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Esterification of Cellulose with Betaine using
p-Toluenesulfonyl Chloride for the in-situ Activation of
Betaine

Yu Liu, Fangfang Wang, and Yangyang Sun *

A novel synthesis method was developed for betaine-modified cellulose
ester using a mixed N,N-dimethylacetamide/lithium chloride solvent
system; p-toluenesulfonyl chloride was used for the in-situ activation of the
betaine. The influence of the reaction temperature and time, as well as the
anhydroglucose unit to p-toluenesulfonyl chloride to betaine mass ratio on
the degree of substitution of the product was evaluated. Increasing the
proportion of betaine and p-toluenesulfonyl chloride was beneficial to the
esterification reaction. The degree of substitution was 1.68 at 90 °C for 32
h with an anhydroglucose unit to p-toluenesulfonyl chloride to betaine
molar ratio of 1 to 2 to 3. The physicochemical properties of the betaine-
modified cellulose were closely related to the degree of substitution. Major
changes in the morphologies, crystallinity, thermal properties, porosity,
and the average degree of polymerization resulted from the modification.
The introduction of betaine made cellulose esters thermally less stable
than neat cellulose but more difficult to completely degrade. The crystalline
structure of the cellulose esters was destroyed, and the products exhibited
a porous nature. Dye sorption studies demonstrated that the betaine-
modified cellulose holds the potential of adsorbing anionic substances,
which is the premise of its application.
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INTRODUCTION

In view of the shortage of fossil-based energy sources and the prevalence of
environmental pollution, biobased polymers are of current scientific interest. Cellulose, as
one of the most abundant natural polymers in the world, has attracted widespread attention.
As a three-dimensional structured polymer, cellulose is composed of an anhydroglucose
unit (AGU) linked by B-1,4 glycosidic bonds (Dias et al. 2020). Natural cellulose has great
properties, e.g., sustainability, biodegradability, biocompatibility, high mechanical
strength, and versatile chemical functionality, but it lacks chemical degradation resistance
and thermal plasticity (Trache et al. 2016; He et al. 2021). Cellulose derivatization has
been conducted to overcome the drawbacks of cellulose or to give it new capabilities
(Eyley and Thielemans 2014). A variety of cellulose materials can be prepared via cellulose
derivatization, and these products have enabled its application in the pharmaceutical
industry, pulp and paper making, food industry construction, and environmental treatment
(Lin et al. 2016; Almeida et al. 2018; Arca et al. 2018; Cui et al. 2020; He et al. 2021).

The physical and chemical properties of cellulose can be modulated by inducing
functional groups via esterification, etherification, oxidation, and graft copolymerization
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reactions (Fox et al. 2011; Sehaqui et al. 2013; Hoeng et al. 2015; Fraschini et al. 2017;
Shojaeiarani et al. 2019). Cationic cellulose derivatives have attracted extensive attention,
since they are capable of binding electrostatically with anionic substances. This remarkable
feature allows cationic cellulose to be used as adsorption material in various fields such as
biomedical, pharmaceutical, pulping, wastewater treatment, among many others (Li et al.
2015; Gao et al. 2016; Aguado et al. 2017; Rol et al. 2019; Imtiaz et al. 2020; Verfaillie et
al. 2020; Laureano-Anzaldo et al. 2021; Liu et al. 2021). In general, cationic cellulose can
be prepared in several ways, such as direct cationization of cellulose, graft
copolymerization of cationic polymers with cellulose, and the introduction of cationic
groups into cellulose (Gao et al. 2016; Jasmani et al. 2016; Li et al. 2016; Laureano-
Anzaldo et al. 2021). Among these methods, the introduction of cationic reagents into
cellulose is a feasible technique due to its high efficiency and simplicity (Li et al. 2016;
Aguado et al. 2017; Rol et al. 2019).

In this study, an amphoteric ammonium-type alkaloid, i.e., betaine (molecular
formula CsH11NO2), was used to modify cellulose. Betaine, which has been found in a
variety of organisms, has a high solubility and is nontoxic to cells even at high
concentrations (Craig 2004). In a previous report by Ma et al. (2014), betaine-modified
cationic cellulose was prepared through the reaction of cellulose with betaine
hydrochloride via an efficient one-step dry method, and the products exhibited a potential
application for reactive dye wastewater treatment. In this work, a new method for
synthesizing betaine-modified cellulose esters was developed in which the reaction was
performed in a mixed N,N-dimethylacetamide (DMAC)/lithium chloride (LiCl)
homogenous solution using p-toluenesulfonyl chloride (TsCI) for the in-situ activation of
betaine. The effects of the reaction conditions, including the reaction temperature and time,
as well as the AGU to TsCl to betaine mass ratio, on the product were investigated. The
morphological and structural characteristics of the modified cellulose products were
characterized to estimate the potential for the application of esters. Overall, this work
provided a potential method for preparing cellulose esters.

EXPERIMENTAL

Materials

Cellulose (CAS: 9004-34-6), betaine (trimethylglycine; CAS: 107-43-7), and p-
toluenesulfonyl chloride (TsCI) were purchased from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). The particle size of the purchased cellulose is 90 um. Lithium
chloride (LiCl) was purchased from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). Ethanol (95%), N,N-dimethylacetamide (DMACc), dimethyl sulfoxide
(DMSO), tetrahydrofuran (THF), chloroform, and pyridine were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Cupri-ethylene-diamine
solution (CAS: 14552-35-3) was purchased from China National Pulp and Paper Research
Institute (Beijing, China). The two dyes, acid red 26 (AR 26, CAS: 3761-53-3) and acid
black 2 (AB 2, CAS: 8005-03-6), were gifted from the School of Light Industry Science
and Engineering, Qilu University of Technology (Jinan, China).
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Esterification of Cellulose

Betaine-modified cellulose was synthesized in a cellulose/DMAC/LICI
homogenous solution using TsClI for the in-situ activation of betaine. The solvent exchange
process was adapted to activate cellulose (McCormick et al. 1985; Khaliq and Kim 2016).
Then, the activated dry cellulose was dissolved in 50 mL of solvent containing DMACc and
LiCl (8 wt.% of DMACc) with magnetic stirring at a temperature of 55 °C for 2 h to prepare
a 20 g-L* solution. The reaction mixtures were prepared by dissolving TsCl and betaine in
a cellulose solution, where the molar ratio of AGU to TsCI to betaine were adjusted to 1 to
l1tol,1t0lto2,1to2to1,1to2to 2, and 1to 2to 3 in order to obtain cellulose esters
with different degrees of substitution (DS). It should be noted that betaine was dissolved
in water (approximately 0.4 g-mL™) and then added to the reaction system. The reaction
mixtures were stirred for 12 h to 32 h at a temperature range of 75 °C to 100 °C and then
cooled to room temperature. Then, 200 mL of 95% ethanol was added to the reaction
system, and the solid product was collected via filtration after full stirring. The washing
and filtration operations were repeated three times. The products were freeze-dried and
then ground into powder for the following assays.

Determination of the Degrees of Substitution (DS)
The Kjeldahl method was used to determine the nitrogen content of the betaine-
modified cellulose, thus calculating the DS according to Eq. 1,

DS =162.15 x N% / 14.01 - 136.6 x N% 1)

where 162.15 is the molar mass of glucose units in the samples (g/mol), 14.01 is the atomic
weight of nitrogen (g/mol), 136.6 is the molar mass of the substituent (g/mol), and N% is
the nitrogen content in the sample (Ma et al. 2014).

Solubility of Esterified Cellulose

The neat cellulose and betaine-modified product were dispersed in chloroform,
pyridine, DMSO, tetrahydrofuran, and DMACc solvents to prepare 10 g/L solutions at room
temperature. After ultrasonication at 40 kHz for 30 min, the solutions were centrifuged and
then were determined for complete dissolution from a visual inspection.

Characterizations

Fourier transform infrared spectroscopy (FTIR) analysis was conducted to examine
the chemical bonds of the samples at a spectral range of 400 to 4000 cm™ (Vertex70,
Bruker, Karlsruhe, Germany). X-ray diffraction (XRD) was carried out to measure the
crystalline structure of the samples. Specimens were scanned from 26 = 5° to 26 = 60° at a
scanning rate of 0.3°/s using a diffractometer (Smartlab SE, Rigaku, Osaka, Japan). The
Segal peak height method was used to calculate the crystallinity, i.e., the crystallinity index
(Segal et al. 1959; Wang et al. 2018; Liu et al. 2021). The sample crystallinity was then
calculated according to Eqg. 2,

C = looz2-lam / loo2 X 100% 2

where C is the crystallinity index, looz is the maximum intensity of the lattice diffraction at
260 =~ 22°, and lam is the minimum intensity value of the peak at 26 ~18°, which accounts
for the amorphous part of the samples.

The morphology and microstructure of the cellulose and cellulose esters were
observed via scanning electron microscopy (SEM). The samples were sprayed with gold

Liu et al. (2021). “Cellulose betaine esterification,” BioResources 16(4), 7592-7607. 7594



PEER-REVIEWED ARTICLE b | oresources.com

and then observed at an accelerating voltage of 5 kV (Regulus 8220, Hitachi, Tokyo,
Japan). The thermal stability of the modified cellulose was analyzed via thermogravimetric
analysis (TGA) using a NETZSCH-STA 449 F5 at a heating rate of 10 °C/min under a
nitrogen atmosphere. Nitrogen adsorption porosimetry was used to analyze the
Brunauer—Emmett—Teller specific surface areas (Sser) and the pore size distributions
(calculated by the density functional theory method) of the samples with a Quantachrome
AUTOSORSB 1Q analyzer (Boynton Beach, USA).

The average degree of polymerization (DP) of the samples was estimated using a
viscometer (Viscomat Il, BY LAGGE technologies, Sweden). 150 mg of the dried sample
was dissolved in 30 mL solution, which consisting of 15 mL cupri-ethylene-diamine and
15 mL deionized water. The reagent was stabilized using red copper sheets. The solution
was then immersed in a 25°C thermostatic water bath for 5 min. The viscosity and the
average DP of the samples were determined at 25 °C.

Adsorption Experiments

The anionic dyes (AR 26 and AB 2) were prepared as simulated dye solutions of
different concentrations, and the pH values were adjusted to neutral. A certain amount of
betaine-modified cellulose was added to 10 mL of dye solution, and the mixture was stirred
at 100 rpm for 60 min at room temperature. The solution was left to settle for 2 h and then
centrifuged at 3000 rpm. The supernatant was used to evaluate the adsorption efficiency of
the esters by determining the absorbance at the maximum absorption wavelength of the
two dyes with the aid of an ultraviolet-visible spectrophotometer (8454, Agilent
Technologies, Santa Clara, CA). The dye removal efficiency (Er) was calculated using Eq.
3,

Er (%) = Co- Ce/Co x 100% 3)

where Co and Ce are the concentrations of the dye before and after adsorption (mg-L™?),
respectively (Ma et al. 2014).

RESULTS AND DISCUSSION

Cellulose Esterification Dependence on the Reaction Conditions

The characteristics of cellulose may be an important factor affecting the efficiency
of derivatization. The complex morphology and structure of the crystalline and
noncrystalline regions of cellulose as well as the hydrogen bonds generated by the intra-
and intermolecular hydroxyl groups make cellulose difficult to dissolve in common
solvents, thus limiting the homogeneity of its chemical reactions (McCormick et al. 1985;
Zhang et al. 2014; Ghasemi et al. 2017). Therefore, to obtain a better derivatization effect,
the swelling or dissolution of cellulose is necessary. To date, alkali, organic solvents, and
ionic liquids are commonly used in the pretreatment processing of cellulose to enable its
derivatization (Xie and Chai 2016; Ghasemi et al. 2017). Here, the DMAC/LICI solution
was employed in synthesis of betaine-modified cellulose esters. Previous studies have
found that carbonic acids can be activated by forming mixed TsCl/carbonic acid anhydride,
which acts as an intermediate for producing cellulose derivatives via nucleophilic
substitutions (Sesley et al. 2000; Heinze and Liebert 2001). In this work, TsCl was used in
the in-situ activation of betaine.
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Fig. 1. Effect of the (A) reaction time. (B) temperature. and (C) AGU to betaine to TsCI molar ratio
on the DS of betaine-modified cellulose; (D) synthesis of the betaine-modified cellulose (Note: Cell-
OH represents cellulose); and (E) the color change of the reaction solution as the reaction time
increased

To investigate the effects of the reaction temperature and time, as well as the AGU
to TsCl to betaine mass ratio on the DS of betaine-modified cellulose, esterification
reactions were carried out under different conditions. The DS of the samples showed an
increasing trend, but this trend slowed after 24 h (Fig. LA). When the molar ratio was 1 to
2 to 2 and the reaction time was 24 h, the DS increased as the reaction temperature
increased and reached the maximum value at a temperature of 90 °C (Fig. 1B). At a
temperature of 85 °C after 24 h, the ratio of the reactants had an important effect on the
degree of product substitution (Fig. 1C). Increasing the proportion of betaine and TsCl was
beneficial to the esterification reaction. This can be explained by the in-situ activation
mechanism of TsCl on betaine (Sesley et al. 2000). In this assay, TsCl and betaine could
form mixed anhydrides with higher activity, and these intermediate compounds reacted
with the hydroxyl groups on cellulose to form cellulose esters (Fig. 1D). Therefore, the
proportionate increase in the amount of betaine and TsCl was conducive to the formation
of intermediate products, thus promoting the esterification reaction. As mentioned before,
betaine was dissolved in water and then added to the reaction system via dropping. The
increase in betaine meant additional water in the reaction system, which could affect the
fluidity and reaction efficiency of the mixed solution. Given all that, for the purpose of a
high DS, the optimum esterification conditions were determined to be a reaction at a
temperature of 90 °C for 32 h with an AGU to betaine to TsCl molar ratio of 1 to 2 to 3.

It is worth noting that as time increased, the color of the reaction solution deepened,
from colorless to brown-yellow (Fig. 1E). This phenomenon was in agreement with a
previous study by Shimizu and Hayashi (1988), in which the color of the reaction solution
with TsCl changed progressively according to the intensity of the reaction. The reason for
the coloring has not been elucidated but is worth pursuing further.
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Fourier Transfer Infrared Spectroscopy Analysis of Betaine-modified
Cellulose

The spectra of the neat cellulose and modified cellulose are shown in Fig. 2A. In
the esterification of cellulose, some hydroxyl groups have been replaced to form ester
groups. Therefore, the DS of the betaine-modified cellulose may be related to the peak
intensity of cellulose esters. Whenever mentioned in this study, E053, E092, and E152
represent cellulose esters with a DS of 0.53, 0.92, and 1.52, respectively. The characteristic
peaks at 3423, 2890, 1643, 1421, and 1062 cm™ in the neat cellulose samples reflected O—
H stretching, C—H stretching, C-O-C stretching, CH: stretching, and C—O stretching,
respectively (Poletto et al. 2014; Aalbers et al. 2019; Shojaeiarani et al. 2019). The infrared
spectra of cellulose and regenerated cellulose from the DMAC/LICI solvent were
essentially the same. In the case of the modified cellulose, a new carbonyl stretching
vibration at 1745 cm™ (C=0) was identified, suggesting that betaine-cellulose ester linkage
was successfully achieved (Ma et al. 2014; Her et al. 2020). In addition, as the DS
increased, the intensity of the peak at 1745 cm™ increased. However, the attenuation of the
absorption peak at 1062 cm™ of the modified cellulose indicated that some cellulose may
have degraded during the cellulose dissolution and esterification processes.

4000 3500 3000 2500 2000 1500 1000 500 5 10 15 20 25 30 35 40 45
Wavenumbers (cm-') 20

Fig. 2. FTIR spectra (A); and XRD patterns (B) of the neat and betaine-modified cellulose samples
(Note: a is cellulose; b is regenerated cellulose form DMAC/LICI solvent; and c through e are the
E053, E092, and E152 betaine-modified celluloses, respectively)

X-ray Diffraction Assay of Betaine-modified Cellulose

Previous studies have shown that the derivatization of cellulose could result in
considerable depletion of the intermolecular hydrogen bonding network, especially with a
high DS (Eyley and Thielemans 2014; Wang et al. 2017). To evaluate the effect of
esterification on the physical properties of the samples, two fundamental quantities that
describe the structure of cellulose: the crystallinity index (CI) and the average DP, were
measured in this study. The crystallinity changes of cellulose after esterification were
illustrated by XRD patterns (Fig. 2B). The diffraction profile of neat cellulose exhibited
characteristics of cellulose I, with peaks at 26 angles of 14.9°, 16.1°, and 22.0° (Ju et al.

Liu et al. (2021). “Cellulose betaine esterification,” BioResources 16(4), 7592-7607. 7597



PEER-REVIEWED ARTICLE b | oresources.com

2015; Ahvenainen et al. 2016; Dias et al. 2020). There was no considerable difference in
the diffraction profile between the original and the regenerated cellulose, which indicated
that the dissolution and regeneration processes had essentially no effect on the formation
of the hydrogen bonds of cellulose molecules. The CI was calculated based on the peak
intensity, and the values for the original and regenerated cellulose were 72.9% and 68.8%,
respectively. However, the crystalline peaks weakened or disappeared in the modified
cellulose, depending on the DS. The XRD patterns of the three modified cellulose samples
considerably transformed after treatment, lacking peaks at 26 angles of 14.9°, 16.1°, and
34.4°, as well as showing a new weak peak at approximately 20.2°. Moreover, the XRD
peaks tended to narrow after esterification. The results collected in this assay suggested
that the crystallization of cellulose | was destroyed in the modified cellulose.

Average Degree of Polymerization of Betaine-modified Cellulose

According to the XRD patterns of cellulose and the esters, it is reasonable to assume
that part of cellulose is degraded during the esterification reaction. Generally, the
polymerization degree could be estimated using viscosimetry or size-exclusion
chromatography (SEC) (Mattonai et al. 2018). After testing the solubility of betaine-
modified cellulose with 5 conventional solvents, it was found that none of them could
completely dissolve the samples. Thus, the average DP of the samples was estimated by
viscometry in this assay. Table 1 shows the viscosity and the average DP of the samples at
25°C for different DS. The neat cellulose and regenerated cellulose form DMACc/LICI
solvent showed comparable viscosity and DP. For the sample of E053, the average DP was
reduced to 78% of the value for neat cellulose. The average DP of E092 and E152
decreased significantly, which were 64% and 58% of the neat cellulose, respectively. It can
be seen that the Cl and the average DP of cellulose exhibited obvious changes after
esterification, which may affect the physical and chemical behaviour of cellulose.

Table 1. Viscosity and Average DP of the Unmodified Cellulose and Betaine-
modified Cellulose

Sample DS Viscosity (mL/g) Average DP
Cellulose - 281 370
Regenerated cellulose - 275 361
E053 0.53 223 288
E092 0.92 188 237
E152 1.52 173 216

Thermal Stability of Betaine-modified Cellulose

It was speculated that the level of crystallinity and DP may govern the thermal
stability (Mukarakate et al. 2016; Mattonai et al. 2018; Shojaeiarani et al. 2019; Leng et
al. 2020). In view of the results that the crystallinity and the average DP of cellulose esters
have been significantly changed compared with neat cellulose in this study, the thermal
decomposition of the samples was investigated via TGA within a temperature range of 50
to 720 °C under a nitrogen atmosphere (Fig. 3).
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By comparing the onset thermal decomposition temperature (To) and the
degradation trends of the samples, no major difference was observed between the original
cellulose and the regenerated cellulose (Fig. 3A). However, the cellulose esters were
thermally less stable than neat cellulose, as displayed by the fact that the To values of the
esters were shifted toward a lower temperature with a higher DS. As discussed earlier, this
was more likely to be attributed to the decrease in crystallinity and the inevasible partial
degradation of cellulose during esterification. This result was in consistent with a previous
literature, that depolymerization and amorphization of cellulose significantly affected
thermal stability (Mattonai et al. 2018).

Interestingly, the degradation trend of the betaine-modified cellulose was gentler
than the degradation trend of the original cellulose and the regenerated cellulose. This
result was also illustrated by the DTG curves. All of the samples showed a single-step
degradation process with the primary degradation peak shifting in response to the DS (Fig.
3B). At a temperature of 720 °C, the original cellulose and regenerated cellulose were
almost completely degraded, while the ester samples still had at least 20% residue, possibly
because the nitrogen compounds were more difficult to degrade than the neat cellulose at
that temperature. These results indicated that the introduction of betaine made the modified
products thermally less stable but more difficult to completely degrade.
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Fig. 3. TGA (A) and DTG (B) curves of the neat and betaine-modified cellulose samples

Morphology of Betaine-modified Cellulose

Subsequently, the morphological change of cellulose via esterification was
investigated (Fig. 4). It was found that neat cellulose has a compact surface, which is
similar to the observations made in previous studies (Salama et al. 2015; Wang et al. 2017).
Compared to neat cellulose, the modified cellulose displayed a porous nature, probably
because of the degradation of the sample and the disruption of the hydrogen bonds in the
cellulose during esterification, as discussed before. This phenomenon matched the results
demonstrating that the crystalline structure of cellulose was destroyed (Fig. 2).
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Fig. 4. SEM images of the (A) original cellulose; and (B, C, and D) betaine-modified cellulose with
different DS

Porosity of Betaine-modified Cellulose

In the assay for porosity, the absorption-desorption isotherms and pore size
distributions of the samples were characterized via nitrogen absorption-desorption tests. A
summary of the porosity data can be found in Table 2; the higher the DS was, the higher
the surface area. As expected, ester sample E152 (DS = 1.52) possessed the highest Sser
(45.0 cm-g?) and total pore volume (Viotal) (0.89 cm-g™t). The original cellulose showed
type | isotherm characteristics, while the three ester samples exhibited type 1V isotherm
characteristics for mesoporous materials, with a hysteresis loop (as shown in Fig. 5A) (An
et al. 2017). The steep gas uptake of samples E092 and E152 at high relative pressures was
due to the presence of mesopores and macropores (Zubrik et al. 2017; Zou et al. 2018).
Compared with the E092 sample, the E152 sample showed a sharper trend of adsorption
behavior at high relative pressures between 0.8 to 1.0, which suggested that the sample
consisted of accumulated mesopores.

The pore size distribution of the samples calculated by the density functional theory
(DFT) method is shown in Fig. 5B. At a low relative pressure range, the neat cellulose and
product E053 exhibited similar pore size distributions of micropores. The negligible
adsorption capacity of samples E092 and E152 at a relative pressure range of 0.0 to 0.4
indicated that almost no micropores were detected. Unexpectedly, E152 exhibited a smaller
average pore size but a more concentrated distribution when compared to E092. These
results agreed with the SEM images showing that E152 has a more evenly distributed
porosity. However, it is worth noting that, due to the reduced thermal stability of cellulose
esters, the pretreatment temperature was lowered in this assay, which may affect the pore
exposure. This may explain why that when compared with cellulose, the morphology of
E092 and E152 greatly varied while the increase of the Sget value and pore size was smaller
than expected.
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Table 2. Values of the Sger, Total Pore Volume (Viotar), and Average Pore
Diameter Calculated (D) from the BET Isotherm and T-Plot Method

Sample DS Seet (m2-g") Viotal (cm3-g7") Dave (m?:g")
Cellulose - 2.105 5.589¢%3 10.618
E053 0.53 3.750 1.103e702 11.766
E092 0.92 4.261 2.986e? 28.032
E152 1.52 44.984 2.419e™" 21.066
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Fig. 5. (A) Nitrogen adsorption—desorption isotherms; and (B) pore size distribution curves of the
cellulose and betaine-modified cellulose samples (Note: STP means standard temperature and
pressure)

Dye Sorption Studies

The application of cationic cellulose derivatives is worth exploring. Recent studies
have shown that cationic cellulose could be widely applied as potential antimicrobial
agents, adsorbents, and papermaking additive (Ma et al. 2014; Lin et al. 2016; Aguado et
al. 2017; Rol et al. 2019; Verfaillie et al. 2020). In this paper, the adsorption function of
betaine-modified cellulose on anionic substances was investigated by dye adsorption
experiment. Two acid dyes (AB 2 and AR 26) were used to estimate the dye-adsorption
ability of betaine-modified cellulose (as shown in Figs. 6 and 7). Both dyes are commonly
used in textile dyeing, and the wastewater caused by it deserves attention. The schematic
illustration for the interaction between the betaine-modified cellulose and the AB 2 and AR
26 anionic dyes is shown in Fig. 6. Considering that both AB 2 and AR 26 dyes contain
two sulfonic acid groups, it is speculated that the dyes may be attracted with one or two
betaine group when absorbed by cellulose esters. Cellulose esters with different DSs were
investigated, and images of the dye solution and adsorbent before and after adsorption were
displayed in Fig. 7A. Using the original cellulose as a contrast, it was found that the
adsorbent was colored after absorbing the dye, while the color of the solution tended to be
lighter. It should be noted that the neat cellulose had almost no adsorption effect on the two
dyes, which was demonstrated by determination of absorbance.
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Fig. 7. (A) images of the dye solution and adsorbent before and after adsorption; and (B through
E) effects of the adsorbent dosage and dye concentration on adsorption

Liu et al. (2021). “Cellulose betaine esterification,” BioResources 16(4), 7592-7607. 7602



PEER-REVIEWED ARTICLE b | oresources.com

The effects of the adsorbent dosage and dye concentrations on adsorption were
considered. The absorption efficiencies of the two samples showed similar trends (Figs. 7B
and 7C). In the case of sample E152, the removal efficiencies of 20 mg/L of AB 2 and AR
26 increased as the adsorbent dosage increased and reached a maximum of 92.1% and
87.3% at adsorbent dosages of 6 g/L and 8 g/L, respectively. For sample E092, it was found
that the adsorbent was not as effective as E152, and the removal rate only reached 86% and
82% at an adsorbent dosage of 6 g/L, with respect to AB 2 and AR 26. These results
indicated that the higher the DS of the product was, the more conducive it was to the
adsorption of dyes. It also suggested that the adsorption effect of the same adsorbent with
different dyes is different, so the optimum amount of adsorbent varied. This is probably
because the nature of the dye itself has a great influence on the adsorption effect. Both AB
2 and AR 26 have two sulfonic groups, but AB 2 may be less affected by steric hindrance
compared to AR 26 and thus tended to be more easily adsorbed by the modified cellulose
(Fig. 6B).

The removal tendencies of the two dyes decreased as the dye concentration
increased from 10 mg/L to 50 mg/L (Fig. 7D and 7E). When using E152 as an adsorbent,
the percent removal of AB 2 gradually decreased from 92.2% to 32.4%, while the removal
of AR 26 gradually decreased from 89.7% to 30.8%. In addition, E092 was less effective
than E152, as discussed before. These results suggested that the betaine-modified cellulose
ester holds the ability to adsorb anions, which provides a theoretical basis for further study
of its functions.

CONCLUSIONS

1. A new method for synthesizing betaine-modified cellulose esters in mixed ionic liquid
solution, DMAC/LICI, using TsCI for the in-situ activation of betaine was developed.

2. Increasing the proportions of betaine and TsCl is beneficial to the esterification
reaction.

3. The physicochemical properties of betaine-modified cellulose are closely related to the
degree of substitution (DS). The products exhibited a porous nature and a decrease in
crystallinity and the average degree of polymerization. The introduction of betaine
made the cellulose esters thermally less stable than neat cellulose but more difficult to
completely degrade.

4. Dye sorption studies demonstrated that the betaine-modified cellulose could serves as
a promising sorbent for anionic substances, which may lead to a variety of applications.
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