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Abstract

Access to clean water has become increasingly difficult, motivating the need

for materials that can efficiently remove pollutants. Hydrogels have been

explored for remediation, but they often require long times to reach high levels

of adsorption. To overcome this limitation, we developed a rapid, locally

formed hydrogel that adsorbs dye during gelation. These hydrogels are derived

from cellulose—a renewable, nontoxic, and biodegradable resource. More spe-

cifically, we found that sulfated cellulose nanofibers or sulfated wood pulps,

when mixed with a water-soluble, cationic cellulose derivative, efficiently

remove methylene blue (a cationic dye) within seconds. The maximum adsorp-

tion capacity was found to be 340 ± 40 mg methylene blue/g cellulose. As

such, these localized hydrogels (and structural analogues) may be useful for

remediating other pollutants.
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1 | INTRODUCTION

Accessible, clean water is increasingly scarce due to pol-
lutants discharged in the environment.[1] Many localities
across the United States are grappling with extensive
groundwater contamination by persistent pollutants.[2]

Organic dyes are one major source of pollution: 10–15%
of the approximately 105 tons of dye produced globally
each year have been released into the environment.[3]

Moreover, dyes have been linked to a variety of health
problems in humans and aquatic life.[3,4] To minimize
the negative consequences of dye release, improved water
remediation systems are needed.

Several strategies for removing dyes from the environ-
ment have been investigated, including chemical oxida-
tion, membrane filtration, ion exchange, and most
commonly, adsorption.[5–7] The primary adsorbent mate-
rial employed for water purification is activated carbon
because of its high capacity, porosity, and versatility in
adsorbing different pollutants.[8] Despite these useful

properties, making and regenerating activated carbon is
costly and unsustainable,[8] leading researchers to explore
alternative adsorbents.[6,9–12]

Cellulose, which can be sustainably sourced and is
biodegradable, has been evaluated as an alternative adsor-
bent for water purification.[13–17] For example, Tam and
coworkers reported that hydrogel beads made from sul-
fated cellulose nanocrystals (S-CNCs) and alginate could
efficiently remove 97% of methylene blue (MB) from
aqueous solutions.[18] In a different example, Yu and
coworkers showed that carboxylated cellulose nanofiber
(CNF) aerogels removed MB with up to 95% efficiency.[19]

In both cases, however, the authors needed lengthy batch
times (>30 min) to reach these high adsorption efficien-
cies, highlighting the need for alternative cellulose-based
materials with a more rapid adsorption.

To overcome this challenge, we hypothesized that
rapid adsorption might occur if dye adsorption and gel
formation are simultaneous. The rationale is that the cel-
lulosic binding sites are more accessible before and
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during gelation, compared to after a gel has already
formed. This approach was inspired by flocculating
agents, which are commonly used in water treatment
facilities.[20] Flocculants rapidly form a suspension when
added to water, which allows for fast adsorption and easy
removal through filtration. As a consequence, we hypoth-
esized that an in situ-formed, localized (i.e., not sample-
spanning), hydrogel could function like a flocculant,
adsorbing pollutants while forming a suspended material
for easy removal.

Both the hydrogel formation and adsorption processes
need to be rapid for this approach to work. We anticipated
that electrostatic crosslinking, which is both rapid and
reversible, would be ideal for triggering localized gel for-
mation (Scheme 1). We therefore targeted polyionic
complexes,[21–24] which have previously been shown to
form localized hydrogels in applications such as printable
gels[25,26] and drug delivery systems.[27] In considering pos-
sible materials, we focused on cellulose-derived polymers
due to their sustainable sourcing and biodegradability.

We initially focused on a system reported by Boluk
and coworkers, wherein polyanionic S-CNCs and poly-
cationic quaternized hydroxyethyl cellulose ethoxylate
(QHECE) were mixed to form an all-cellulose based
hydrogel.[28,29] Unfortunately, under their conditions, the
gel formation was both slow (3 d) and not localized.[30]

We hypothesized that longer cellulose fibers[31,32]—
nanofibers (CNFs)[33–35] and wood pulp (WP)[36]—would
create additional fiber/fiber entanglements, possibly
enabling a faster-forming hydrogel.

Indeed, we report herein that sulfated CNFs (S-CNFs)
and sulfated WPs (S-WPs) form localized hydrogels
within 30 s when mixed with a water-soluble cationic cel-
lulose derivative. In addition, we show that MB can be

efficiently adsorbed while the localized gel forms, an
advantage compared to traditional hydrogel adsorbents,
which require lengthy batch times. Adsorption efficien-
cies above 90% are obtained across a wide range of dye
concentrations, with a total adsorptive capacity of 340 mg
dye/g cellulose. Both the solution pH and salt concentra-
tion had negligible effects on MB adsorption, indicating
that the system is tolerant to a variety of water condi-
tions. Overall, these locally formed cellulose-based hydro-
gels are effective adsorbents for cationic dyes and may be
promising materials for other pollutants with alternative
derivatization.

2 | EXPERIMENTAL

2.1 | Materials

Cellulose nanocrystals (spray-dried, Cellulose Lab Cata-
log Number CNC-SD) and cellulose nanofibrils (freeze-
dried, Cellulose Lab Catalog Number CNF-FD) were
purchased from Cellulose Lab. Bleached hardwood pulp
was generously donated by Cellulose Lab. Chlorosulfonic
acid and quaternized hydroxyethylcellulose ethoxylate
(QHECE) were purchased from Aldrich and used without
further purification. Deionized (DI) water purified by a
Millipore Synergy water purification system was used as
the water source, unless otherwise noted.

2.2 | Sulfation of CNF and WP

As described in detail below, the synthesis was performed
similar to Kumar and coworkers.[37]

SCHEME 1 When combining oppositely charged polyions, a localized hydrogel forms via electrostatic crosslinks while rapidly

adsorbing cationic pollutants [Color figure can be viewed at wileyonlinelibrary.com]
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2.2.1 | CNF and WP dispersions

Unsulfated CNFs or WPs (400 mg) were placed in an
oven-dried 100 ml flask with anhydrous DMF (50 mL),
and the flask was capped with a septum. The mixture
was soaked for 40 min without stirring under N2. The
mixture was then homogenized at a specified speed and
time with an IKA T25 digital Ultra-Turrax (Table S1).
The flask was recapped and soaked for 10 min under N2.
The mixture was homogenized a second time at a speci-
fied speed and time (Table S1). Then a stir bar was added,
the flask was sealed, and the mixture was stirred for
40 min under N2.

2.2.2 | CSA stock solution (2.0 M
in DMF)

A Schlenk flask with stir bar and addition funnel were
removed from the oven and assembled. The addition fun-
nel was capped with a septum, and the system was cooled
to room temperature under N2. Anhydrous DMF (26 ml)
was added to the Schlenk flask, and the solvent was
cooled in an ice water bath for 10 min. Then, CSA (4 ml)
was loaded into the addition funnel and added slowly
over 5 min to the stirring DMF, with some HCl evolving.
Once all the CSA was added, the addition funnel was
removed and the Schlenk flask was capped, removed
from the ice-water bath, and warmed to room tempera-
ture to provide a 2.0 M solution of CSA in DMF.

2.2.3 | CNF and WP sulfation

A specified amount of the 2.0 M CSA in DMF was added
to the CNF or WP mixture dropwise over 0–2 min. The
mixture was stirred for 20 min once all the CSA was
added. Then, the reaction was quenched with methanol
(~5 mL), and the mixture was stirred for 5 min.

The mixture was poured into a 250 mL centrifuge bot-
tle, and the bottle was filled to ~90% capacity with DI
water. The mixture was centrifuged at ~34,000 x g for
~25 min. The supernatant was discarded, and fresh DI
water was added. Then a ~0.1 M NaOH solution was used
to increase the pH to 7, as measured with pH paper. The
mixture was centrifuged again at ~34,000g for ~25 min.
The supernatant was discarded, and fresh DI water was
added. The mixture was shaken by hand and then cen-
trifuged a third time at ~34,000g for 25 min.

The fibers were then isolated using one of the two
procedures described below. (a) If a white, gel-like mass
remained in the centrifuge bottle, the supernatant was
discarded, and the material was placed in smaller glass

vials, frozen in liquid N2, and dried under vacuum on a
Schlenk line to remove excess water. (This procedure
was used to access S-CNFs 0.77, 1.1, 1.5, 1.8, 1.9, and
S-WP1.8.) (b) If the fibers did not form a gel-like mass in
the centrifuge bottle, ~90% of supernatant was discarded,
and the remaining mixture was vacuum filtered using a
Whatman polyamide membrane filter (0.2 μm, 47 mm).
The fibers on the filter were then rinsed once with DI
water (5 mL), and placed in smaller glass vials, frozen in
liquid N2, and dried under vacuum on a Schlenk line to
remove excess water. (This procedure was used to access
S-WPs 0.53, 1.0, and 1.3.)

2.3 | Charge density measurements

Charge density measurements were carried out similar to
the procedure given by Katz et al.[38,39] A known amount
of S-CNFs or S-WPs (typically about 35 mg) was placed
in a 20 ml vial with 0.1 M aq. HCl (15 ml) and a stir bar.
The vial was capped and stirred for 90 min to protonate
the S-CNFs or S-WPs. The mixture was then filtered over
a polyamide membrane using vacuum filtration. The
solids were rinsed with DI water until the conductivity of
the filtrate was <10 μS/cm as measured by a Thermo Sci-
entific Orion Star A215 pH/conductivity meter. The
resulting solids were added to a tared 150 mL beaker
followed by DI water (~20 ml) and a stir bar. The mixture
was covered with weigh paper (of known mass), stirred
for at least 5 min to uniformly disperse the solids, and
then the stir bar was removed. The mixture was weighed
to determine the total mass of the protonated S-CNF or
S-WP mixture. Then, two aliquots of the mixture were
removed, placed in separate tared 20 mL vials, accurately
weighed (~2.5 g), and dried in a 110�C oven. For all sam-
ples (except S-CNF0.0 and S-WP0.0), the mass of solids in
each aliquot was used to determine the concentration of
solids in the protonated S-CNF or S-WP mixture. For S-
CNF0.0 and S-WP0.0, the mass of solids in each aliquot
overestimated the amount of fibers that were present
(likely because the fibers were nonuniformly clumped
together in the mixture), so the aliquot masses were sub-
tracted from the initial amount of S-CNF0.0 or S-WP0.0
used to give a total amount of titrated S-CNF0.0 and S-
WP0.0 fibers.

A stir bar and recorded volume (~100 mL) of 1 mM
NaCl were then added to the beaker containing the pro-
tonated S-CNF or S-WP mixture. The mixture was
titrated, with stirring, by adding a volume with known
concentration of NaOH solution (~0.01 M) to the proton-
ated S-CNF or S-WP mixture and measuring the conduc-
tivity of the mixture 40 s after each addition of titrant.
(The concentration of the NaOH solution was
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determined using the calibrated pH meter prior to the
titration.) The volume-corrected conductivity was plotted
as a function of the volume of NaOH added, and the
equivalence point was determined by the intersection of
the linear least-squares regression lines from the posi-
tively and negatively sloped regions of the curve
(Figure S2). Based on the mmols of NaOH added, the
mmol of SO3

− were calculated. The charge density was
found by dividing the mmol SO3

− by the mass of S-CNF
or S-WP that was titrated. This procedure was repeated
and the average is reported as the sample's charge density
(Table S2). Throughout the manuscript, S-CNF and S-WP
samples will be identified by material type followed by
the charge density (e.g., S-CNF1.1 is an S-CNF with a
charge density of 1.1 mmol SO3

−/g).

2.4 | Dye adsorption measurements

S-CNF1.8 (25.0 mg) was soaked in DI water (12.5 mL) for
5 min. The mixture was then homogenized at 10k rpm
for 1 min to make a 0.200% w/v S-CNF1.8 mixture.
QHECE (30.0 mg) was dissolved in DI water (20.0 mL) to
make a 0.150% w/v QHECE solution. MB (60.0 mg,
188 μmol) was dissolved in DI water (6.0 mL) in a 50 mL
centrifuge tube to make a 31 mM MB solution.

A volume of 31 mM MB solution was added to a
50 mL centrifuge tube followed by DI water to give a total
volume of 2.0 mL. Then, 4.0 mL of 0.200% w/v S-CNF1.8
mixture and 4.0 mL of 0.150% w/v QHECE solution were
added simultaneously, over a recorded time (Table S13),
directly to the bottom of the centrifuge tube with vortex
mixing at a speed setting of 1.5. The centrifuge tube was
then vortex mixed using a speed setting of 1.5 for an addi-
tional recorded “mixing” time. The centrifuge tube was
then removed from the vortex mixer, and a gel was
observed. An aliquot of water was removed from the cen-
trifuge tube, placed in a cuvette, and the absorbance spec-
trum of the solution from 400 to 750 nm was obtained.
The UV–vis measurement was performed within 1 min
of the gel being formed. The absorbance spectrum for
each gel sample was obtained and baseline corrected
(Supporting Information, p. S38). The corrected absor-
bance at 661 nm was then recorded for each gel sample,
and the concentration of MB that was not adsorbed was
determined using a calibration curve (Figure S34).

2.5 | Dye desorption study

0.200% w/v S-CNF1.8 mixtures, 0.150% w/v QHECE solu-
tions, and a 31 mM MB solution were prepared according
to the procedure in the “Dye adsorption measurements”

section. An “acidic ethanol” solution (1:1 (v:v)
EtOH:0.10 M aq. HCl solution, 50.0 ml) was prepared in
a 50 ml polypropylene centrifuge tube (“Tube 1”). The
tube was wrapped in aluminum foil to minimize light,
and set aside for later use.

DI water (1.92 mL) was combined with an aliquot of
31 mM MB solution (80.0 μl) in a 50 ml polypropylene
centrifuge tube (“Tube 2”), and the solution was vortex
mixed using a speed setting of 1.5 for 15 s. Then,
S-CNF1.8-based gels were produced according to the pro-
cedure in the “Dye adsorption measurements” section.
After a gel was formed, the gel was removed from Tube
2 using a spatula and placed into Tube 1. Tube 1 was
capped and placed in a closed, dark drawer. Then, an ali-
quot of leftover solution from Tube 2 was placed in a
cuvette, and an absorbance spectrum from 400 to 750 nm
was obtained and baseline corrected. The corrected
absorbance at 661 nm was then recorded for each gel
sample, and the mass of adsorbed MB (MAMB) that was
adsorbed was determined using a calibration curve.

Then, at recorded time intervals, Tube 1 was removed
from the drawer and inverted to mix the contents of the
tube. An aliquot of solution was then placed in a cuvette,
and the absorbance spectrum of the solution was
obtained and corrected. The aliquot was returned to Tube
1, and the tube was placed back in a closed drawer. For
the aliquots removed from Tube 1, the mass of desorbed
MB (MDMB) in solution at each time point was deter-
mined using a separate calibration curve that was gener-
ated for MB in acidic ethanol (Figure S45). The MB
desorption % was then calculated at each time point
using the following equation:

MBdesorption%=
MDMB
MAMB

× 100 ð1Þ

This procedure was performed for three hydrogel
samples (Table S25 and Figure S47), and an average MB
desorption % after 24 hr is reported based on these
samples.

3 | RESULTS AND DISCUSSION

3.1 | Identifying conditions for quick-
forming, localized hydrogels

As described above, we hypothesized that cellulose mate-
rials with longer lengths would generate more (physical)
crosslinking sites, which would potentially lead to a
faster, localized gelation. We also hypothesized that
higher charge densities would lead to faster gelation due
to rapid charge/charge interactions generating more
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(physical) crosslinks. To test both these hypotheses, we
functionalized CNFs and WPs by reacting them with
varying amounts of chlorosulfonic acid.[40,41] Previous
studies on cellulose functionalization suggest that the
sulfation likely occurs at the C6 and C2 positions on the
glucose repeat unit.[42] Materials with charge densities
ranging from 0.0 to 1.9 mmol SO3

−/g were generated, as
determined by conductometric titrations. Elemental ana-
lyses performed on a subset of samples showed that the
conductometric titrations are accurate (i.e., less than
0.25% difference in S content, Table S3). The charge den-
sity on the other hydrogel component (commercial
QHECE) was measured herein to be 1.23 mmol R4N

+/g
(Supporting Information, pp. S7–S8). SEM images indi-
cate that the size of S-CNFs and S-WPs did not change
significantly after functionalization, but small changes in
S-CNF structure (e.g., some fracturing) were observed for
some charge densities (Supporting Information,
pp. S9–S12).

Localized gels[43] were formed within seconds
when QHECE solutions were added to suspensions of
aq. S-CNF or S-WP (Figure 1 and Supporting Informa-
tion, pp. S13–S18). Gel formation was impacted, as antici-
pated, by the CNF and WP charge density as well as by
the molar charge ratio (f−), which is the ratio of negative
charges to total charge. For example, S-CNF-based gels
only formed with a charge density ≥0.77 mmol SO3

−/g
and an f− ≥ 0.39. Similarly, S-WP-based gels only formed
with a charge density ≥ 0.53 mmol SO3

−/g and an
f− ≥ 0.30. Both results indicate that there is a minimum
amount of negative charge necessary to interact with
QHECE and form an electrostatically crosslinked gel.

In both cases, gel formation was rapid (within 30 s)
and localized, possibly driven by the entropy gain from
the release of counterions into solution.[44] Surprisingly,
the shorter S-CNFs formed gels at lower concentrations
than the longer S-WPs, even when the charge densities
were similar. (Localized gels could be formed with as lit-
tle as 0.010% S-CNF and 0.0050% w/v QHECE.) This

result is likely due to the thinner CNFs having more
fiber/fiber interactions and entanglements compared to
the same mass of the thicker WP. The S-CNF-based gels
also exhibited higher swelling ratios relative to the analo-
gous S-WP-based gels under otherwise identical condi-
tions (Supporting Information, pp. S19–S27). This result
may be attributable to the larger interstitial volume pre-
sent in gels made from the thinner S-CNF fibers, leading
to more water retention via capillary forces.[45]

Examining the mass balance revealed that approxi-
mately 40–60% of the added cellulose was incorporated
into the gels (Supporting Information Tables S9 and S11).
Most likely, the water-soluble QHECE is the dominant
species in solution. The mechanical properties of the iso-
lated S-CNF and S-WP hydrogels were probed using
oscillatory shear rheology (Supporting Information,
pp. S28–S32). The elastic modulus (G0) was nearly inde-
pendent of frequency and greater than storage modulus
(G00) in the frequency range of 0.1–50 rad/s. These results
are characteristic of physical hydrogels.

Overall, the rapid, localized gel formation observed
with both S-CNFs and S-WPs, suggests that the longer
fiber lengths and higher charge densities played an
important role, presumably by creating additional cross-
links. For the rest of the studies, we focused on the
hydrogels made from S-CNFs with the highest charge
density (1.8 mmol SO3

−/g) because we anticipated that
the highest adsorption would be achieved with gels con-
taining the most negative sites.

3.2 | Assessing dye adsorption

Because the insoluble cellulose component was anionic,
we anticipated that these hydrogels would be best at
adsorbing dyes with cationic charge. Gratifyingly, we
observed over 90% MB adsorption within 1 min when
the dye concentration was <400 μM (Figure 2 and
Figure 3a, Supporting Information Video #3). This

FIGURE 1 (a) Chemical structures for S-CNFs, S-WPs, and QHECE. (b) Procedure for making hydrogels (see also, Supporting

Information Video #2). The gel shown is made from 0.050% w/v S-CNF1.9 and QHECE [Color figure can be viewed at

wileyonlinelibrary.com]
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adsorption % held true as long as the ratio of
dye/negative sites was kept below 0.35. MB adsorption
only slightly increased over time (e.g., 96% at 3 min to
99% at 3000 min), likely due to a slower process of MB
diffusion into the internal sites within the CNF fibers
(Table S17).[46,47] The maximum capacity for MB adsorp-
tion was 94.5 ± 0.2 mg dye/g cellulose under these
conditions.

At higher MB concentrations, we observed some-
thing similar to flocculation; rather than a single, local-
ized hydrogel forming, we observed several smaller
flocs.[48] Under these conditions, there is more MB than
negative sites, leading to lower adsorption, and weaker
gels. The maximum capacity for MB adsorption under
these conditions was 340 ± 40 mg dye/g cellulose
(Figure 3b). This value slightly outperforms related
materials from the literature, with 256 mg dye/g of cellu-
lose for CNC-based hydrogel beads reported by Tam and
coworkers,[18] and 128 mg MB/g of cellulose for CNF-
based aerogels reported by Yu and coworkers.[19] The
advantage of our system (over these examples) is the

rapid speed for both the adsorption (<5 min) and gela-
tion processes (<30 s).

We hypothesized that the MB/gel interactions were
largely driven by charge complexation. To test this
hypothesis, we first evaluated MB adsorption to S-CNF
alone. Under conditions similar to above, the S-CNFs
adsorbed approximately 85% of the MB, consistent with a
charge-based complexation (Table S26). In a separate
experiment, when an S-CNF with a lower charge density
was used to form a gel, and all other variables were held
constant, the maximum adsorption decreased
(160 ± 30 mg dye/g cellulose, Table S20). This result also
suggests that the primary driving force for adsorption is
charge complexation. In addition, this result suggests that
higher adsorption capacities might be accessible with
higher S-CNF charge densities.

To demonstrate the advantages of having adsorp-
tion occur simultaneously with gelation, we added a
preformed hydrogel into a solution of MB and moni-
tored its adsorption over time. Gratifyingly, we
observed slow adsorption with the preformed gel
(e.g., 20% at 2 min) compared to in the in situ system
(>90% at 2 min). Only after 60 min did the preformed
gel reach the same adsorption levels as our simulta-
neous system.

3.3 | Effect of salt concentration and pH
on dye adsorption

Industrial effluent from dye manufacturing contains
many other dissolved species, including acids and
bases.[19] As such, we examined the influence of both salt
concentration and solution pH on dye adsorption.

No significant decrease in dye adsorption was
observed over a pH range of 2.5–11.5 (Figure 4a). These
results were expected because there should be no change
in charge for any of the species over this pH range. More
specifically, QHECE is a quaternized amine with four
alkyl groups, giving it a pH-insensitive permanent
charge. The sulfate on the S-CNFs have an estimated
pKa ~ 2,[49] indicating that they will be fully
deprotonated under our conditions. Similarly, MB has an
estimated pKa ~ 3[50] and is expected to be cationic over
the pH range examined.

We also found that as salt concentration increases
(from 0), the MB adsorption remains constant
(Figure 4b), suggesting that Na+ is not displacing the MB
under these conditions.[51] However, gelation was
inhibited above ~99 mM NaCl, indicating that the
electrostatic-based crosslinking between S-CNF and
QHECE was being disrupted.

FIGURE 2 A localized hydrogel formed after adding

aq. QHECE and S-CNF mixtures to an aq. solution containing MB

([MB]i = 94 μM; [S-CNF1.8]f = 0.08% w/v; [QHECE]f = 0.06% w/v)

[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 (a) MB adsorption percent as a function of the

initial dye concentration for S-CNF1.8 gels (●) and flocs (�). (b) MB

adsorption capacity as a function of the initial dye concentration for

S-CNF1.8 gels (●) and flocs (�). All gels and flocs were made using

0.080% w/v S-CNF1.8 and 0.060% w/v QHECE [Color figure can be

viewed at wileyonlinelibrary.com]
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3.4 | Dye desorption

For water treatment applications, it would be advanta-
geous to desorb the MB dye so that the cellulose-based
gel can be reused or biodegraded. As such, we soaked the
used hydrogels in acidic EtOH (pH = 1.55) for 24 hr
(Supporting Information, pp. S56–S59).[18,52] Subsequent
UV–vis spectroscopic analysis of the supernatant revealed
approximately 55 ± 2% of the MB had desorbed, presum-
ably via competitive binding of the H+ to the sulfate
groups. Clearly, further optimization will be necessary to
fully recycle or recapture the spent materials.

4 | CONCLUSIONS

In summary, functionalized cellulose nanofibers and
wood pulp were found to form localized hydrogels with
an oppositely charged, water-soluble cellulose derivative,
driven by electrostatic and physical crosslinking. These
localized gels rapidly adsorb cationic dye during gelation,
giving them an advantage over traditional hydrogel-based
adsorbents. The maximum adsorption capacity was found
to be 340 ± 40 mg methylene blue/g cellulose, which out-
performed other cellulose-based physical gels.

Overall, we anticipate that these and related localized
hydrogels may have future applications as flocculating
agents in water purification. Moving forward, we intend
to tailor the localized hydrogels to adsorb other contami-
nants that threaten freshwater supplies.[2,16,53] Toward
this goal, we have successfully removed anionic dyes with
cationic wood pulp-based gels. These and related studies
will be reported in due course.
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