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Abstract

The synergistic combination of different nanomaterials for improved performance in
environmental applications such as the removal of aqueous micropollutants has attracted
increasing interest in recent years. This study demonstrates a novel sequential adsorption—
aggregation concept that harnesses tubular halloysite nanotubes (HNTs) and flexible cellulose
nanofibrils (CNFs) for the removal of a small, anionic dye molecule, chrome azurol S, from
water. Hollow HNTs were first allowed to interact with the aqueous dye solution, after which the
dye-loaded colloidal nanotubes were aggregated and separated from the water phase with
cationized CNFs. The combination of 25 mg CNFs with 1 g HNTs at pH 7 resulted in efficient

removal of dye (80%) and turbidity (~100%) and the removal of dye was further promoted in



more acidic conditions (within the pH range of 6-8.5) because of the attractive electrostatic
interactions. Cationic CNFs not only enabled the separation of dye-loaded clay particles from the
water phase through a rapid aggregation but also participated in dye removal through adsorption
(~20%). In comparison with nano-sized HNTs, the dye removal performance of micro-sized and
chemically similar kaolin was poor (43%). Given the good availability of both HNTs and CNFs
and the low consumption of the more expensive component (i.e., CNFs) in the process, the
concept is straightforward, readily applicable, environmentally benign, and potentially cost-

effective.
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1 Introduction

Clays are naturally occurring inorganics, composed primarily of phyllosilicate minerals such as
kaolinite and montmorillonite [1]. The atoms in phyllosilicates are arranged in tetrahedral and
octahedral sheets that typically form layered and bulky platelets. Tubules, fibers, and laths of
various sizes also exist [1]. Halloysite nanotubes (HNTSs) are two-layered clay mineral particles
with a chemical composition [Al,Si,05(OH),-nH,0] similar to that of kaolinite [Al,Si,05(OH),]
[2]. However, in contrast to platy kaolinite, HNTs typically have a hollow tubular morphology
[2]. The tube walls of HNTs comprise ~15-20 aluminosilicate layers, with a spacing ranging
from 1.0 nm (in hydrated form, n = 2) to 0.7 nm (in dehydrated form, n = 0) [3]. HNTs are
polydisperse in size, typically having an outer diameter of 50—70 nm, lumen diameter of 10-20

nm, and length ranging from 0.5 to 1.5 um [3]. The external surface and the inner lumen of



HNTs carry different charges at pH 2—8 in water [4], the former comprising negatively charged
silica (Si10,, {-potential ~ —50 mV) [5] and the latter comprising positively charged alumina
(AL, O3, C-potential ~ +20 mV) [5]. The experimentally determined {-potential of HNTs in water
at pH 4-8 is ~ —30 mV, which reflects the charge difference of these two layers [5]. Besides
being abundant and inexpensive, HNTs have low in vitro [6] and in vivo [7] toxicity.

HNTs are versatile materials that can interact with and adsorb many different substances,
thanks to the charge difference between the inner and outer surfaces. Driven by cationic
electrostatic interactions, neutral and anionic substances can be loaded into the lumen of HNTs
[3,8,9]. In addition, cationic substances can be adsorbed on the external surface of the tube [3,9].
Sometimes substances can even be intercalated between the layers of the tubes’ walls [10].
Currently, HNTs are widely studied for biomedical purposes [11-13], but their potential for
environmental applications has hitherto been underexplored. HNTs have been shown to adsorb
e.g. anionic and cationic dyes [14—16], metal ions [17-19] and pharmaceuticals [20,21].
Therefore, one potential environmental application of HNTs is the treatment of various kinds of
polluted waters [22,23]. The separation of nano-sized clay particles from water after the
treatment and the hindered water flux in the packed column structures is often a challenge [24],
although approaches, such as magnetic HNT adsorbents [25-27], have emerged.

To overcome these drawbacks, HNTs have often been combined with natural or synthetic
polymers to form, for instance, beads [28—31], sponges [32] or membranes [33—37]. However,
these methods typically require a significant amount of time and the use of additional chemicals.
In a more straightforward approach, clay minerals have simply been mixed with a polymer to
yield clay-polymer nanocomposites, which are then directly used for wastewater purification

[38,39]. In another study, pristine HNTs were combined with a synthetic cationic polymer for the



removal of a cationic dye, basic blue 7, from water [24]. The mixing of HNTs with the polymer
resulted in aggregation [40] and the formation of a HNT—polymer hybrid material, which was
used as a matrix in column filtration of a dye solution. Although the hybrid was easily separated
from water and transferred to a column, its dye removal performance was not optimum, as the
cationic polymer covered the anionic surface of the HNTs, suggesting that better performance
may be obtained if the HNTs are added to the treated mixture before the polymer is added.

Clays in general have been shown to adsorb, for instance, natural organic matter (NOM),
thus converting it to an insoluble form, which can then be removed by coagulation—flocculation
processes using a cationic polymer [41]. The polymer itself also participates in the purification
process by partly adsorbing NOM and forming precipitates [41]. However, there is a lack of
studies expanding this concept for the removal of dissolved molecules (e.g., micropollutants)
from water, possibly because the conventional coagulation—flocculation treatment has previously
been declared inefficient for simultaneous micropollutant removal [42]. In addition, new and
effective bio-based materials are needed to replace older synthetic polymers. One promising
candidate is cellulose nanofibrils (CNFs), which are elongated and flexible nanomaterials
originating from, for'.example, the mechanical refining of wood pulp or a combination of
chemical/enzymatic treatments and mechanical force [43]. Depending on the raw material and
the production method, the width of CNFs is typically 5-60 nm, and the length is a few
micrometers [44]. In addition, the CNFs be functionalized with e.g. anionic carboxylic groups
[45—48] or cationic groups [49-55]. These functionalized CNFs can be designed using green
solvent systems, such as recyclable deep eutectic solvents (DESs) [49].

In this study, we present a novel sequential approach that combines nanostructured clay and

cellulose materials for the removal of small, anionically charged dye molecules from water.



HNTs were first loaded with dye molecules and then aggregated using CNFs to enable their
efficient separation through sedimentation. CNFs also played a role in the removal of dye
molecules through adsorption. The cationic CNFs were produced through sequential periodate
oxidation and DES-mediated functionalization from cellulose and combined with HNTs for the
enhanced removal of aqueous anionic dye chrome azurol S (CAS). Kaolin clay wasused as a
reference material in adsorption experiments. The effects of CNF dose, pH and mixing time on
the dye and turbidity removal were investigated. The chemical characteristics, sizes, and
morphologies of the HNTs, CNFs, and kaolin were analyzed using polyelectrolyte titration,
diffuse reflectance infrared transform spectroscopy (DRIFT), wide-angle X-ray diffraction
(WAXD), laser diffraction (LS), scanning electron microscopy (SEM), and transmission electron

microscopy (TEM).

2 Materials and Methods
2.1 Raw materials and chemicals
Commercial softwood dissolving pulp (cellulose 96.2%, hemicelluloses 3.5%, total lignin
<0.5%, acetone soluble extractives 0.17%; Domsjo Fabriker AB, Sweden) was used as the
cellulose raw material. The dry sheets were disintegrated in deionized water before use. LiCl
(Reag. Ph. Eur.; VWR, Belgium), sodium metaperiodate (<99.8%; Honeywell/Fluka, USA),
glycerol (Reag. Ph. Eur.; VWR, Belgium), aminoguanidine hydrochloride (>98%; TCI, Japan),
and ethanol (96%; VWR, France) were used in the synthesis of CNFs.

Halloysite nanotubes (Al,S1,05(OH)4-2H,0; Aldrich, USA, product of Applied Minerals,
Inc.), kaolin clay (Hydramatte®; KaMin LLC, USA), CAS (mordant blue 29, C»3H;3CI,Na30,S,

CAS number 1667-99-8; TCI, Japan), 0.1 M NaOH, and 0.1 M HCI (Oy FF-Chemicals Ab,



Finland) were used in the dye removal experiments. The properties of clays are presented in
Table S1, and the structure and ionization scheme of CAS is given in Scheme 1. Buffer solutions
with pH of 4, 7, and 10 (Oy FF-Chemicals Ab, Finland) were used for calibration of the pH

meter.
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Scheme 1. The structure of chrome azurol S, its dissociation species, and the corresponding

colors [56]. The highlighted species HL3~ corresponds to the presented chemical structure.

Commercial 0.5 M buffer solutions (citrate pH 3, sodium citrate pH 5, sodium phosphate pH
7, sodium phosphate pH 8, carbonate pH 9, and carbonate pH 10; Alfa Aesar, Germany) were
used in the charge density measurements of the cationic CNFs. Anionic sodium polyethylene
sulfonate (Pes-Na, 0.001 N; BTG Instruments GmbH, Germany) was employed as the titrant.

All reagents were used as received. Deionized water was used throughout the experiments.



2.2 Cationization of cellulose and disintegration into nanofibrils

Cationized dialdehyde cellulose (CDAC) was synthetized according to a previously reported
two-step procedure (Scheme 2) [49]. First, dialdehyde cellulose (DAC) was synthetized through
regioselective oxidation, in which the vicinal hydroxyl groups are oxidized to aldehyde groups
using sodium metaperiodate. LiCl improves the oxidation efficiency by disrupting the hydrogen
bond network of cellulose and thereby making more hydroxyl groups available to periodate [57].
Then, DAC was cationized in aminoguanidine hydrochloride—glycerol (AhG) DES, which acted

as both a reaction medium and a reagent (aminoguanidine hydrochloride).
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Scheme 2. Cationization of cellulose pulp via periodate oxidation, followed by imination in

aminoguanidine hydrochloride-glycerol deep eutectic solvent.

To synthetize DAC, 1% (w/w) dissolving cellulose pulp (10 g abs.) in deionized water was
reacted with LiCl (18 g) and sodium metaperiodate (8.2 g) for 3 h at 55 °C. Ethanol (500 mL)
was added to stop the reaction, after which the resulting mixture was filtered. The collected DAC
was first washed with 50:50 ethanol:water solution (500 mL), then mixed with ethanol (500 mL)
for 30 min, filtered, and finally washed with ethanol (250 mL).

The AhG DES used for the synthesis of CDAC was prepared by heating and mixing

aminoguanidine hydrochloride (75 g) and glycerol (125 g) in a beaker at 90 °C in an oil bath



until a clear liquid was formed. The temperature was adjusted to 80 °C, DAC (10 g abs.) was
added, and the mixture was effectively mixed for 10 min. The beaker was then removed from the
oil bath and ethanol (250 mL) was added, under stirring, to the mixture. The mixture was filtered
and the collected CDAC was thoroughly washed with ethanol (950 mL). Finally, CDAC was
mixed with deionized water (400 mL) for 10 min and collected by filtration.

Cationic CNFs were produced from CDAC by mechanical disintegration using a
microfluidizer (Microfluidics M-110EH-30, USA). A 1% (w/w) CDAC dispersion in water was
passed twice through 400 and 200 um chambers at a pressure of 1000 bar. The dry content of the
resulting CNF suspension was determined by drying two samples at 105 °C overnight and taking

the average of the two results. The result was 1% (w/w).

2.3 Characterization

2.3.1 Characterization of charge density of CNFs by polyelectrolyte titration

Buffer stock solutions (0.5 M) in the pH range 3—10 were diluted to 0.5 mM with deionized
water and the pH was adjusted, when necessary, with 0.1 M NaOH/HCI. The 1% (w/w) CNF
suspension was diluted with deionized water to 0.1% (w/w). The samples for charge density
determination were prepared by mixing 1 mL CNF suspension and 9 mL buffer solution in the
sample cell of the particle charge detector (Miitek PCD 03, USA), after which the mixture was
titrated with Pes-Na. The measurement was repeated three times at each buffer solution (pH 3, 5,
7,8, 9, 10). The stability of the charge over time was investigated by repeating the measurement

four times at one-month intervals.



2.3.2 Characterization of cellulose structure by diffuse reflectance infrared Fourier transform
spectroscopy

DRIFT spectra of oven- or freeze-dried cellulose samples (pulp, DAC, CDAC, CNFs) were
recorded in the wavelength 800—4000 cm™!, using 40 scans with a resolution of 4 cm™! (Bruker

Vertex 80V, USA).

2.3.3 Characterization of cellulose crystallinity by X-ray diffraction

The crystalline structures of pristine cellulose pulp, DAC, CDAC, and CNFs were analyzed by
wide-angle X-ray diffraction, using a Rigaku SmartLab 9 kW rotating-anode diffractometer
(Japan) equipped with a Cu Ka radiation source (A = 0.1542 nm, 45 kV, 200 mA). Scans were
taken over a 20 (Bragg angle) range of 4—45° at a scanning speed of 1.5°/min and a step size of
0.05°. The degree of crystallinity (Crl) was calculated based on the peak intensity of the
crystalline plane (/59) located at 22.5° and the peak intensity at 18.5° associated with the
amorphous fraction of cellulose (/,,). Crl values were calculated using the Segal method [58]

(Equation 1):

Crl = [(1200 = Lam)/T200] * 100% (1)

2.3.4 Characterization of kaolin clay particle size by laser diffraction

The particle size of kaolin clay was measured using a Beckman Coulter LS 13 320 particle size
analyzer (USA). Slurry with a dry matter content of 0.2% (w/v) was prepared by the addition of
dry powder to water. The slurry was ultrasonicated (37 kHz, pulse mode, 100% power),

combined with overhead mixing, for 15 min before measurement.



2.3.5 Characterization of morphology, structure, and size of HNTs and CNF and morphology
of kaolin clay by TEM
Samples were prepared for TEM analyses by drop-casting diluted HNT, kaolin, and CNF
suspensions onto Cu-TEM grids with lacey carbon film and allowing them to dry before
insertion into the microscope. HNT samples were prepared from solution by diluting 1 droplet
(~5 pL) in 1.5 mL ethanol twice. A spatula tip of kaolin powder was dispersed in 1.5 mL
ethanol. The samples were sonicated for 3 min and ~5-10 uL of each sample was pipetted onto a
TEM grid. HNT and kaolin samples were investigated in a TECNAI T20 G2 TEM (FEI
Company, USA), equipped with a US1000 CCD camera (Gatan, Inc., USA), at 200 kV. The
water-dispersed CNF sample was analyzed in an image-corrected (Cs corrected) FEI TITAN
ETEM equipped with a monochromator and a Gatan OneView camera, operated at 80 kV.

The HNT diameter and lumen width distributions were obtained by measuring » > 100
individual HNTs using ImageJ/F1JI software (National Institutes of Health, USA). Gaussian
fitting was employed to evaluate the peak centers (OriginPro 2018 software; Origin-Lab

Corporation, USA).

2.3.6 Characterization of CAS-loaded HNT/kaolin-CNF aggregate morphology by cryo-SEM
Cryo-scanning electron microscopy (Quanta 200 FEG ESEM, equipped with Quorum cryo
transfer system and stage) was used to characterize the morphology of CAS-loaded HNT/kaolin-
CNF aggregates (CAS 50 mg/L, HNT or kaolin 2 g/L., CNFs 10 mg/g). The aqueous aggregates

were dipped into slushed liquid N, fractured in the prep chamber, and transferred to the SEM

10



chamber (—190 °C) for pre-imaging. After 1 h sublimation (=70 °C), the sample was coated (8 s)

with Pt and transferred back to the SEM chamber for imaging (—190 °C) at 12 kV.

2.4 Removal of CAS from water by a sequential combination of HNT/kaolin and CNFs

All experiments followed a similar procedure, wherein CAS was first allowed to interact with
and adsorb to HNTs or kaolin, after which CNFs were added to enable the aggregation and
separation of CAS-loaded HNTs/kaolin via sedimentation (Scheme S1). The effects of CNF
dose, pH and mixing time on dye removal were examined. In addition, the removal of colloidal
particles by CNFs was monitored by measuring the turbidity of the treated samples (except in the
mixing time experiments). The concentrations of the clay mineral and CAS were kept constant at
2 g/L and 50 mg/L, respectively. The experiments concerning the effect of CNF dose and pH on
CAS and turbidity removal were performed in triplicate, and sample standard errors were
calculated. The experiments were conducted in non-buffered conditions at room temperature,
using 150 mL beakers equipped with magnetic stirring bars. An aqueous CAS stock solution
(1000 mg/L) was prepared and stored at room temperature. The same stock solution was used for
all experiments. The CNF suspension was diluted to 0.2% (w/w) (~2000 mg/L) with deionized
water immediately before use.

In a typical experiment, HNTs or kaolin (0.2 g, equal to 2 g/L) was weighed on a beaker and
deionized water (92.5-95 mL) was added. Then, the mixture was ultrasonicated for 15 min to
facilitate the wetting and dispersion of the clay mineral. CAS stock solution (5 mL, equal to 50
mg/L) was then added, and the pH of the mixture was adjusted to the desired value (6-8.5) by
adding a few microliters of 0.1 M NaOH or HCI. The mixture was stirred at 200 rpm for 24 h,

CNF solution (0-2.5 mL, equal to 0—50 mg CNFs/g clay) was added to reach the final volume

11



(100 mL), and stirring at 200 rpm was continued for another 24 h. The mixture was allowed to
settle for 30 min, after which aliquots (4x10 mL) were pipetted from the center of the mixture (2
cm from the bottom of the beaker), and the turbidity of each sample was measured (Hach Ratio
XR turbidimeter model 43900, USA). Then, the sample was centrifuged (Beckman Coulter
Avanti J-26 XPI, USA) at 6500 rpm for 20 min at 5 °C, and the supernatant was collected.
Finally, the pH of the supernatant was recorded.

The impact of mixing time on CAS removal was studied separately for HNTs and CNFs.
Mixing time with HNTs was 0-24 h. In the case of CNFs, HNTs were first allowed to interact
with CAS for 24 h, after which CNFs were added to the mixture and the mixing was started.
Mixing time was 1 min—24 h. In both cases, the 30 min sedimentation and turbidity measurement
were excluded.

Experiments involving the use of premixed HNT-CNF hybrid as adsorbent were also
performed (referred to as 1—step method). The hybrid was formed by mixing HNTs (0.2 g) with
CNFs (1.5 mL, equal to 15 mg/g HNTs) for 20 s using a vortex mixer, after which the mixture
was sedimented for 20 min. The hybrid was poured to the CAS solution (50 mg/L, pH 7) and the
mixture was stirred either for 3 min or 24 h at 200 rpm. 30 min sedimentation was excluded for
the sample mixed for 3 min but included for the sample mixed for 24 h (for comparison
purposes).

The concentration of CAS in the supernatant was analyzed by ultraviolet-visible (UV-vis)
spectroscopy (Shimadzu UV-1800, Japan) at 427 nm using quartz cuvettes. In addition, the
spectrum at 200—800 nm was recorded for each sample to detect any changes in the location of
the absorbance maximum. The baseline correction was performed using a blank sample, which

contained only clay (2 g/L HNTs or kaolin) and had the same pH as the actual sample. These

12



blank samples were prepared at the same time and treated in the same manner as the actual
samples, as described earlier. Experiments were also conducted without HNTs or kaolin to study
the effect of CNFs (30 mg/L) alone on CAS removal at pH 6-8.5. The sample preparation,
sampling, and analysis were identical to those described above, with the exception of the
turbidity measurements. For these samples, the baseline correction was performed using
deionized water. For all samples, the percentage of removed CAS from the mixture was

calculated using Equation 2:

% CAS removed = [(Cy — C,)/Cp] % 100 (2)

where Cy (mg/L) and C, (mg/L) are the initial and the equilibrium concentrations of CAS,
respectively. The spectrophotometer was calibrated for the CAS concentration range 0—60 mg/L
at pH 7, using deionized water as a reference (Figure S2). In addition, the impact of the solution
pH (6-8) on the calibration was studied, and it proved to be insignificant. The accuracy and daily
variation of the method, as well as the stability of the CAS, were monitored by measuring CAS
solutions of known concentration (10 and 40 mg/L, pH 7) throughout the course of the study.
The performance of the turbidimeter was monitored by measuring Gelex® Secondary
Turbidity Standards (0.042, 1.49, 16.6, 158, and 1743 NTU) before actual samples were
measured. The removed turbidity was calculated by comparing the readings of an actual sample
(NTUs) and a reference sample (NTUyg, otherwise identical but did not contain any CNFs)

(Equation 3):

% turbidity removed = [(NTUg — NTU,)/NTUg] * 100 3)

13



To ensure that CNFs alone did not have a significant impact on the UV-vis spectra or the
turbidity results, solutions with CNF concentrations of 5-100 mg/L at pH 7 were prepared and
analyzed. The samples were prepared by diluting 1% CNF suspension to the desired
concentration with deionized water and adjusting the pH to 7 with 0.1 M HCI/NaOH. The
solution was mixed for 40 min at 200 rpm, after which it was allowed to settle for 30 min. The
sampling and analysis were identical to those described earlier. The results showed that CNFs
did not absorb at wavelengths >400 nm, and the impact on turbidity was negligible (Figure S3,
Table S2).

The amount of adsorbed CAS per unit mass of adsorbent (HNTs/kaolin, CNFs or
combination of HNTs/kaolin and CNFs) at time ¢, g, (mg/g) and at equilibrium, g, (mg/g), were

calculated using Equations 4 and 5, respectively:

q:= [(C=C)im] <V 4

qe = [(C(I_Ce)/m] xV (5)

where Cy (mg/L), C, (mg/L) and C, (mg/L) are the initial concentration, concentration at time ¢
(min) and concentration at equilibrium of CAS, respectively. V is the volume of the solution (L)

and m is the dry weight of adsorbent (g).

3 Results and Discussion

14



3.1 Effect of CNF dose on the combined dye removal process

A significant difference was observed between HNTs and kaolin in CAS removal at pH 7
(Figure 1). Combining 25 mg CNFs with 1 g HNTs (i.e., CNF dose 25 mg/g) resulted in
maximum CAS removal of 80% (q. 19 mg/g), whereas with kaolin only 43% (q. 11 mg/g)
removal was achieved. Interestingly, HNTs alone removed 42% of CAS (q. 10 mg/g), but kaolin
alone removed only 7% of CAS (q. 2 mg/g). As the CNF dose increased from 2.5to 25 mg/g, the
trend of removal was almost linear, indicating that complete removal of CAS may be possible.
Indeed, a nearly complete removal of CAS (97% and 89% with HNTs and kaolin, respectively)
was achieved when the CNF dose was increased to 50 mg/g (Figure S4). However, overdosing
resulted in incomplete removal of CNFs and restabilization of HNTs via a charge reversal [59],
which manifested as a hazy mixture and floating aggregates (Figure S5). An additional filtration
step (0.2 um syringe filter) was required to eliminate interference during analysis; therefore,
these conditions were not studied further. The observed improvement in the removal of CAS as a
function of CNF dose was probably an outcome of the increased portion of CAS adsorbed onto
CNFs, as the adsorption capacities of clay minerals are assumed to remain constant (the
concentration of clay minerals and CAS, stirring time, and speed were constant). This dye
fraction adsorbed on CNF was then removed from the solution together with the aggregates.
Based on these results, it can be deduced that CNFs play a dual role in the studied process: they
promote destabilization and aggregation of the colloidal clay mineral particles and they adsorb
CAS. These findings are in line with previous results that cationic CNFs are efficient kaolin
aggregators [59,60] and that functionalized CNFs work as efficient adsorbents for charged

molecules [61].

15



1004 HNT . 100 100 KAOLIN L
. g - e 3
= 80 / 80 S R 80 } - 80 5’5
7] T 0 ke
< - 4 / o
O 604 60 £ O 60 60 £
E g & E
2 40+ (40 2 B 404 @0 2
@ 5 & £

20+ 20 @ 20+ 20 @

0- -0 : -
0 5 10 15 20 55 0 5 10 17 o0 " 0%
C CNF dose (mg/g} CNF dose (mg/g)

| gt

T PQ" 'ﬁi ﬁﬁ&i‘ Hﬁ' “b‘

Lﬂ_‘l A S 020 | 25_ .0, L2, fiis j10 u~u;1_5_,l |20 Q25

. Eresd

Figure 1. Amount of chrome azurol S/(%, bars) and turbidity (%, lines) removed as a function of
the cellulose nanofibril dose using (A) halloysite nanotubes and (B) kaolin at pH 7. The data
points are averages of three repetitions and the error bars represent the sample standard
deviation. Photographs of the samples that were employed for turbidity measurements (top) and
the same samples after centrifugation (bottom) using (C) halloysite nanotubes and (D) kaolin.

The numbers on the photographs refer to the cellulose nanofibril dose (0-25 mg/g).

The addition of CNFs decreased the turbidity of the samples (Figure 1), indicating efficient
aggregation and sedimentation of CAS-loaded clay mineral particles. Irrespective of the clay
mineral type, 10 mg/g of CNFs was enough to reach almost complete colloid removal. CAS-
loaded HNTs and kaolin remained as stable colloidal particles in the solution when no CNFs

were added to the mixture (0 mg/g, Figure S5), implying that CNFs are required to attain

16



efficient purification. Differences in the removal of turbidity were observed only with the lowest
CNF doses (2.5-5 mg/g), where samples containing kaolin performed better. A possible
explanation is that individual kaolin particles are larger than HNTs, which may result in faster
sedimentation of kaolin—CNF aggregates compared to HNT-CNF aggregates. When the CNF
dose was increased above 5 mg/g, the effect of particle size became insignificant.

The samples underwent peculiar color changes during the process (Figure 1Cand D and
Figures S5 and S6). With HNTs, the color of the mixture turned from orange to brown as the pH
was adjusted from 5.2 to 7 and the mixture was stirred for 24 h. This color may be a result of two
phenomena occurring in the system: First, CAS (HL?" species, Scheme 1) diffused into the
lumen of HNTs and formed a complex with aluminum (Al-OH), which is purple in color [62].
HNTs are transparent [5], enabling the color to show through. The remaining CAS molecules in
the solution made the solution appear yellow at pH 7, whereas, as it mixed with the purple HNT—
CAS complex, the outcome was brown (complementary colors). The mixture turned purple
within 10 min as CNFs were added; the more CNFs were added, the more intense the purple
color became. This was likely the outcome of decreasing CAS concentration (yellow color) with
increasing CNF concentration. The sedimented HNT-CAS—CNF aggregates were purple.

With samples containing kaolin, the suspension remained orange but became slightly muted
in tone as the pH was adjusted from 6.7 to 7 and the mixture was stirred for 24 h. This was an
indication that CAS was binding to kaolin to some extent. Surprisingly, the mixture turned bright
green within 10 min as CNFs were added. This was because the kaolin—~CAS complex was not
deep purple (as with HNTs) but light blue. As CNFs removed CAS, the yellow color of the
solution becomes less intense, allowing the blue of the kaolin—-CAS complex to show through,

resulting in a green color. The sedimented kaolin—~CAS—CNF aggregates were light blue to blue
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in color. In addition, it should be noted that no color changes occurred when pure CNFs were

mixed with pure CAS solution.

3.2 The role of CNFs in the combined dye removal process

The principal mechanism of aggregation of CAS-loaded HNTs or kaolin clay with cationic CNFs
is likely to be charge neutralization, owing to the high charge density of the nanofibril surface
[59,60]. The elongated cationic CNFs adsorbed and attached to the surface of anionic HNTs via
electrostatic forces, resulting in charge neutralization, destabilization, and, eventually,
sedimentation of the HNT-CAS—CNF aggregates (Scheme 3A). The destabilization of HNT
suspension was not caused by the loading of CAS, because the loading of anionic substances
inside HNTs is known to increase the negative (-potential and stabilize the dispersion [3,9]. The
net surface charge of kaolin particles is negative at pH > 2 in water [63,64]. However, the
individual platelets have a pH-dependent surface charge: The basal surfaces (faces) carry a
permanent negative charge, while the pH-dependent edges are positively charged at pH < 7.2
[65], owing to the protonation of the edge aluminol group [64]. The utilization of the interlayer
space between the platelets typically requires additional treatments such as methoxy-
modification on the interlayer surface hydroxyl groups [66], because the platelets are large and
held together by strong hydrogen bonds and the structure does not swell when wetted [67].
Therefore, the most prominent adsorption site for anionic CAS on kaolin is the edges (Scheme
3B). The lack of suitable adsorption sites partially explains the low CAS removal percentage
(7%) obtained for kaolin without CNFs (in addition to lower surface area). As with HNTs, the
addition of CNFs neutralized the surface charge of kaolin and resulted in sedimentation (Scheme

3B).
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Scheme 3. Illustration of chrome azurol S removal and halloysite nanotube/kaolin aggregation

mechanisms with (A) halloysite nanotubes and (B) kaolin clay.

3.3 Effect of pH on the combined dye removal process

The removal of CAS was more efficient under acidic conditions than under more basic
conditions with both clay minerals (Table 1), as has been noted before [63]. The pH range of 6—
8.5 was selected because it is a typical range for municipal wastewater treatment. When pH
decreased from 8.5 to 6, the removal of CAS increased by ~40 percentage points with HNTs and
by ~30 percentage points with kaolin. At all studied pH levels, the removal of CAS was more
efficient with HNTs than with kaolin. At pH 6-8.5, the dominating CAS species is HL3- as the
pK, of H,L? is 4.88 (Scheme 1). The (—potentials of HNTs and kaolin are negative at pH 3—11

and the point of zero charges (pH,..) are 2.75 and 2.40 for HNTs and kaolin, respectively [63].
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This indicates that the outer surfaces of HNTs and kaolin are anionic at pH 3—11. Moreover, the
lumen of HNTs is cationic at pH 2—8 [63], which suggests that the anionic CAS species was able
to electrostatically interact and adsorb to HNT lumen at the studied pH range of 6-8.5. The
observed increase in the CAS removal in the more acidic region is likely to be an outcome of the
fact that above pH 8, the lumen loses it positive charge [63]. Thus, the electrostatic interaction
between the HNT lumen and the anionic CAS species decreases as the pH increases. In the case
of kaolin, the edges of the platelets become positively charged at pH < 7.2 [65], which explains

the slight increase in the CAS removal observed at pH < 7.

Table 1. Removal of chrome azurol S and turbidity of the suspensions as a function of solution
pH, using either halloysite nanotubes or kaolin clay, with or without cationic cellulose

nanofibrils (15 mg/g)

pH  HNTs Kaolin
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CAS removed (%) Turbidity CAS removed (%) Turbidity
removed removed

(%) (%)

No CNFs With CNFs With CNFs No CNFs With CNFs With CNFs

6 64 +2 84+4 96.6 0.9 297+ 1.4 52+£8 98.6 1.3
6.52 48+4 69+ 6 96.5+0.9 14+4 33+4 98.1+1.4
7 42+5 66+2 95+6 7+2 25+2 98.7+ 1.0
75 324+0.6 52+3 94+6 5+2 18.7+1.2 99.6 +0.3
8 29+2 47 + 4 96+3 3+2 19+3 95+4
85 23<£3 43 +2 95+3 3+£3 174+ 1.5 98 £2

2 Additional signal observed in the UV-vis spectra.

The addition of CNFs (15 mg/g) to the HNT/kaolin—CAS mixture increased the CAS
removal by ~20 percentage points with both clay minerals, emphasizing the benefit of combining
these two materials (Table 1). In addition, the observed increase was not dependent on the pH,
which was a consequence of the stable negative surface charge on both clays and the stable
cationic charge on CNFs. Regarding the turbidity, ~90—100% removal was obtained through the
whole pH range with both HNTs and kaolin (Table 1). Cationic CNFs have also shown a good
adsorption capacity for anionic humic acid (310 mg/g at pH 6) [68]. Similarly to clays, humic
acid naturally adsorbs waterborne pollutants (e.g., heavy metal ions, dyes), and it has been found
that porous foams prepared from CNF-humic acid complexes efficiently remove cationic dyes
(up to 55%) and copper(Il) metal ions (30%) [68]. This confirms the notion that combinations of

natural materials can be beneficial for pollutant removal.
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Figure 2. Photographs of the samples that were used for the turbidity measurements (top) and

the same samples after centrifugation (bottom), using (A) halloysite nanotubes and (B) kaolin

(cellulose nanofibril dose 15 mg/g, pH 6-8.5).

The impact of CNFs alone on CAS removal was verified by treating pure CAS solution with
CNFs (15 mg/g, corresponding to 30 mg/L) at pH 6-8.5; the results showed consistent removal
rates of 21-24% (q. 348405 mg/g) (Figure S7). Previously, we used anionic CNFs as an
adsorbent for pharmaceutical salbutamol and obtained ~12% removal with 25 mg/L. CNFs
(qe(exp) 196 mg/g) [61]. The higher removal efficiency observed in the current study compared
with the previous one can be attributed to differences in the pollutant type and functional groups
on CNFs, as well as their higher charge density.

The samples prepared at pH values of 6 and 6.5 (with and without CNFs) had an additional
signal at the wavelength of 544—546 nm in the UV—vis spectra (Figure S8). The signal was more
pronounced with kaolin than with HNTs. The samples at pH 6 also differed in color from the

other samples (Figure 2). The additional signal at 544—546 nm was not present in the pure CAS
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solution, in the pure clay mineral or CNF samples, or in the CAS—CNF samples. Therefore, it is
likely attributable to electrostatic interaction or complex formation between CAS and clay
mineral surfaces at those pH values, as has been noted previously between anionic azo dyes and
HNTs [14]. Interestingly, highly acidic CAS solutions (dominating species HsL*, Scheme 1) [56]
and CAS—aluminum complexes [69—71] have adsorption maxima at ~544—546 nm. Thus, it can
be postulated that the supernatant samples contained residual CAS—clay colloidal particles at pH
6-6.5, and the complex formation between CAS and aluminum was sufficiently intense to
become visible in the UV spectra. Based on the literature [71], aluminum—CAS complex does
not adsorb at 427 nm, which was the peak used for the quantification of CAS in the current
study. Therefore, the effect of the additional signal at 544—546 nm on the results presented in
Table 1 can be considered negligible.

A summary of the adsorption capacities ‘of HNTs, kaolin, CNFs, HNT-CNF and kaolin—
CNFs, as well as their comparison to. commonly used adsorbents in anionic dye removal is

presented in Table S3.

3.4 Effect of mixing time on the dye removal and comparison of the addition methods
HNTs alone removed immediately 27% of CAS (Figure 3). However, a steady increase in the
CAS removal was observed as the mixing time increased, as expected, since the process is
diffusion-driven. 24 h was required to reach the 40% removal as seen in Figure 1 (CNF dose 0
mg/g), which indicated that the 24 h mixing is justified in the first step of the process. The

adsorption capacity q; of HNTs was 6.5-9.4 mg/g.
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Figure 3. Removal of chrome azurol S as a function of mixing time. Spheres: Only halloysite
nanotubes (HNTs), mixing time 0—24 h; Squares: HNTs followed by cellulose nanofibrils
(CNFs), mixing time 1 min—24 h with CNFs; Asterisk: HNT—CNF hybrid, mixing time 3 min;
Downward triangle: HNT—CNF hybrid, mixing time 24 h and additional 30 min sedimentation;
Upward triangle: HNTs followed by CNFs, mixing time 24 h with CNFs and additional 30 min

sedimentation.

In contrast to CAS adsorption on HNTs, the adsorption of CAS on CNFs was fast (Figure 3).
There was no evident improvement in the CAS removal when the mixing time after CNFs
addition was increased from 1 min to 24 h during the sequential, 2-step process (54-57%, q; 13—

14 mg/g). The result was not surprising, because it is known that the adsorption of organic
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pollutants on CNFs is rapid [61]. Regarding the turbidity of the samples, an immediate floc
formation and sedimentation was observed in the samples mixed for 1-60 min, and the
supernatants were transparent (Figure S9). The samples mixed for a longer period (6-24 h) were
initially more turbid, which implied that the flocs had partly been broken. The results indicate
that the mixing time in the CNF addition step can be reduced to a few minutes, without having to
compromise the dye removal efficiency or turbidity reduction. However, if longer mixing times
are used, it is advisable to include a 30 min sedimentation period.

Experiments were also performed to demonstrate the differences of using the 2—step or 1—
step addition method, i.e. simultaneous addition of both HNT and CNF to form a HNT-CNF
hybrid as an adsorbent (Figures 3 and S9). It was observed, that 3 min mixing with HNT-CNF
hybrid removed 39% (q; 10 mg/g) of CAS, which was 10 percentage points better than with
HNTs alone, but 17 percentage points less than with the 2-step method using 3 min mixing. The
result was expected, because the time was too short for CAS molecules to diffuse inside the
tubes. HNT—CNF hybrid mixed for 24 h followed by 30 min sedimentation removed 54% (q; 13
mg/g) of CAS, whereas with the 2-step method combined with 30 min sedimentation the
removal was 66% (q¢ 16 mg/g). The poorer performance of the 1-step method compared with the
2-step method may be a result of the blockage of the tubes by CNFs (lumen diameter ~15 nm,
CNF diameter <5 nm) during the preparation of the hybrid, which hindered the diffusion of CAS
into the lumen. However, it is evident that the difference between the 2-step and 1-step method
became smaller as the mixing time increased. One explanation for this is that CNFs originally
adsorbed on HNTs were partly detached because of prolonged mixing, making both HNTs and
CNFs available for adsorbing CAS. The different removal efficiencies obtained for the 2-step

method without or with 30 min sedimentation support the statement that is important for both the
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dye removal and turbidity reduction to allow the system to reach the equilibrium again after
prolonged mixing. In conclusion, the sequential, 2-step method works best when HNTs are
allowed to interact with the treated solution for a prolonged time, after which the pollutant-
loaded particles can be rapidly aggregated by CNFs.

The optimized conditions for the removal of CAS (initial concentration 50 mg/L)) by the 2—
step method is summarized in Table 2. In addition to the reaction kinetics, the table contains the
conclusions drawn from the previous sections regarding the optimum CNF dose (section 3.1,
good turbidity reduction with 15 mg/g of CNFs) and pH (section 3.2, no interference in the

analysis above pH>6.5).

Table 2. Optimized adsorption conditions for the removal of chrome azurol S by the sequential

combination of halloysite nanotubes (HNTs) and cellulose nanofibrils (CNFs)

Step  Nanomaterial Dose Mixing Conditions Note
1 HNTs 2 g/l 24 h, pH 7, 200 rpm Used as received
2 CNFs 30 mg/L, 1-5 min, pH 7, 200 rpm  Added as a dilute
15 mg/g HNT suspension (0.2% w/w)

3.5 Characteristics of CNFs
CNFs had a cationic charge of ~1.0 meq/g in the pH range of 3-9, explaining the constant 20%
CAS removal observed with pure CNFs at pH 6-8.5. The charge remained stable in aqueous

solution for at least 17 weeks (Figure 4A). These findings are promising, because good stability
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with respect to pH and over time is important when considering industrial-scale applications. At

pH 10, the charge decreased to ~0.7 meq/g. This was likely caused by B-alkoxy fragmentation of
the DAC backbone (bond between C-5 and O-5) in basic conditions [72], as has been previously
noted [59,60]. Also, deprotonation of guanidinium ions is possible, although guanidine is-a very

strong base (pK, 13.6) [73]. However, such highly basic conditions are not typically encountered
in conventional municipal wastewater treatment plants.

The chemical modifications of cellulose were visible in the infrared spectra (Figure 4B). The
spectrum of DAC presented a band at 1729 cm™!, which is characteristic of an aldehyde carbonyl
group (-CHO), whereas CDAC and CNFs exhibited two new bands at 1642 cm ™! and 1680 cm™!,
attributed respectively to N—H bond bending and C=N bond vibration [74,75]. The crystalline
structure of cellulose remained intact during the chemical modifications and the mechanical
disintegration, as the diffractograms showed typical cellulose I peaks (Figure 4C). Oxidation to
DAC decreased the crystallinity index (Crl) of the cellulose pulp from 76% to 58%, as expected
[76,77]. Cationization of DAC into CDAC in DES did not have any effect on the crystallinity
(59%), while mechanical processing into CNFs decreased it slightly (48%). According to high-
resolution TEM images, the CNF sample consisted of elongated fibrils approximately 5 nm or
less in width, with alternating crystalline and disordered regions (Figure S10), as has been

previously observed for bleached birch pulp (4.6 = 1.1 nm, TEM analysis) [49].
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Figure 4. (A) The charge densities of cellulose nanofibrils as a function of pH. The data points
are averages from three titrations and the error bars represent the sample standard deviation. (B)

Diffuse reflectance spectra and (C) diffractograms of cellulose pulp, dialdehyde cellulose

(DAC), cationized dialdehyde cellulose (CDAC), and cellulose nanofibrils (CNF).

3.6 Characteristics of clay minerals

The outer and inner diameters of HNTs measured from TEM images were ~30—80 nm and ~10—
20 nm (Figure 5A), respectively, which matched the measured properties and manufacturer’s
specifications (Table S1). According to the laser diffractometry analysis (Figure 5B), the kaolin

particles were <45 um in diameter with a mean of 7 um, which was also in line with the
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manufacturer’s specifications (Table S1). HNTs were rigid and tubular in morphology, whereas

kaolin particles were layered, sharp-edged platelets (Figure 5C and D).
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Figure 5. (A) Width distributions for halloysite nanotubes (inset: lumen width). Gaussian fitting
(n >100) was used to evaluate the peak centers. (B) Diameter distribution for kaolin. TEM

images of (C) halloysite nanotubes and (D) kaolin.

29



3.7 Characteristics of CAS-loaded HNT/kaolin—CNF aggregates

Cryo-SEM was utilized to image the aqueous CAS-loaded HNT/kaolin—CNF aggregates. Freeze-
dried HNT—CNF aggregates formed continuous three-dimensional porous structures (Figure
6A1-A3) that resembled CNF sponges [78]. HNTs are capable of self-assembly and orienting
themselves along the edge of a drying droplet (i.e., they exhibit the “coffee ring” effect), and this
orientation is more pronounced for HNTs with high negative {-potential (e.g., because of the
adsorption of anionic substances in the lumen) [79]. Therefore, it can be deduced that HNTs
loaded with anionic CAS oriented themselves along the flexible CNF bundles during the
sublimation process. Also, the shorter length of HNTs compared with that of CNFs probably
facilitated this orientation. Interestingly, although the aggregates appear to consist mainly of
CNFs (Figure 6A1-A3), the actual CNF:HNT ratio in this sample was 1:100 (CNFs 20 mg/L,
HNTs 2 g/L). This again highlights the efficiency of CNFs in colloid removal and implies that
the cost of the process can remain reasonable upon scaling, thanks to the lower consumption of
the more expensive component (1.e:, CNFs). Freeze-dried kaolin—-CNF aggregates formed
layered and less porous structures than HNT—CNF aggregates (Figure 6B1-B3). This is probably
due to the different morphology and larger size of kaolin particles compared with HNTs. Based
on the images, the faces of the kaolin platelets were covered with CNFs and connected to one

another with CNF bundles (Figure 6B3).
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different magnifications. (A1-A3) Aggregates with halloysite nanotubes, scale bar 10—100 pm

and (B1-B3) aggregates with kaolin, scale bar 30-100 pm.

Regarding the recyclability of the used adsorbents, one option could be the separation of the
constituents forming aggregates and their reuse or disposal. However, the complete separation of
CNFs from HNTs is expected to be laborious. In addition, the consequent purification process
required to remove adsorbed CAS (e.g. washing) could damage the CNF structure and alter its
properties, which could prevent its reuse in the process. Fortunately, CNFs are biodegradable
which means that it could be decomposed. The purification of HNTs would be more
straightforward involving e.g. washing with water [80] or with acids [14], after which they could
be reused. Another more applicable and straightforward method would be a heat treatment. After
burning away the organic constituents (CAS and CNFs), HNTs could be recycled back to the

process. It should be taken into a consideration however, that washing with concentrated acids
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[81] and heat treatments [82] can induce irreversible morphology changes in HNTs that can have

an impact on their performance.

4 Conclusions

The sequential combination HNTs and CNFs resulted in significantly improved removal of
anionic dye compared with using either of them alone. The size and morphology of the clay
mineral had a clear impact on the outcome, as the nano-sized HNTs performed better than the
micro-sized kaolin. The demonstrated concept is simple and requires no chemical pretreatments
of the clay mineral (e.g., tube etching) or heavy energy usage (e.g., drying, vacuum). Moreover,
both nanomaterials are abundantly available and can be processed sustainably (e.g., cellulose
pulp obtained through DES treatment). The effective CNF dose for colloid removal was 10 mg/g,
implying that the cost of the concept can be expected to remain reasonable upon scaling to
industrial levels. In addition, the implementation of HNTs in existing wastewater treatment
processes should be quite straightforward and require no extensive investments or alterations,
because clay-based treatments (e.g., for enhanced sedimentation) are already used in some
processes. However, the stability of the aggregates and the uptake of different pollutants into
HNTs, as well as their release profiles, should be tested, preferably with low concentrations of

pollutants (~pg/L level).
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Highlights
e The stepwise addition of HNTs and CNFs efficiently removes anionic dye from water.
e Both HNTs and CNFs participate in the dye capture.
e CNFs also aggregate the dye-loaded colloidal clay particles.

e The size and morphology of the clay mineral determine the dye removal efficiency.
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