying influent conditions. (a) Settled turbidity for pH between 7.0 and 8.9. (b) Settled turbidity for additional NaCl between 0 and 37 mM. (c) Settled
turbidity for initial turbidity between 62 and 285 NTU. Coagulant and flocculant concentrations: 48 mg/L alum and 0.5 mg/L aPAM. Default jar test conditions unless
otherwise mentioned: pH = 7.7 + 0.1, initial turbidity = 62 + 1 NTU. Data points and error bars are calculated from the average and standard deviation of 3
replicates. Settled turbidity target is shown in light blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

3.5. Removal of metals

Metals such as Cr, Pb, and Ni are ubiquitous in wastewater effluents
and are known for their carcinogenic and teratogenic effects [50].
Fig. 9a shows the removal of 39% of total spiked metals (Ni, Mn, Zn, Cr,
Fe, and Pb) by the conventional method after 180 s of settling (data after
30 s settling in Fig. S10). The addition of both pristine and modified
fibers improved the removal of metals compared to the conventional
method. After 180 s of settling, pristine fibers improved the removal of
total metals to 52%, while modified fibers (150 mg/L) improved the
removal to 65%. This is likely attributed to the improved removal of
metal-containing suspended solids with the fiber-based technology, as
evidenced by the linear relationship between turbidity removal and total
metal removal with different treatment strategies (Fig. 9b).

Metal speciation in the simulated wastewater is governed by a
complex set of equilibria, wherein dissolved metals may partition among
free ions, hydrolyzed species (including aqueous hydroxo-complexes
and metal hydroxide precipitates), and complexes with co-existing li-
gands such as phosphate and sulfate [51]. While phosphate can form
stronger inner-sphere complexes [52], the presence of free PO~ ions
requires higher pH [53], and sulfate is present only at low concentration
(MgS04-7H20 at 2 mg/L). At the current experimental pH of 7.7, metal-
hydroxide formation is therefore expected to predominate over these
competing interactions. Evidently, Zn, Cr, Fe, and Pb show the highest
removal by all treatment strategies, whereas the removal of Ni and Mn is
significantly lower (Fig. 9a). These differences can be understood in
terms of the solubility of each metal hydroxide, where Zn, Cr, Fe, and Pb
hydroxides are insoluble at pH 7.7 while Ni and Mn hydroxides would
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strategies in real wastewater. Coagulant and flocculant concentrations: 2.5 mg/
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= 40.6 NTU. Data points and error bars are calculated from the average and
standard deviation of 3 replicates.

remain dissolved until higher pH based on chemical equilibrium simu-
lations in a 10 mM electrolyte [51]. For this reason, increasing linear
relationships between the metal removal (%) and turbidity removal (%)
are observed for Zn, Cr, Fe, and Pb, but not for Mn and Ni (Fig. S11).
These strong relationships between the properties of the metal hydrox-
ide species and the removal of each metal suggest that metal removal is
primarily governed by pH-driven formation of metal hydroxide species,
with the modified fibers acting to enhance the physical removal of these
precipitates rather than serving as the primary adsorption sites for dis-
solved metals. In this context, the fibers function as a bridging and
enmeshment medium that accelerate aggregation and settling.

XPS analysis was conducted on the sludge produced by treatment
with 150 mg/L of modified fibers, with low- and high-resolution spectra
of each metal presented in Fig. 9c-f and Fig. S12. For the metals which
are removed well by the treatment (Zn, Cr, Fe, and Pb; removal ~85%),
the XPS scans clearly indicate their prevalence within the fibrous sludge
(Fig. 9c-f). The Zn 2p spectra (Fig. 9¢) has primary peaks at 1023.2 and
1046.3 eV relating to Zn 2ps,» and Zn 2p; /2, respectively, where the
position of the Zn 2p3 /5 peak indicates Zn(OH), is the dominant species
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[54]. For Cr 2p (Fig. 9d), the broad Cr 2p3,3 (579.6 eV) and Cr 2p;
(589.0 eV) peaks suggest a combination of chromium oxide and chro-
mium hydroxide species [55], as well as potential oxidation of Cr (III) to
Cr (VI) during treatment [56,57]. However, these Cr 2p peaks also
contain contributions from chromium present in the unused modified
fibers (Fig. S13) which is associated to impurities in the cardboard
starting material (Fig. S14). As such, the incorporation of chromium-
containing species within the flocs could not be conclusively deter-
mined based on the current XPS analysis.

The peaks in the Fe 2p scan (Fig. 9e) are attributed to Fe 2p3,5 (712.4
eV, suggesting contributions from FeOOH, Fe(OH)3 and other iron oxide
species typically between 710.5 and 711.5 eV, and iron phosphate
typically between 713 and 714 eV), Fe 2p; /5 (726.3 eV), and a satellite
peak (716.4 eV) [58-60]. In Fig. 9f, the peak at 134.4 €V is assigned to
phosphorus [61] while the peak at 137.0 eV likely corresponds to Pb,
PbO, and Pb(OH), [62]. While these peak positions suggest oxygen-
containing metal species, the chemical complexity of the water matrix
and overlapping XPS binding energies indicate that multiple metal-
containing phases (phosphate, carbonates, etc.) likely coexist. The
prevalence of phosphorus within the sludge might suggest that modified
fibers facilitate the removal of this highly regulated contaminant,
although trace amounts of this contaminant were also found in the
cardboard starting material (Fig. S14). Overall, these results further
suggest that metal hydroxide precipitation enables metals to become
incorporated into flocs during coagulation-flocculation. Conversely, Ni
and Mn (removal ~10%) were not observed on the sludge surface
(Fig. S12b-c), confirming these metals did not incorporate within the
flocs during treatment.

4. Conclusion and implications

In this study, quaternary ammonium modified cellulose fibers have
been demonstrated as a proof-of-concept material for improving con-
ventional coagulation—flocculation processes. The optimal oxidation
time for preparing modified fibers, and the ideal fiber concentration
were determined to be 60 min and 150 mg/L, respectively. The flocs
formed with the modified fibers are 30 times larger and settle 4 times
faster than those formed by the conventional method. Furthermore, the
modified fiber-based treatment strategy outperformed the pristine fibers
and conventional strategy under challenging influent conditions with
both settling and screening floc separation methods. At pH 8.9, the
modified fibers (150 mg/L) achieved a settled turbidity of 3.7 NTU,
while pristine fibers (150 mg/L) and the conventional method only
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Fig. 9. (a) Removal of metals after 180 s of settling with conventional, pristine fiber-enhanced (150 mg/L), and modified fiber-enhanced (50 and 150 mg/L)
treatment strategies. Initial concentrations: Mn, Cr, Pb = 0.05 mg/L and Ni, Zn, Fe = 0.5 mg/L. Coagulant and flocculant concentrations: 48 mg/L alum and 0.5 mg/L
aPAM. Jar test conditions: pH = 7.7 + 0.1, initial turbidity = 62 + 1 NTU. (b) Relationship between total metal removal (%) and turbidity removal (%) for each
treatment strategy at both 30 s (diamonds) and 180 s (circles) of settling. High resolution XPS scans of sludge after treatment with 150 mg/L modified fibers for (c) Zn
2p, (d) Cr 2p, (e) Fe 2p and (f) Pb 4f/P2p (each spectrum is the average of 50 scans). Data points and error bars are calculated from the average and standard

deviation of three replicates.

reached 34 and 63 NTU, respectively. The modified fibers (150 mg/L)
maintained the target turbidity even in the presence of up to 20 mM
additional NaCl, while pristine fibers exceeded this limit at 10 mM NaCl.
At just 50 mg/L, modified fibers performed similarly to 150 mg/L
pristine fibers for all influent conditions and significantly outperformed
pristine fibers for treating highly turbid influent water. Finally, the
removal of heavy metals was compared, and due to the incorporation of
metal hydroxide precipitates within flocs, modified fibers showed a
distinct improvement compared to pristine fibers and the conventional
treatment strategy.

While the use of a recycled cellulose source material holds promise
for cost-effective scale-up of the technology due to its ability to be
implemented within existing infrastructure, a techno-economic analysis
is needed to evaluate the feasibility of full-scale implementation.
Moreover, while the quaternary ammonium modification is an inter-
esting proof-of-concept, further studies are needed to develop more cost
effective and sustainable fiber modification strategies. Advancing cel-
lulose cationization approaches such as via deep eutectic solvents
[63,64], mechanochemical synthesis methods [65,66] or physical
adsorption of charged polyelectrolytes [67] have strong potential to
improve the scalability and sustainability of the proposed strategy.
Additionally, the reusability of fibers, their degradation and fate within
sludge, as well as their impact on dewaterability requires further
investigation. The cationization of cellulose fibers is known to increase
their degree of swelling in water [23], which may have implications on
sludge dewaterability as well as biodegradability of the material at its
end-of-life. Ongoing work aims to address the reusability of modified
fibers, as well as improve their performance in diverse real wastewaters
by mitigating the negative impacts of elevated ionic strength and dis-
solved organic matter through optimized fiber dosing strategies, alter-
native surface modifications, and/or facile pre-treatment approaches.
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