Cellulose (2024) 31:5635-5651
https://doi.org/10.1007/s10570-024-05950-5

ORIGINAL RESEARCH

®

Check for
updates

Emulsions, dipsticks and membranes based on oxalic
acid-treated nanocellulose for the detection of aqueous

and gaseous HgCl,

Gabriela A. Bastida - Roberto J. Aguado - Niria Fiol - Marc Delgado-Aguilar - Miguel A. Zanuttini -

Maria V. Galvan - Quim Tarrés

Received: 27 December 2023 / Accepted: 8 May 2024 / Published online: 25 May 2024

© The Author(s) 2024

Abstract Although cellulosic materials have been
used as stabilizing agents for oil-in-water emulsions
since the 1980s, their properties and the underlying
mechanism are not universal regardless of the dis-
persed phase or of the treatments on cellulose. One
case of unconventional organic phase is acetic acid-
containing chloroform, which is known to be a good
solvent system for the preservation of dithizone. In
turn, dithizone is a long-known chromogenic reagent
for the colorimetric detection of HgCl,. However, its
usefulness is limited by its fast degradation in polar
solvents. For instance, its dissolution in ethanol and
the subsequent impregnation of paper strips allowed
to quantify aqueous HgCl, reliably and quickly
(5.4 — 27 mg L), but only if they were used along
the first 24 h after dip coating. Furthermore, those
strips could not be used for sublimated HgCl,. The
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dithizone/chloroform-in-water emulsions presented
in this work overcame these limitations. We opted for
oxalic acid-treated cellulose nanofibers (ox-CNFs)
as stabilizer, aiming at a proper balance between
amphiphilic character and electrostatic repulsion. In
this sense, ox-CNFs attained good gel-forming abil-
ity with a low content of carboxylate groups. The
minimum ox-CNF concentration required was 0.35
wt%, regardless of the proportion of chloroform. This
consistency implied yield stress values above 0.7 Pa.
Nanocellulose also provided film-forming capabili-
ties, which were exploited to produce visually respon-
sive dipsticks and membranes. While quantification
and reproducibility were hampered by the increase in
the complexity of the system, dithizone/ox-CNF films
were still a valid option for HgCl, detection, outper-
forming solution coating in terms of stability, blank
signal, and selectivity.

Keywords Colorimetric detection - Dithizone -
Heavy metals - Mercury(ii) chloride - Nanocellulose -
Oxalic acid

Abbreviations

v As long as

y Shear rate

0 Oil/solid/water angle

T Shear stress

BEP Bleached eucalyptus pulp
DTZ Dithizone

IFT Interfacial tension
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LOD Limit of detection

LOQ Limit of quantification

Ox-CNFs Oxalic acid-treated cellulose nanofibers

R Sauter radius of droplets

TEMPO  2,2,6,6-Tetramethylpiperidine-1-oxy
radical

EDTA Ethylenediaminetetraacetic acid

Introduction

HgCl, is the most widely used mercury(Il) salt in the
industry. It is employed to catalyze the conversion of
acetylene to vinyl chloride monomer, for the amal-
gamation of metals, and to stabilize analytical stand-
ards, among other applications (Li et al. 2018; Tong
et al. 2021). Likewise, it results from the oxidation
of Hg,Cl, in calomel electrodes (Tigari et al. 2021).
HgCl, is slightly volatile even at ordinary tempera-
tures, to the extent that it is traditionally known as
“corrosive sublimate” (Evans and Looker 1921). At a
given temperature (T) below 545 K, the vapor pres-
sure (P) of solid HgCl, is given by the August equa-
tion (Phillips et al. 1959):
log,, P (mmHg) = 10.67 — % (D
Despite its low volatility at room temperature,
two facts should be taken into account. First, HgCl,
is nephrotoxic, hepatotoxic, genotoxic, hemotoxic,
neurotoxic, very hazardous to the environment, and
prone to bioaccumulation (Sangvanich et al. 2014),
so it could be stated that there is no safe level of
exposure. Second, industries applying HgCl, as cata-
lyst, such as that of vinyl chloride, employ tempera-
tures in the 80 — 180 °C range (Li et al. 2019a). In
China, regulations adopted in 2012 imposed a transi-
tion for HgCl, loadings in catalysts from 10-12 wt%
to 4.5-6 wt%, and pollution due to sublimation has
been notoriously reduced since then (Li et al. 2019b).
Still, it can be argued that industries using HgCl,, be
it in aqueous solution or at temperatures that imply
significant sublimation, would benefit from user-
friendly and cheap detection systems to improve
safety conditions for all workers. For instance, cellu-
lose nanocrystals have been functionalized with rho-
damine to become visually responsive to mercury(Il)
in water (Ye et al. 2020).
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Another popular reagent for the colorimetric detec-
tion of mercury(Il) compounds is 1,5-diphenylthi-
ocarbazone, more familiarly known as dithizone (DTZ)
(Naghdi et al. 2020; Aguado et al. 2023a). Generally
speaking, it cannot be deemed selective, as at least
lead(IT), cadmium(II), and zinc ions can trigger a simi-
lar color change in solution (Ashizawa et al. 1970). In
any case, DTZ has already proven its success in paper-
based indicators, using chloroform as solvent and
attaining successful quantification of mercury(II) nitrate
at trace concentrations (Wang et al. 2018). Addressing
the nitrate is not surprising from an analytical point of
view, given its higher solubility and its higher ionic
character. Nonetheless, as aforementioned, the chloride
poses a bigger threat due to its persistent industrial use,
its certain volatility, and its higher frequency of appear-
ance in surface waters (Jin et al. 2019).

A previous work of ours addressed the stability issues
of DTZ in aqueous systems, approaching them by its
solvation in chloroform and the emulsification of DTZ/
chloroform droplets in water by means of anionic nano-
cellulose (Aguado et al. 2023a). Such anionic nanocel-
lulose was produced by oxidizing a bleached cellulosic
pulp with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl radi-
cal (TEMPO), following a widely reported procedure
(Saito and Isogai 2004; Fiol et al. 2019), and fibrillating
the oxidized cellulose fibers by high-pressure homog-
enization. Chloroform’s toxicity was admitted being a
drawback of the system, but it protected DTZ from deg-
radation, besides being one of the few solvents in which
the solubility of DTZ is higher than 10 g/L. (Irving and
Iwantscheff 1980). Even though the first usage of cel-
lulosic derivatives as Pickering stabilizer dates from the
1980s (Oza and Frank 1986), it has acquired renewed
interest as of recently (Yu et al. 2022; Zheng et al. 2022).
However, the oil phase is generally highly hydrophobic
(Li et al. 2020; Souza et al. 2021; Torlopov et al. 2021),
in such way that the high interfacial tension promotes
the adsorption of cellulose, preferentially by its (200)
planes, on dispersed droplets (Aguado et al. 2023b). The
choice of acetic acid-containing chloroform as organic
phase presents, thus, interesting challenges.

In this new approach, we opt for similar emul-
sions to produce films or membranes for the detec-
tion of both gaseous and aqueous HgCl,, following
the current trend of optically responsive nano-
papers (Sharifi et al. 2022; Tang et al. 2024). For
aqueous HgCl,, these materials were compared to
paper dipsticks in which chloroform was replaced
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with a greener solvent with more affinity towards
the substrate: ethanol. However, the colorimetric
detection of gaseous HgCl, relied on its cumula-
tive adsorption onto a DTZ-containing nanopaper.
Hence, DTZ required to be solvated with a water-
immiscible solvent for the response to the analyte
not to be confused with color changes due to tau-
tomerism or degradation (Umar 2022).

In this context, the strategy resorted to the afore-
mentioned emulsions (Aguado et al. 2023a), but
choosing an oxalic acid treatment instead of TEMPO-
mediated oxidation (Bastida et al. 2022). The result-
ing nanocellulose (after fibrillation) was expected to
resemble the rheological behavior of those TEMPO-
oxidized nanofibers, while containing less carboxy-
late groups. It has been shown that high degrees of
oxidation hinder the attachment of dyes that are pref-
erentially adsorbed onto the hydrophobic parts of
cellulose (Isogai et al. 2010). This work shows that,
even with a low content of charged functional groups,
dilute suspensions of oxalic acid-treated nanofibers
display yield stress and can effectively stabilize emul-
sions of dithizone/chloroform in water.

Experimental
Materials

The source of cellulose for nanocellulose oxalate
production was bleached eucalyptus pulp (BEP),
provided by Suzano Papel e Celulose S.A. (Aracruz,
Brazil). The TAPPI Test Method T203 (TAPPI 2020)
revealed an o-cellulose content of 70+2 wt%, with
B-/y-cellulose accounting for 27 +2 wt%. The average
fiber length (weighted in length) and the average fiber
width were 950 pm and 15.6 um, respectively.
Nitrocellulose membranes of pore size 0.22 um
were supplied by Merck (Darmstadt, Germany). The
substrate for the paper dipsticks was uncoated card-
board (160 g m™) of industrial origin. Oxalic acid,
DTZ (>98%), and methylene blue were purchased
from Sigma-Aldrich (Barcelona, Spain). L-ascorbic
acid (>99%) and glacial acetic acid were purchased
from Scharlab (Sentmenat, Spain). Ethanol and
amylene-stabilized chloroform were received from
ThermoFisher Scientific (Loughborough, UK).
HgCl,, PbCl,, CdCl,, CuCl,, NiCl,, CrCl; and
MgCl, were purchased from Panreac Applichem

(Castellar del Valles, Spain); FeCl;, AgCl, MnCl,,
ZnCl, and NaCl were received from Scharlab. The
choice of CI” as counter-ion is justified by its higher
proportion in natural waters (Jin et al. 2019).

Production of nanocellulose

The oxalic acid treatment of cellulose was carried
out according to the method outlined by Chen et al.
(2016), following the mechanical pretreatment pro-
posed by Bastida et al. (2022). In brief, BEP was ini-
tially refined in a PFI mill, undergoing 10000 revo-
lutions. Subsequently, a chemical pre-treatment with
50 wt% oxalic acid was conducted for one hour at
90 °C (Fig. 1). The carboxyl content was measured
by Davidson’s methylene blue adsorption method
(Davidson 1948).

The fibrillation process was carried out in an
NS1001L PANDA 2 K-GEA high-pressure homog-
enizer (HPH). A suspension of oxidized fibers was
passed 3 times at 30 MPa, 3 times at 60 MPa and 3
times at 90 MPa.

For 20 min, an aqueous suspension of ox-CNFs
(0.1 wt%) was centrifuged at 2800 g for the gravimet-
ric estimation of the nanofibrillation yield. The dry
weight of the supernatant was calculated by subtract-
ing the weight of the centrifugation sediment (W)
from the initial weight (W;), based on the following
equation:

W, — W,

Yield (%) = [ ] % 100 2)

The transmittance at 600 nm and the cationic
demand were measured as described elsewhere
(Serra-Parareda et al. 2021a). Hydrodynamic size
was determined using a Zetasizer Nano (ZEN 3600,
Malvern, UK). The content of carboxylate groups of
the oxidized pulp was estimated by the methylene
blue adsorption method and the cationic demand was
determined by potentiometric back titration.

The limiting viscosity number (1) was measured
by the capillary viscometer method, using copper(Il)
ethylenediamine as solvent as indicated by the
ISO standard 5351 (International Standardization
Organization 2010). The average molecular weight
(weighted in weight, M) was estimated therefrom,
using the Mark-Houwink parameters provided by
Eckelt et al. (2011).
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Fig. 1 Scheme of the experimental procedure. Dashed lines present materials, while continuous line frame techniques or operations

The remaining hemicellulose was assessed by ion
chromatography, identifying the different monosac-
charide constituents after acid hydrolysis (Lamb et al.
1993). This hydrolysis was performed by the two-step
procedure described in NREL/TP-510-42618 (Sluiter
et al. 2012). Briefly, a sample of ox-CNFs was depo-
lymerized with aqueous H,SO, (72 wt%), at 30 °C,
for 1 h. Then the mixture was diluted to 4 wt% H,SO,
and autoclaved for 1 h at 121 °C. Finally, the hydro-
lysate was analyzed by means of a Dionex ICS-5000
DP chromatograph with an anion exchange column
and an amperometric detector.
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Impregnation of paper with dithizone

0.03 g of DTZ and 0.2 g of ascorbic acid were dis-
solved in 100 mL of ethanol (96 vol%). To a certain
extent, ascorbic acid has been found to be a useful
preservative agent for DTZ (Takahashi et al. 2009).
In any case, this solution was used for paper impreg-
nation during the same day. Unsized cardboard was
cut into strips of (200 20) mm and immersed in the
aforementioned DTZ solutions for 20 s. They were
then dried by means of a domestic thermoventilator
at 50-55 °C.
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Preparation of emulsions

DTZ (1.5 g) was dissolved in a mixture of 98 mL of
chloroform with 2 mL of acetic acid, a medium that
has been proven successful for DTZ storage (Thiaga-
rajan and Subbaiyan 1992). Emulsions were prepared
by dispersing 1.2, 2.4 and 3.6 g of DTZ/chloroform in
enough water to make up to 40 g, using ox-CNFs (0.05
— 1.0 wt%) as stabilizing agent. Mixtures were stirred
at 8000 rpm for 1 min using an UltraTurrax T25 device
from IKA (Staufen, Germany). It can be noted that
lower mixing intensity did not suffice to attain macro-
scopic homogeneity, but higher speeds or longer times
also increased the undesired generation of stable foam.

After 24 h, emulsions were photographed in a LED-
illuminated light box (color temperature 6000 K, sur-
face luminance 310 cd m™) to identify the critical
concentration of ox-CNFs that attained macroscopic
homogeneity. Moreover, they were visualized with a
DMR-XA optical microscope from Leica (Wetzlar,
Germany), placing a coverslip over a drop of non-
diluted emulsion in each case. Samples were observed
with halogen illumination over bright field and with
polarized light and differential interference contrast.

Emulsions were kept at room temperature (25 °C)
and in transparent polypropylene tubes. The room
did not have any source of ultraviolet radiation, but it
had cool white LED illumination (2850 1m). Unlike
in a previous work with DTZ/chloroform (Aguado
et al. 2023a), an in-depth analysis of chemical stabil-
ity upon storage is out of the scope. Nonetheless, the
absorbance at 608 nm of chloroform extracts was also
measured by means of a Shimadzu spectrophotometer
UVmini-1240 after different storage times. The chlo-
roform-to-emulsion volume ratio was 25.

For a shear rate range comprising from 0.05 s~ to
50 s7!, the apparent viscosity and the shear stress of
nanocellulose-stabilized emulsions were measured
using a modular compact rheometer, model MCR
302e, from Anton Paar (Graz, Austria). The module
for concentric cylinders was installed and the temper-
ature was kept at 20 °C.

Production of nanocellulose-based films by casting

The emulsions with the highest concentration of ox-
CNFs (1.0 wt%) were then cast on nitrocellulose

membranes and dried at room temperature for 48 h.
The resulting films were conditioned at 25 °C and
50% RH for at least 24 h before testing.

Fourier transform infrared spectroscopy (FTIR)
spectra were collected by means of a Bruker Alpha
FT-IR spectrometer equipped with an attenuated
total reflectance (ATR) accessory, with a resolu-
tion of 4 cm™! (Figure S2, SM-1). The thermal
degradation behavior was evaluated by means of a
thermogravimetric analyzer from Mettler Toledo
(Cornella de Llobregat, Spain), model TGA/DSCI,
from 30 to 600 °C at a heating rate of 10 °C min~!,
and both under inert (nitrogen) and oxidizing (air)
atmosphere.

Response to heavy metal chlorides in solution

DTZ-impregnated paper strips were dipped into
Millie-Q® water to observe the blank signal and
calculate its standard deviation. This immersion
lasted 20 s and samples were air-dried before col-
orimetric assays. The same operation was repeated
with nanocellulose-based films, similarly, cut as
strips without detachment from the nitrocellulose
membrane.

Aqueous stock solutions of 100 mg L™ in concen-
tration were prepared from each of the metal chlo-
rides. Paper strips and nanocellulose-based films
were dipped into water and in metal chloride solu-
tions as described above for the blank. Metal salts
whose mean response was not statistically different
from that of the blank were deemed non-interfering
at trace concentration. HgCl,, which displayed the
strongest signal, was used for quantification, and
thus solutions from 2.5 uM (0.68 mg L) to 250 uM
(68.0 mg L™!) were also prepared.

Detection of sublimated HgCl,

Membranes, once detached from nitrocellulose,
were placed in sublimation chambers contain-
ing 100 mg of solid mercury(II) chloride. In turn,
chambers were put inside an oven. They were sub-
mitted to colorimetric assays after 24 h and 48 h.
The three dosages of DTZ/chloroform (3, 6, and 9
wt%) were tested, and so were three different tem-
peratures: 40 °C, 60 °C, and 80 °C.
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For interference studies, other chlorides of soft
Lewis acids besides mercury(Il), namely those of
lead(IT), cadmium(II), and silver(I) were also tested.

Colorimetric assays

CIE 1976 L*a*b color coordinates were read by
using an X-Rite RM200 device (Grand Rapids, MI,
USA). Calibration was performed over a white sur-
face (L*=100, a*=b*=0). These measurements
were carried out both for strips immersed in aqueous
samples and for films exposed to sublimated heavy
metals. In the case of strips, the camera of the device
was placed on the tip of the probe after drying.
Moreover, the same colorimeter was used to assess
the effects of storage time at 23 °C, at 50% relative
humidity, and under cool white LED light on the
optical properties of the films.

Computational tools

As a proxy for an oxalic acid-treated nanofiber, we
edited a cellulose crystallite PDB from the user-
friendly tool Cellulose-Builder (Gomes and Skaf
2012). Its topology was generated with the GLY-
CAMO6 force field (Kirschner et al. 2008). A chloro-
form PDB file and the corresponding ITP code were
downloaded from the University of Queensland’s
Automated Topology Builder (University of Queens-
land 2023). The structure and topology files for DTZ
were retrieved from a previous work (Aguado et al.
2023a). Solvation and equilibration (298 K, 1 bar)
were carried out in GROMACS, choosing TIP3P as
water model, and the different phases were assembled
by Packmol (Martinez et al. 2009).

Results and discussion
Properties of oxalic acid-treated nanofibers

The hydrolysate from ox-CNFs contained 88.02
wt% glucose and 11.84 wt% xylose over the total
sugar content, with arabinose, mannose, and glucu-
ronic acids lying below the detection limit. Although
the remaining hemicellulose content (specifically,
xylan) after the oxalic acid treatment was higher than
expected, the discussion will mostly revolve around
the main component (cellulose).

Key properties of ox-CNFs, in comparison to
TEMPO-oxidized CNFs, are displayed in Table 1.
The nanofibrillation yield and the transmittance
of the former were lower than those of the latter,
likely due to the fraction of microfibers that resisted
HPH. The disparity between the cationic demand
and the —COO~ content in ox-CNFs indicates a rel-
atively high specific surface area, as this difference
has been shown to be indicative of the number of
accessible hydroxyl groups by ion—dipole interac-
tions (Serra-Parareda et al. 2021a). Such difference
is even greater in the case of TEMPO-oxidized
CNFs, but this was expected from the electrostatic
repulsion between carboxylate groups. Likewise,
it can be stated that acid hydrolysis prevailed over
Fischer esterification during the oxalic acid treat-
ment of cellulose. While substitution was exerted
to a low extent, given that 111 pmol -COO~ g™
corresponds to a degree of substitution of roughly
0.02, depolymerization took place to the point that
the M,, of oxalic acid-treated nanocellulose was
3.65-10* g/mol. It can be noted that TEMPO-oxi-
dized nanofibers, having undergone identical pres-
surization (HPH), displayed a higher average M,

Table 1 Properties
of oxalic acid-treated
nanocellulose, compared

Treatment before HPH

TEMPO-mediated oxidation with  Oxalic acid (50 wt%)
5 mmol NaClO g™! treatment (this work)

to the oxidized cellulose
nanofibers that were used
to emulsify chloroform in
a previous work (Aguado
et al. 2023a)

Nanofibrillation yield (%)*
Transmittance at 600 nm (%)*
Average dy; (nm)°

Diameter (nm)

Carboxyl content (mmol g~!)?

*Values are the average of
two replicates

Cationic demand (meq g™')?
n(mL g’

®Values are the average of Average M., (g mol™)°
w

three replicates

>95 77.5+0.2
68.0 64.9

543 +20 288+4
2540 6-20
0.111+0.008 0.73+0.01
0.58+0.02 1.29+0.05
237 142
6.31-10* 3.65-10*

@ Springer



Cellulose (2024) 31:5635-5651

5641

(Table 1). It should be noted that the Mark-Hou-
wink parameters corresponded to cellulose (Eckelt
et al. 2011), neglecting the contribution of xylan in
this estimation.

The higher hydrodynamic diameter (dy) of
TEMPO-oxidized CNFs can be partially explained
by their longer chains (higher M,,), although their
larger hydration shells (more carboxylate groups) can
exert non-negligible effects on DLS measurements.
Evidently, given that the sphericity of nanofibers (of
any kind) is far less than unity, the actual diameter is
much lower. From transmission electron microscopy
images (Bastida et al. 2022), the width of at least
95% of 0x-CNFs fell within the 6 — 20 nm range,
while their length ranged from 300 nm to 1.2 ym. In
comparison, TEMPO-oxidized cellulose nanofibers
were thicker and longer, with similar aspect ratios
but with diameters in the 25 — 40 nm range (Sanchez-
Salvador et al. 2021a, b).

All considered, it could be said that the key
properties of ox-CNF suspensions are found in
between those of TEMPO-oxidized CNFs and
those of nominally neutral CNFs obtained by
mechanical defibrillation, e.g., by using super mass
colliders (Borsoi et al. 2016).

Assessment of nanocellulose-stabilized emulsions
The DTZ/chloroform phase, constituting 3, 6 or 9

wt % of the mixture, was quickly emulsified in water
with ox-CNFs. The height of the emulsified phase

showed an increase with stabilizer concentration,
which is consistent with typical findings in numer-
ous studies on Pickering stabilization (Courtenay
et al. 2021). For CNF consistencies equal to or higher
than 0.35 wt%, nearly the whole mixture was stabi-
lized, not observing separation between serum and oil
phase, as displayed in Fig. 2.

Even after at least three weeks at room tempera-
ture, the mixtures contained no oil phase (or non-
emulsified chloroform). However, in no case did the
whole volume (100%) attain macroscopical homoge-
neity, due to a stable foam layer in which chloroform-
air interfaces partially replaced chloroform-water
interfaces. This layer arose from the fact that the sur-
face tension at the chloroform-air interface (27 mN
m~! at 25 °C) is notably lower than that of water (72
mN m~! at 25 °C) (Karagianni and Avranas 2009).
Although it meant more exposure of DTZ to air, the
chloroform-based solvation shell protected DTZ from
aerial oxidation or other kinds of degradation during
at least three weeks. As found in the previous work
with TEMPO-oxidized nanofibers (Aguado et al.
2023a), the maximum absorbance of visible light was
located at ca. 608 nm (corresponding to chloroform
as solvent). After 21 days, the absorbance of chloro-
form extracts at that wavelength decreased by 13%
— 17% (Table S1), but DTZ was still usable as chro-
mogenic reagent.

Figure 3 displays some optical microscopy images,
both with halogen illumination and with polar-
ized light. The latter configuration helps visualize

-e-3 wt% DTZ solution

-o-6 wt% DTZ solution ‘m

Fig. 2 Proportional volume 100
occupied by the emulsified

phase, depending on the 90

nanocellulose concentra- o 80
tion for 3, 6 and 9 wt% of O\.

DTZ solution. Inset pictures c 70
. o
display the nanocellulose- O

stabilized emulsions and S 60

pseudo-emulsions in order £ 50
of increasing stabilizer ,8

concentration © 40
(O]

§ a0
o

> 20

10

0

0.0 041

02 03 04 05 06 07 08 09 10 1.1

CNF concentration, wt%
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oxalic acid-treated cellulose microfibers, owing to
birefringence (Fig. 3a). Nanofibers could not be dis-
tinguished at these levels of magnification. The fact
that the microfibrillated fraction was not evenly dis-
tributed may indicate certain preference for water-
chloroform interfaces, due to the amphiphilic char-
acter that remains in oxalic acid-treated cellulose.
Emulsions were highly polydisperse (Fig. 3b), with
the disperse phase comprising a broad size distribu-
tion: from small spherical droplets (diameter <5 um)
to large drops (diameter>20 um). In fact, the pres-
ence of droplets in the nanoscale, undistinguishable
at these levels of magnification, cannot be ruled out.
However, there was a physical limit to coalescence, in

light of the frequent occurrence of doublets (Figs. 3¢
and d) that did not become big singlets. Additional
micrographs can be found in Figure S1.

Rheological behavior

Starting at 0.35 wt%, ox-CNFs became well-dispersed
over the whole volume of the system, generating a
significant yield stress. Figure 4 shows the rheologi-
cal behavior of the critically stabilized emulsions at
20 °C. As generally found for suspensions of nanofi-
brillated cellulose (Aguado et al. 2023b), there were
at least two differentiated regions as a function of the
shear rate (y): viscoelastic behavior for 7 < 0.05 s™!

5 et 250pm

Fig. 3 Optical micrographs of an oxalic acid-treated fiber (a);
DTZ/chloroform (9 wt%) emulsified in water with ox-CNFs
(0.35 wt%), seen under halogen light (b); the same emulsion

@ Springer

under polarized light (¢), and DTZ/chloroform (6 wt%) emulsi-
fied in water with ox-CNFs (0.35 wt%), seen under polarized
light (d)
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Fig. 4 Rheological assess- 90
ment of DTZ/chloroform- * 3 wt% DTZ solution
in—v(viater emulsions stabi- 80 :&. ' Pseudoplastic region * 6 Wt% DTZ solution
ized with the minimum o ' Pa-s) = 0.58 y-0-88 .
dose of ox-CNFs required 70 ,:;ﬂ:. g EPa-s; =067 vro_gg * 9 wt% DTZ solution
(0.35 wt%): evolution of the Lo, Pa-s) = . 0.90
A . 1% n(Pas)=0.73y"
apparent viscosity (main » 60 c %
chart) and of the shear e o
. . O 108
stress (inset graph) with the o 50 D 1oy
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[ =0 e
40 E ' '.'.
(0] ‘e
]
30 |3 LY
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20 % 0
0 0.025 0.05
10 Y, s™
O T T
0.03 0.3 3 30
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and pseudoplastic behavior for 7 > 0.05 s™'. From the
viscoelastic region, extrapolating the shear stress (t)
for y = 0, the yield stress could be estimated as 1.0 Pa
for 6 wt% or 9 wt% DTZ/chloroform. It was 0.7 Pa for
the lowest proportion of DTZ/chloroform (inset graph
in Fig. 4), but it still sufficed to prevent phase separa-
tion. The apparent viscosity (1) of emulsions in the
pseudoplastic region could be fitted to the Ostwald-
De Waele model (Serra-Parareda et al. 2021b):

n=Ky!™" 3)

where K is the consistency index and n is the flow
behavior index. While there was little influence of the
proportion of dispersed phase on viscosity at a given
shear rate, increasing this proportion had a consistent
positive effect on the consistency index: K=0.58 Pa-s"
for 3 wt% DTZ/chloroform, K=0.67 Pa-s" for 6 wt%
DTZ/chloroform, and K=0.73 Pa-s" for 9 wt% DTZ/
chloroform (0.3 s™! < 7 <30 s7!). The pseudoplastic
behavior at these levels of shear rate was evidenced by
the low values of n: 0.10 - 0.12.

Martins et al. (2022), who used cellulose nanofibers
to emulsify soybean oil in water, found similar values
for the apparent yield stress (roughly 1 Pa) and for K
(0.42 Pa-s™). Both are relevant for stabilization, since
even if the excess gravitational force overcomes the
former, the motion would be opposed by a drag force
that is roughly proportional to K (Ceylan et al. 1999).

Insights on the stabilization mechanism

The presence of non-coalescing primary doublets in
Fig. 3 indicates, in accordance with the DLVO theory,
that there was a potential energy barrier at the interface
(Derjaguin and Landau 1993; Hatchell et al. 2022).
This barrier was due to the electrostatic repulsion
between adsorbed ox-CNFs at the interface. However,
only large drops formed stable doublets, suggesting
that adsorption was stable only when the Sauter radius
(R) was high enough (Capron et al. 2017):

E, = 1 R? ITF (1 — cos)’ )

In Eq. 4, E; is the energy of desorption; 0 is the
angle between the tangent line to the oil/water inter-
face and the tangent line to the solid/water interface;
ITF is the oil/water interfacial tension, which is 18.2
mN m™! for the chloroform/water interface at pH 5
(Bumbac et al. 2018).

From Fig. 2, the fraction of emulsified chloroform
was not dependent on the stabilizer-to-oil ratio, a key
parameter when adsorption is the primary mecha-
nism preventing oil droplets from coalescing (Kalash-
nikova et al. 2013). Instead, it depended only on the
concentration of stabilizer, regardless of the concen-
tration of chloroform.

Finally, from Fig. 4, the fact that the apparent
viscosity of the emulsions did not decrease with
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increasing proportions of the oil phase indicates that
droplets did not capture nanofibers onto their surfaces
to a great extent. Importantly, if the medium had the
rheological behavior of water, all droplets with diam-
eter greater than 1 pum would sediment, given the den-
sity of chloroform (p=1.48 g cm™). In other words,
gravitational forces would outweigh Brownian motion
and Stokes’ drag (Mishchuk 2004). Nonetheless, no
significant motion (neither random nor gravitational)
was detected when observing the droplets of Fig. 3,
due to the yield stress. In other words, the thickening
behavior of 0x-CNFs was deemed the primary stabi-
lization mechanism, with interfacial adsorption being
limited to large droplets (Capron et al. 2017).

This does not mean that adsorption at the chloro-
form/water interface was irrelevant; in fact, it imposed
a restriction on the growth of DTZ/chloroform drops.
Adsorption in aqueous media can be postulated to be
the result of both enthalpic and entropic contribu-
tions. On one hand, the large interfacial area that big
droplets offer enabled the additive effect of many rel-
atively weak interactions. On the other hand, entropic
strive was an important driving force, as indicated by
both experiments and molecular dynamics simula-
tions with cellulose-stabilized emulsions (Lee et al.
2021; Kontturi et al. 2024). Briefly put, there is an
entropy gain in the system, and thus a decrease in free
energy, by the displacement of water from interfaces.

The critical radius for a particle to stay at zero rela-
tive velocity (with respect to the continuous phase)
can be roughly estimated from the excess gravita-
tional force on the sphere and the yield stress ().
Darby (2000) proposed the stability parameter Y for
solid suspensions:

Y= TO/[Z R(p - pwater)g] (5)

Empirically, if Y>0.2, a particle is expected to
stay suspended. From Eq. 5, if g=9.81 m s, then
the critical condition is given by R =364 um. All par-
ticles smaller than that will not sediment. It can be
noted that this radius is much greater than that of the
largest drops observed in Fig. 3.

Without any purpose of scale equivalence, a tenta-
tive model for the emulsions and films at a molecular
level is illustrated in Fig. 5, with each phase equili-
brated at 298 K and 1 bar (SM-2). Briefly described,
chloroform droplets have their movement restrained
by hydrated ox-CNFs in their vicinity. While
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nanofibers are generally on the aqueous side, DTZ
is generally solvated by chloroform. When drying
at room temperature to form films, both chloroform
and water evaporate to a certain extent, but at least
the first hydration layer of ox-CNFs and the solvation
shell of DTZ remain.

On the chemical and thermal stability of nanopapers

DTZ/ox-CNF films had certain advantages over DTZ/
ethanol-coated paper strips, namely their higher
chemical stability towards moisture, air, and heat.
This chemical stability was essential for their chro-
mogenic potential. Nanocellulose-supported nanopa-
pers did hardly suffer from color change over at least
three weeks (Table S2). In contrast, papers impreg-
nated with DTZ/ethanol suffered from a significant
decrease in L* (darkening) and b* (yellowing) color
coordinates when exposed to air at 23 °C and 50%
relative humidity for 24 h. Likewise, their response to
HgCl, at a given concentration was less noticeable.

To a limited extent, the addition of L-ascorbic acid
slowed down the fast degradation of DTZ (Aguado
et al. 2023a). It is postulated to have a two-fold
mechanism: acidity shifts tautomerism towards the
protonated form of dithizone, while the sacrificial
oxidation of ascorbate somewhat prevents the aer-
ial oxidation of DTZ. In this sense, the preservative
action of L-ascorbic acid has been found to be signifi-
cantly higher than that of HCI (Takahashi et al. 2009).
However, it did not suffice to provide long-lasting sta-
bility to DTZ-coated paper strips, probably because it
did not protect DTZ from other kinds of degradation
in protic solvents (von Eschwege et al. 2011).

Since L-ascorbic acid is not soluble in chloroform,
it was not considered for emulsions. Instead, the
stability of chloroform-solvated DTZ is granted by
acetic acid, as shown by Thiagarajan and Subbaiyan
(1992). They suggested that acetic acid prevented the
transitory generation of phosgene, which accepted a
proton from dithizone. However, in our case, with so
much water in the medium, the OH™ ion seems a more
plausible proton acceptor. Regardless of the subtleties
of the mechanism, the solubility of acetic acid in both
phases was of great importance to prevent the depro-
tonation of DTZ. This way, the loss of absorbance at
608 nm during three weeks was reduced from 47 to
17% with the incorporation of acetic acid (Table S1).
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Emulsion

Nanofiber

Dithizone

Fig. 5 Simplified molecular modelling of emulsions (left) and films or dipsticks (right). The dimensions of the boxes are

(30.0%x8.6x10.8) nm and (14.1 6.2 x6.2) nm (right)

The results of the thermogravimetric analysis for a
given DTZ/ox-CNF film are shown in Fig. 6. The ther-
mograph reveals a weight loss of 9% up to approxi-
mately 150 °C, assigned to the desorption of the water
and chloroform from the film. Furthermore, two maxi-
mum degradation rates are identified in the differential
thermal analysis (DTA), one at 345 °C (regardless of
the atmosphere), and the other at 452.5 °C for air and
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at 502 °C for N,. Thermal decompositions in these
regions can be associated with cellulose and dithizone,
respectively. During the decomposition of the film, the
first significant event is characterized by a weight loss
of approximately 58%. Subsequently, in the second
event, around 33% of the remaining weight is lost. As
previously mentioned, HgCl,-catalyzed industries typi-
cally operate within the temperature range of 80 to 180

b
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Fig. 6 TGA (a) and DTA (b) curves of a DTZ/ox-CNF film. The preparation involved ox-CNFs (1.0 wt%), DTZ/chloroform (6
wt%), and water. The percentage of material degraded and the temperature at maximum degradation rate are shown
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°C. From the TGA results, it can be stated that DTZ/
0ox-CNF films begin to thermally decompose above
the operating temperature for the applications studied
herein. However, the loss of solvents (including chloro-
form) starts taking place even below 80 °C, harming the
chemical stability of DTZ. Hence, if applied in a vinyl
chloride production site, the films should be located
outside the hydrochlorination unit, detecting potential
leaks of corrosive sublimate but not exposed to its oper-
ating temperature.

Colorimetric detection of aqueous mercury(Il)
chloride

Even though DTZ/ethanol-coated paper strips had to
be used during the same day to preserve the chromo-
genic activity of DTZ, it can be said that they outper-
formed nitrocellulose-supported DTZ/ox-CNF films
in analytical terms.

The color change of DTZ/ethanol-impregnated
dipsticks was triggered as soon as each strip was
immersed into HgCl, solutions, as shown in SM-3

(video). In general, this change could be described
as reddening, although at low concentrations (below
0.1 mM) it was relative to the degree of brightening.
This is why Fig. 7 plots the concentration of HgCl,
against Aa*/AL¥*, i.e., the shift towards red in the red-
green axis divided by the increase in brightness. In
the case of DTZ/ethanol-coated papers, such increase
was actually negative (darkening) for the blank sam-
ple and even for concentrations up to 40 uM, due to
the solvatochromic effects on DTZ upon immersion
in water (Ntoi et al. 2017). This darkening of the
blank was avoided by nanocellulose-based systems.

The limit of detection (LOD) of the DTZ/ethanol/
paper system in the aqueous phase was 10 uM (Fig. 7a),
corresponding to 2.7 mg/L of HgCl,. This value was
estimated as the lowest concentration that triggered a
response whose 95% confidence interval did not over-
lap the 95% confidence interval of the blank. Their
limit of quantification (LOQ), estimated as the lowest
concentration from which on the response could be reli-
ably fitted to a monotonously increasing function, was
20 uM or 5.4 mg/L. Furthermore, there was linearity
(R>= 0.9988) between Aa*/AL* and [HgCl,]:

[HgCL,] (pM) = 7.1 Aa * /AL % 4+ 43 V 20 uM < [HgCl,] < 100 pM 6)

However, for nanocellulose-based films, quan-
tification was hindered by the low reproducibility
of the system, mainly due to unpredictable effects
on brightness. Still, all samples above 20 uM (or
5.4 mg/L of HgCl,) triggered a change in Aa*/
AL¥* that was significantly different from that of the
blank. All considered, nanocellulose-based films of
DTZ/chloroform-in-water emulsions possessed the
advantages of durability and low blank signal but
could only fulfill the role of qualitative detection of
aqueous HgCl,.

Colorimetric detection of gaseous mercury(II)
chloride

At 40 °C, 60 °C, and 80 °C, the vapor pressure of
HgCl, is 0.033 Pa, 0.235 Pa, and 1.36 Pa, respectively
(Eq. 1). At the same time, adsorption is universally
favored at low temperature (Salvestrini et al. 2022),
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and thus higher vapor pressure does not necessarily
imply faster detection. In order to trigger a significant
color change, the films had to be placed inside the
oven for enough HgCl, to be cumulatively adsorbed
onto them. The whole process could be described as:
(1) adsorption onto ox-CNFs; (ii) diffusion through
0x-CNFs to reach chloroform-solvated DTZ; (iii) for-
mation of mercury(Il) dithizonate, a complex with
two deprotonated DTZ ligands per each Hg(II) central
atom (Barros et al. 2023).

In general, as evidenced in Fig. 8, reddening
was significant in all cases, with p<0.05 for the
null hypothesis (Aa* <0). This change tended to
increase with the amount of DTZ in the film, except
for the exposure at 40 °C, likely due to the influ-
ence of uncomplexed, excess DTZ on color. As
expected, it also increased with the exposure time
and from 40 °C to 60 °C. No significant difference
was consistently found between 60 °C and 80 °C,
given the opposite effects of adsorbate concentra-
tion and temperature on adsorption equilibria. In
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Fig. 7 Colorimetric assess- Aa* | AL*
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any case, the effectivity of the system at 60 °C indi-
cates that, assuming ideal gas behavior, concentra-
tions as low as 2.32 ppmv could be detected in an
HgCl,-polluted environment. Exposing the films
to temperatures above 80 °C is not recommended,
since the loss of solvation shells by evaporation
would hamper their usability.

Interfering metal chlorides

Trace amounts of lead(II) chloride triggered a redden-
ing response in DTZ/ethanol-coated paper dipsticks,
not unlike HgCl,. The LOD of the former was esti-
mated as 7.0 mg L', in the same order as the latter
(10 uM or 2.7 mg L™"). Paper strips were also respon-
sive to solutions of CdCl, (red), ZnCl, (pink), CuCl,

(brown), and NiCl, (brown) below 100 mg L. The
response of Mn”>" to DTZ, documented in ammonia
buffer (Ahmadi-Asoori et al. 2021), was not observed
here, probably because L-ascorbic acid prevented the
deprotonation of DTZ.

As found for DTZ/chloroform-in-water emulsions
stabilized by TEMPO-oxidized nanofibers (Aguado
et al. 2023a), ox-CNFs enhanced the selectivity of
the system to a certain extent. Remarkably, PbCl, and
CdCl, required concentrations above 100 mg L™! to
trigger significant reddening. This was possibly due to
lack of diffusion through the ox-CNF network, espe-
cially considering that PbCl, does not tend to disso-
ciate in water and that its mobility is lower than that
of free ions. Other than that, the interfering effects of
Zn**, Cu?*, and Ni>* should be mentioned.
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Fig. 8 Reddening of DTZ/ a 12
0ox-CNF films due to the
partial sublimation of 10
HgCl, at 40 °C, 60 °C,

and 80 °C. The prepara-
tion of these films involved
0x-CNFs (1.0 wt%), water,
and different proportions
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In other studies with DTZ (without nanocellu- Conclusions

lose, though), selectivity issues have been tradition-
ally addressed by the addition of another compound,
i.e., a masking agent. For instance, if there is ethyl-
enediaminetetraacetic acid (EDTA) in the medium,
detection is limited to silver and mercury(Il) ions,
given that the association constants of other possible
targets are higher with EDTA than with DTZ (Irving
and Iwantscheff 1980; Cetin et al. 2023).

Regarding the detection of gaseous HgCl,, the
system could not be deemed selective by itself, but
the vapor pressure at temperatures below 80 °C of
other metal chlorides that could trigger a major color
change is negligible. That said, we observed certain
reddening (up to Aa*=7.4) when exposing the nano-
papers to solid PbCl, for one day at 80 °C, but cau-
tion compels us not to rule out the effect of potential
impurities.
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By combining a classical metallochromic reagent
(DTZ) with the usefulness of nanocellulose-stabilized
emulsions, this work provided a facile detection sys-
tem for aqueous and sublimated HgCl,. Solvation of
DTZ with acetic acid-containing chloroform granted
long-lasting stability upon storage, while oxalic acid-
treated nanocellulose worked as the stabilizing agent.
Albeit with significant formation of Pickering foam,
macroscopic homogeneity was attained as long as
the concentration of ox-CNFs was at least 0.35 wt%,
regardless of the proportion of DTZ/chloroform in the
system. This stabilization was not primarily attrib-
uted to interfacial adsorption but to the yield stress
(>0.7 Pa), although electrostatic repulsion played
an important role in preventing the coalescence of
big droplets. Although this repulsion was lower than
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that attained with highly charged TEMPO-oxidized
nanofibers, the scarcity of carboxylate groups in ox-
CNFs (111 pmol g™!) helped preserve the amphiphilic
character of cellulose.

Either as dipsticks for aqueous samples or as mem-
branes for gas detection, colorimetric probes were
visually responsive to HgCl,, immediately in the first
case and requiring cumulative adsorption in the sec-
ond case. They attained a LOD of 20 uM for aque-
ous HgCl, and required an aerial concentration of
nearly 2 ppmv for corrosive sublimate. Nonetheless,
this system had limitations that should be addressed
by further efforts: the use of a toxic solvent (chloro-
form) for the sake of DTZ’s stability, the interference
of other heavy metals (especially in solution), and the
lack of immediate response to gaseous HgCl,.
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