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ABSTRACT

Cellulose-derived films have received attention for possible use in the packaging

industry. However, the poor mechanical properties of the biofilm are the main

concern. This study aims to mildly carboxymethylate cellulose fibers and

esterify the generated carboxymethylated cellulose fibers (CMF) for film pro-

duction. The physicochemical alteration of cellulose fibers via carboxymethy-

lation and esterification was confirmed by means of solid-state carbon NMR,

FTIR, and XPS analyses. The carboxymethylation of cellulose fibers impacted

their surface morphology and fiber length dramatically. The results confirmed

that the carboxymethylated cellulose fibers (CMF) with a 1.2 mmol/g car-

boxylate group generated films with the highest mechanical properties. The

higher degree of carboxymethylation tended to reduce the mechanical proper-

ties but improved the optical properties of the CMF film as smaller CMF could

scatter light more effectively. The use of acetic acid (3 wt%) was crucial in the

esterification of CMF to generate CMF film with the highest tensile strength

(60.8 MPa), but a higher concentration of acetic acid would impair the

mechanical properties of the film. The great tensile strength of the CMF derived

film (60.8 MPa) and the relatively uncomplicated fabrication procedure of CMF

films are promising for some applications, such as bags and agriculture uses.

However, the water uptake of the CMF films was relatively high (3–4 g/g), and

further research needs to address this challenge.
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GRAPHICAL ABSTRACT

Introduction

Cellulose can be generated frommany resources, such

as wood, seed fibers, peel fibers, bast fibers, grasses,

marine animals, algae, fungi, and bacteria [1–5]. This

biomaterial exhibits desired properties, such as

biodegradability, renewability, high strength, and

biocompatibility, which are required for many appli-

cations [6]. Cellulose has attracted tremendous atten-

tion in the areas of reinforced polymer products [7],

absorbent materials [8], sensors [9, 10], and packaging

materials [11]. Cellulose exists in fiber bundles natu-

rally in lignocellulosic biomass [12], which is not suit-

able for film production. The conventional fibrillation

strategies of cellulose derivatives, such as grinding,

ultrasonication, extrusion, high-pressure homoge-

nization refining, and ball mailing are energy-inten-

sive [2, 5, 13, 14]. To reduce the energy cost, chemical

pretreatments are suggested as other alternative

routes. In this case, the compatibility of cellulose fibers

with other materials may also be improved via a

chemical treatment, which would facilitate the use of

cellulose fibers in film productions.

Numerous chemical modification strategies were

applied to cellulose fibers including oxidation and

etherification [2, 14]. Carboxymethylation is a versatile

surface modification strategy that can improve the

water solubility of cellulose fibers by introducing car-

boxymethylated groups on their surface. Car-

boxymethylation can also improve the electrostatic

repulsion between cellulose molecules and thus

reduce the hydrogen bonding development between

cellulose molecules [4, 15, 16]. Thus, this process

would presumably reduce the intensity of mechanical

grinding to obtain thinner cellulose fibrils. Further-

more, carboxymethylation is the most economical and

facilemethod comparedwithmore complicated 2, 2, 6,

6-tetra-methyl piperidine-1-oxyl radical (TEMPO) and

periodate-chlorite oxidation strategies to introduce

surface charges to cellulose fibers [8]. Numerous

studies on the carboxymethylation of cellulose fibers

were carried out to optimize the reaction conditions for

increasing the production yield and efficiency [17–24].

In this regard, the previous studies showed that a high

degree of carboxymethylation reduced themechanical

and optical properties of cellulose fibers, which would

hinder their application in the packaging industry

[4, 5, 9, 24, 25]. In the present work, as the first objec-

tive, we generated carboxymethylated cellulose fibers

with a low substitution degree so that extensive fib-

rillation can be avoided while the carboxymethylated

fibers could have a reasonable entanglement degree

[4, 5, 15, 17, 26, 27].
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Cellulose derivatives have been utilized for the

preparation of edible film in packaging applications.

The criteria of bioplastic in the packaging industry

include transparency, mechanical properties, and

water barrier properties. Cellulose-based films, such

as cellophane, methylcellulose (MC), hydroxypropyl

cellulose (HPC), carboxymethylated cellulose (CMC),

and hydroxypropyl methylcellulose (HPMC) films,

were suggested for packaging applications due to

their transparency and odorless characteristics

[28–31]. However, the challenge of utilizing these

films is their weak mechanical properties making

them non-competitive with the other petroleum-

based products [32–36]. To improve the barrier and

mechanical properties of cellulose-based films, vari-

ous methodologies, such as crosslinking, blending,

grafting, copolymerization with polymers (protein,

lipid, polysaccharide, and polyvinyl alcohol), were

suggested [37–40]. However, the low compatibility of

some polymers with cellulose fibers may hinder their

fabrication process. Also, the toxicity of some of these

polymers, such as formaldehyde and acrolein, is a

primary concern for the food packaging application

[41]. Interestingly, Borůvková and coworkers studied

the esterification of carboxylic acid and hydroxyl

groups of cellulose fibers [42]. The second objective of

this work was to assess how the esterification of

carboxymethylated cellulose fibers would improve

the properties of films produced from them.

In the past, cellulose-based films, such as regener-

ated cellulose and nanofibril cellulose-based films,

were produced and they had high mechanical prop-

erties, light transparency, and good barrier proper-

ties. However, the production process of these

cellulose derivatives is high, which makes them less

appealing for general use. These products were rec-

ommended to be used for high-end applications,

such as electric devices, sensors, and biomedical

devices [43–45]. Unlike these cellulose derivatives,

the CMF-based films reported in this work utilize

cellulose fibers that are less expensive than those

cellulose derivatives for value-added applications.

In this work, cellulose fibers were first car-

boxymethylated to different degrees, and then cellu-

lose-based films were produced from

carboxymethylated fibers. The carboxymethylation

reaction and fiber properties, as well as film proper-

ties and film performance, were assessed compre-

hensively using advanced methods, such as Fourier

transform infrared spectroscopy (FTIR), X-ray

photoelectron spectrometry (XPS), solid-state 13C

nuclear magnetic resonance (NMR), scanned electron

microscopy (SEM), UV–visible spectrophotometry,

water uptake, particle size distribution (PSD), tensile

strength, and Young’s modulus.

Materials and methods

Materials

Bleached softwood kraft pulp was provided by a

kraft pulp mill in northern Ontario, Canada. Sodium

hydroxide, monochloroacetic acid (MCA), isopropyl

alcohol, IPA ([ 99%), acetic acid ([ 99%), and

sodium chloride were obtained from Sigma-Aldrich

and used as received. Hydrochloric acid (36.5%) was

also obtained from Sigma-Aldrich and diluted to

0.1 M before use. Ethanol (95%) was obtained from

Fisher Scientific Company.

Preparation of carboxymethylated cellulose
fibers (CMF)

The carboxymethylation of the pulp was conducted as

described in the literature on the carboxymethylation

of cellulose [20, 22]. A 4 g sample of bleached softwood

pulp was added to 44 g of IPA along with 1.25 g of

sodium hydroxide solution at 4 �C for 1 h at a stirring

rate of 500 rpm. Then, they were mixed with different

amounts of sodium chloroacetate (MCA) at 60 �C for

2 h. After the reaction, the pulp slurrywaswashed 3 to

4 timeswith 70–100% ethanol. The carboxymethylated

pulp was dried at 60 �C and stored at room tempera-

ture for further use. This product is denoted as car-

boxymethylated fiber (CMF), and its production yield

was determined with respect to the ratio of the dry

weight of the CMF product after carboxymethylation

and the dry weight of the initial pulp. The reaction

yield of CMF was calculated following Eq. (1)

Reaction yield ¼ C coo�½ � �WPulp �NMCA � 100% ð1Þ

where C[COO–] is the carboxylate group content

(mmol/g) of carboxymethylated cellulose, WPulp is

the weight (g) of pulp used in carboxymethylation

reaction, and NMCA is the mole of sodium chloroac-

etate, MCA (mmole), involved in the carboxymethy-

lation reaction.
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Determination of carboxylate content

The conductometry titration was used for measuring

the total carboxylate group of CMF using an automatic

conductometer (Metrohm 856 Titrado, Switzerland)

according to the method described by Yang and

coworkers [46]. Briefly, 0.11 g of CMF and 2.5 mL

0.02 M sodium chloride were dispersed in 120 g of

deionized water while stirring at 300 rpm. The sus-

pension was titrated with 0.05 M NaOH. The content

of the carboxylate group was then determined.

CMF fibrillation

The CMF fibrillation was conducted by thermal and

shearing forces as follows: CMF was well dispersed

at 350 rpm with a magnetic stirrer in deionized water

in a 250 mL glass flask to achieve a 150 mL of 2 wt%

suspensions. The pH of the suspension was adjusted

to 9 by adding 1 M of sodium hydroxide solution.

The suspension was then heated at 90 �C for 2 h.

CMF film curing and casting

The CMF was changed from fiber bundles to indi-

vidual cellulose fibers or smaller fiber debris under

the shear force after the process stated in the previ-

ous section. The film curing step was the continua-

tion of the previous section and conducted in the

same glass flask stated previously. The pH of CMF

suspension was adjusted to 3.4 using acetic acid or

1 M HCl, which caused the protonation of CMF

fibers. Then, different amounts (5 wt%, 4 wt%,

3 wt%, 2 wt%, and 1 wt%) of acetic acid, as a weak

acid with insignificant damaging effect or HCl were

added to the CMF suspension based on the weight of

the dried CMF sample, and the system was stirred at

500 rpm for another 1 h. Afterward, the CMF sus-

pension was cast onto a plastic plate (100 mm

diameter) and vacuum-dried using a vacuum oven at

60 �C overnight. The collected CMF film was then

cured in a muffle furnace at 180 �C for 2 min. The

cured CMF film was stored in a plastic bag at room

temperature for further use.

Fourier transform infrared spectroscopy
(FTIR)

The Fourier transform infrared (FT-IR) spectra of the

cellulose fibers, CMF, and CMF film were recorded

with an attenuated total reflectance (ATR) of a Tensor

37 spectrometer (Bruker, Germany) with a scanning

range of 600–4000 cm-1 at a scanning speed of

32 scans/s with a resolution of 4 cm-1.

X-ray photoelectron spectrometry (XPS)

The XPS analysis of the cellulose fibers, CMF, and

CMF film was performed using a photoelectron

spectrometer (XPS, Escalab 250XL?, Thermofisher

Scientific, USA). All the samples were dried in a 60 �C
oven overnight before the XPS measurement. In this

experiment, 10 mg of dried samples were used

directly. Spectrum was recorded using a monochro-

matic Al KaX-ray source (1486.7 eV) operating at

15 kV (90 W) in a transmission mode with a pass

energy of 40 eV for the ROI region, and 80 eV for the

survey region. The high-energy resolution spectra

were acquired using an energy analyzer operating at

a resolution of approximately 0.65 eV and pass

energy of 187 eV. The binding energy scale was cal-

ibrated by the C 1 s line of aliphatic carbon, which

was set at 285 eV. Full-spectra, narrow high-energy

resolution spectra, elemental compositions, and

functional groups were assessed using ESCApe

software.

Solid-state 13C nuclear magnetic resonance
(NMR)

The 13C NMR analysis of cellulose fibers, CMFs, and

CMF films was performed using 60 mg of previously

dried samples (60 �C, 24 h). The dried samples were

directly packed into a 4 mm cylinder MAS rotor

(Bruker, German) and compressed by a metal packer.

The rotor was then sealed with a 4 mm MAS Kel-F

rotor cap (Bruker, German) for the NMR measure-

ment. The solid-state 13C NMR spectra of all samples

were recorded on nuclear magnetic resonance spec-

troscopy (UNITY INOVATM, 500 MHz, Varian, Inc.)

with a 4 mmMAS rotor (Bruker, German) in a total of

64 scans per sample at 25 �C and a 2.05 s acquisition

time, a 90 � pulse, and 1.00 s of relaxation delay time.

Particle size distribution

The particle size distributions of cellulose fibers and

CMF prepared in the previous section were studied

comprehensively by a Mastersizer Micro Plus 3000

(Malvern Instruments, Worcestershire, UK) in the
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range of 0.01 lm and 3300 lm. The samples were

dispersed into deionized water by magnetic stirring

at the speed of 450 rpm to obtain adequate dispersed

suspension before measuring the particle sizes.

Optical properties

The optical transmittance of CMF films was mea-

sured using a Varian UV–visible spectrophotometer

(Cary 50, USA). The background spectrum was

obtained by measuring an empty sample holder, and

the film was then placed on the holder for measure-

ment. The spectra were acquired from 200 to 900 nm

with a data interval of 5 nm. Transmittance (T% = I/

I0, where I and I0 were the intensities of emergent and

incident radiation, respectively) was used for defin-

ing the transparency of the CMF film. To compare the

influence of different conditions on the transparency

of films, the optical transmittance values were

obtained at 600 nm, which is the approximate aver-

age wavelength in the visible light region [46].

Tensile strength

The tensile strength and Young’s modulus of films

were measured using a tensile tester (Instron Mini 44,

US) with a 500 N load cell in a standard conditioned

room (temperature 22.2 ± 0.6 �C, relative humidity

50 ± 2%). Films were cut into strips (10 mm wide 9

50 mm long), which were stretched at a crosshead

speed of 1 mm/min with a specimen gauge length of

10 mm. Each result was reported based on at least

three measurements.

Scanned electron microscopy (SEM)

The CMF and CMF films were coated with gold for

the SEM observation. The SEM images of the gold-

coated samples were acquired by a scan electron

microscope (Hitachi SU-70, Japan) under the condi-

tion of an accelerating voltage of 5.0 kV under the

vacuum (10–4–10–3 Pa) with the magnification of

1009 to 5009.

Water uptake

Initially, the CMF films were dried in the oven at

105 �C for 1 h before water uptake measurement. The

dried films were then immersed in the deionized

water for 24 h. After the submersion period, the

immersed films were removed and swept with a

paper towel. The water uptake of the samples was

recorded according to Eq. 2:

WU ¼ Wimmersed �Winitialð Þ �Winitial ð2Þ

where WU is water uptake (g/g) of CMF films,

Wimmersed is the weight (g) of immersed film, and

Winitial is the dry weight (g) of the CMF film before

immersing into water.

Results and discussion

Carboxymethylation of cellulose fibers

The carboxymethylation of cellulose fibers was per-

formed using sodium chloroacetate as a carboxylate

group donor. Under alkaline conditions, NaOH will

activate cellulose fibers, which will then react with

monochloroacetic acid or its sodium salt to form

carboxymethylated cellulose fibers [47].

The CMF samples with different carboxylate group

contents are shown in Table 1. As the reaction pro-

ceeded (Figure S1 in the supplementary material),

MCA could substitute the hydroxyl group of the

cellulose fibers. The maximum carboxylate content of

the CMF sample was 2.1 mmolg-1. The reaction

yields of the carboxymethylation were between 42.3

and 66.5%, and the product yields of CMFs ranged

from 105.8 to 110%. Unlike the TEMPO-oxidation (C6

hydroxyl groups) and periodate oxidation (C2 and

C3 bond), the carboxymethylation of cellulose fibers

could occur randomly on the C2, C3, and C6 bonds of

the glucose ring. Carboxymethylation may also

facilitate the breakage of hydrogen bonding within

cellulose structure and thus enlarge the gap between

the cellulose fiber bundles, which would promote the

separation of fibers to micro or nanofibers [25, 48]. As

stated in the literature, altered factors, e.g., tempera-

ture, time, solvent type, NaOH, and MCA concen-

trations, would influence the carboxymethylation

reaction [20, 22, 49, 50]. In this study, the amount of

introduced carboxylate group was correlated with

the addition of MCA. The more MCA involved in the

reaction, the more carboxylate groups were intro-

duced onto cellulose fibers. However, sample 1

exhibited a relatively low reaction yield (42.3%). One

possibility for such results could be that a large

amount of MCA would facilitate the side reaction of

the carboxymethylation (Figure S2 in the
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supplementary material), which would reduce the

reaction yield [18].

Particle size and morphology analysis

As seen in Fig. 1a, b, carboxymethylation did not

change the surface morphology of fibers. After fib-

rillation via heating and stirring, in the curing step,

however, the CMF delaminated to thinner fibers

(Fig. 1c). An analogous result can be found in the

particle size distribution results of CMF as shown in

Fig. 2.

The mass of smaller fibers increased with the

introduction of more carboxylate groups on CMF

(Fig. 2), leading to a reduction in the median diam-

eter of CMFs from 13.2 lm ([COOH] = 0.8 mmol/g)

to 2.91 lm ([COOH] = 1.4 mmol/g), which is similar

to the results reported in the past [51]. However, the

existence of some fiber fragments after heating and

stirring in the casting and curing step (Fig. 1c) indi-

cated the incomplete liberation of fibers [52]. Those

fiber fragments contributing to the proportion of

fibers with a length smaller than 1 lm were gener-

ated from the scission of fibers due to the shearing

force or peeling reaction [53, 54]. Meanwhile, with

more carboxylate groups participating in the reaction,

the reduction in the fiber length might be intensified

due to the elevation in the fiber breakage [51].

According to Nechyporchuk and coworkers, the fiber

delamination could be accelerated by mechanical

force [2]. Compared to other studies that combined

chemical modification with conventional mechanical

processes [1, 2, 5, 14, 15, 27, 55], our study employed

Table 1 Preparation of CMF from the pulp in an aqueous alkaline solution in the presence of different amounts of MCA (temperature

60 �C for 3 h)

Sample Pulp (g) IPA (g) NaOH (g) MCA (mmol) Carboxylic content (mmol/g) Reaction yield (%) Product (CMF) yield (%)

1 4 44 1.25 19.8 2.1 42.3 113.6

2 4 44 1.25 8.4 1.4 66.5 110.0

3 4 44 1.25 7.2 1.2 67.1 108.5

4 4 44 1.25 6.3 1.0 63.4 107.0

5 4 44 1.25 5.5 0.8 58.5 105.8

6 4 44 1.25 3.9 0.5 51.0 102.6

Figure 1 SEM images of cellulose fibers a before modification, b after modification (to have 1.2 mmol/g carboxylate group) and c after

heating and stirring in the curing step.

Figure 2 Particle size distribution of CMFs after heating and

stirring with different carboxylate group contents.
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lower intensity shear force (e.g., magnetic stirring)

than those reported earlier, e.g., high-pressure

homogenizer (60 MPa) or grinder (1500 rpm) [49, 51]

to treat carboxymethylated cellulose fibers, which

may further reduce the energy consumption of the

proposed process for the carboxymethylation of cel-

lulose fibers.

Esterification of CMF

Generally, the esterification of cellulose is an acyla-

tion process that could employ carboxylic acid, car-

boxylic acid anhydrides, or acid chlorides as

acylating agents [56]. According to Wang and

coworkers, the hydroxyl groups in anhydroglucose

unit (AGU) of cellulose can take part in an esterifi-

cation reaction [57]. Thus, the carboxymethylated

cellulose has the potential for reacting and thus

crosslinking with cellulose polymer chains as acy-

lating agents via esterification. Borůvková and

coworkers also stated that the crosslinking of car-

boxymethylated cellulose could occur due to the

presence of hydroxyl and carboxylate groups on the

fibers [42]. However, the low reactivity of carboxylic

acid required either acid catalysis or thermal curing

to activate the esterification reaction [56–58]. In our

study, we employed acetic acid and HCl as catalysts

during the film fabrication and cured CMF at 180 �C
for 2 min. The scheme of esterification, i.e., self-

crosslinking, of CMFs is shown in Figure S3 in sup-

plementary material files. To confirm that the esteri-

fication successfully occurred between CMFs; the

FTIR, XPS, and NMR analyses of the samples were

carried out.

Figure 3 shows the solid-state 13C NMR spectra of

the CMF film, CMF, and cellulose fibers. The cellu-

lose fibers, CMF, and CMF film showed similar peaks

in the regions of 60 and 105 ppm, which would rep-

resent the carbon of the cellulose backbone. In detail,

most of their carbon atoms exhibited signals at

61–63.5 (C6), 73.4 (C2, 3, 5), 80–88 (C4), and 103.5 (C1)

ppm [59–61]. A new peak showed at 176.5 ppm,

which corresponded to the carboxylate group (C7),

and revealed that the carboxymethylation occurred

on cellulose fibers [59, 62, 63]. Furthermore, the sharp

carboxylate peak of CMF at 176.5 ppm was found to

be slightly broadened toward the up-field region in

the spectrum of CMF film. This is the result of the

appearance of a new peak that corresponds to the

carbonyl group at 173.2 ppm overlapping with the

peak at 176.5 ppm [64, 65] and indicating the esteri-

fication occurrence between CMFs.

The FTIR spectra of cellulose fibers, CMF, and CMF

film are shown in Fig. 4. In the infrared spectra, all

samples exhibited similar absorption peaks. The

bands at 3340 and 2905 cm-1 for all cellulose fibers,

CMF, and CMF film correspond to the presence of the

stretching vibrations of O–H and C–H, respectively

[18]. The peak at 3330 cm-1 in the spectra of CMF

and CMF film was weaker than that of the cellulose

fibers due to the substitution of the hydroxyl group

by the carboxylate group through carboxymethyla-

tion. Compared with that of the cellulose fibers, the

spectrum of CMF had a strong absorption peak at

1593 cm-1, and a small peak at 1410 cm-1, which

Figure 3 Solid-state 13C NMR of a Cellulose fibers, b CMF, and

c CMF film.

Figure 4 FT-IR transmittance spectra of a Cellulose fibers,

b CMF, and c CMF film.
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corresponded to the presence of the COO- [8]. Those

bands provide evidence for the introduction of the

carboxylate group on cellulose fibers.

When it comes to the CMF film, a new peak at

1720 cm-1, which corresponded to the ester group, is

evidence of the esterification of the CMF after the curing

step [66]. The peak at 1367 cm-1 (–CH3 symmetry

deformation vibration) and 1234 cm-1 (C–O–C stretch-

ing vibration) were also the characteristics of the ester

group, which also indicated the esterification occurred

in the CMF film [67–69]. Furthermore, the weaker peak

of theCMFfilmcompared toCMFat1593 cm-1 couldbe

explainedby thedecrease in thecarboxylategroupof the

CMF due to its esterification reaction of the hydroxyl

group and carboxylate group of CMF.

The chemical structures of cellulose fibers, CMF, and

CMF film were also studied using X-ray photoelectron

spectrometry. The deconvolution of the C 1 s peak sig-

nal is represented in Fig. 5, the spectrum of cellulose

fibers exhibited three peaks at 285 eV, 287.0 eV

(DeV = 0.5 eV), and 288.4 eV (DeV = 0.6 eV) corre-

sponding to C1 (C–C/C–H), C2 (C–O), and C3(O–C/

C=O) bonds, respectively. TheC1 signal is related to the

contribution of non-oxidized alkane-type carbon atoms

and impurities, or extractive compounds. TheC2 signal

is associated with the presence of ether groups origi-

nating from pure cellulose, as well as the hydroxyl

groups of the unmodified cellulose, and the peak C3

presents the carbon connected to a carbonyl or two non-

carbonyl oxygen atoms [70, 71]. The surface functional

group compositions of the samples were calculated

fromXPS spectra (Fig. 5), and the results are available in

Table 2. Also, a slight increase in the C3 peak intensity

from 20.5 to 23.8% and a decrease in the C2 peak

intensity from 57.5 to 51.4% were observed in the CMF

spectrum (Table 2),whichwasprobably the result of the

substitution of hydroxyl groups due to the car-

boxymethylation. Moreover, a new peak C4 (binding

energy at around 289 eV, DeV = 0.5 eV) was observed

in the spectra of CMF and CMF film (Fig. 5b, c). An

increase in the C4 peak from 3.9 to 10.1% was also

observed in the spectrumofCMFfilm.Thesedata imply

that the hydroxyl groups were substituted by carboxyl

groups after carboxymethylation and the formation of
Figure 5 The high-resolution XPS C1s spectra of a Cellulose

fibers, b CMF, and c CMF film.

Table 2 Surface functional

groups compositions obtained

by XPS analysis

Biomass Relative atomic percentage (%) (C1s survey)

C1 (C–C/C–H) C2 (C–O) C3 (O–C–O/C=O) C4 (O–C=O)

Cellulose fibers 21.9 57.5 20.5 ND*

CMF 21.0 51.4 23.8 3.9

CMF film 28.6 48.4 12.9 10.1

*Not detected
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ester groups after film fabrication. According to Arun

and coworkers, the C4 of the CMF spectrum is referred

to as the carbon bound to a carbonyl and non-carbonyl

oxygen [72, 73]. The decrease in the C2 and C3 peak

intensities in the CMF spectrum might refer to the

consumption of the hydroxyl group and carboxylate

group due to esterification. In addition, an augment of

C1 peak intensity from 21 to 28.6% in the CMF film

(Table 2) might be attributed to the existence of acetic

acid in the film originating from the film casting.

Mechanical properties of the crosslinked
CMF films

Impact of carboxymethylated group

The tensile strength and Young’s modulus of the

CMF films are presented in Fig. 6. The CMF films

have a tensile strength ranging from 18 to 60.8 MPa

and Young’s modulus ranging from 1.1 to 2.5 GPa.

The tensile strength of CMF films increased with the

augmented carboxylate group to 1.2 mmol/g. At a

lower charge than 1.2 mmol/g, the carboxylate group

probably widened the gaps between the bundles of

cellulose fibers by introducing repulsive forces,

facilitating the separation of the carboxymethylated

cellulose fibers in the subsequent heating and stirring

(i.e., curing) process [2]. Furthermore, the proportion

of smaller fibers increased with the carboxylate group

concentration on fibers (Fig. 2). These smaller cellu-

lose fibers enhanced the entanglement between CMF

and improved the contact area and potential bonding

sites between CMF [12, 15, 74, 75]. In this case, the

tensile strength of CMF films might be increased by

the enhancement in the carboxymethylated group

and thus entanglement of those fibrillated CMF (after

heating and stirring) as seen in Fig. 6. As seen in

Fig. 6a, however, the tensile strength of the CMF

films decreased when the carboxylate group was

changed from 1.2 to 1.4 mmol/g. This phenomenon

can be explained by the reduction in the entangle-

ment of carboxymethylated cellulose fibers [41, 76].

When the size of the fibers became very small

(Fig. 1c), as a result of a substantial increase in the

carboxylate group content, CMF may become weak

and thin, which may decrease the entanglement

between CMF reducing the tensile strength of the

films [27, 74, 77, 78].

Impact of acid in the curing process

Figure 6b shows the impact of acid concentration and

type on the tensile strength and Young’s modulus of

CMF film. It is observable that the film generated

with a 3 wt% acetic acid had the highest strength.

The tensile strength of CMF film increased from 24 to

60.8 MPa when the amount of acetic acid raised from

1 to 3 wt%. The tensile decreased to 57 MPa when the

acetic acid further increased to 4 wt%. This phe-

nomenon could be explained by the function of acetic

acid in esterification. As stated earlier, acetic acid

functioned as a catalyst in the esterification of CMFs.

Sahu and Pandit stated that the increased amount of

catalyst would promote the crosslinking reaction

contributing to the augment of the tensile strength of

biofilm [41, 58]. However, Garavand and coworkers

noted that some acids, e.g., citric acid, can not only

involve in the crosslinking reaction but also act as a

plasticizer in biofilm productions [37]. In the pres-

ence of extra acetic acid ([ 3 wt%), the extra amount

of acetic acid could act as a plasticizer and reduce the

interactions between CMF macromolecules, which in

turn would reduce the tensile strength of the cross-

linked films. Similar results were reported by others

Figure 6 Tensile strength and Young’s modulus for CMF film

generated a from CMF with different carboxylate group contents,

b via curing with different concentrations of acids, a Acetic acid

b HCl.
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[79, 80], in which the tensile strength of starch-based

biofilm was decreased by 10% when the content of

citric acid was more than 3 wt%.

Compared to acetic acid, hydrochloric acid has less

influence on the crosslinking reaction (Fig. 6b). The

CMF film generated in the presence of HCl exhibited

weaker tensile strength (35 MPa) than that generated

in the presence of acetic acid (54 MPa) (Fig. 6b). A

possible reason for this phenomenon could be the fact

that HCl with the pKa of 1 might depolymerize/hy-

drolyzeCMFduring thefilm formation, decreasing the

tensile strength of CMF [81]. Furthermore, Rojas and

Azevedo stated that the mineral acid, such as nitric

acid, can impair the tetraethoxysilane/cellulose com-

posite matrix during the aging or drying period [57].

Considering the tensile strength results, the CMF

film with 1.2 mmol/g carboxylate content was the

best for fabricating the cellulose-based film. Also, a

3 wt% acetic acid that generated the CMF films with

the highest tensile strength was selected as the most

effective acid concentration for generating the CMF

film.

Optical transmittance analysis

Figure 7 shows the transmittance of the CMF film as

a function of wavelength. As seen, the more car-

boxylate group in the film, the higher transmittance

of the film was obtained. The CMF film with

1.4 mmol/g carboxylate group content had a trans-

mittance of approximately 48%. The CMF with

0.5 mmol/g carboxylate group content exhibited

extremely low transparency (near 0%) and thus was

not shown in the figure. The transparency of biofilm

depends mainly on the size of the polymers used in

biofilm production. The smaller the polymer, the

weaker the light scattering and the higher the trans-

parency of the biofilm would be [15, 82–84].

According to the result, the more carboxylate groups

introduced to the CMF, the higher proportion of

smaller cellulose fragments of CMF (Fig. 2) were

used for the film generation, which improved the

optical transmittance of the CMF films (Fig. 7).

Meanwhile, the greater proportion of larger CMF

fibers with a lower carboxylate group (0.8 mmol/g)

(Fig. 2) could elevate the light scattering of the CMF

films, which might be the reason for the low optical

transmittance of the CMF film generated from CMF

with 0.8 mmol/g carboxylate group (Fig. 7). Fur-

thermore, the aggregation of long cellulose fibers can

lead to a dense layered structure in the film,

increasing the light scattering of the film due to the

strong interaction and van de Waals attraction

between the fibers [15].

As stated previously, the transparency of biofilm

was negatively affected by the size of cellulose fibers.

The CMF film with the carboxylate group content of

1.4 mmol/g exhibited the highest transparency,

whereas the one with less carboxylate group content

(0.8 mmol/g) revealed low transparency (Figure S4

in the supplementary material). The morphology

observation results showed the same tendency as the

optical transmittance results (Figure S4 in the sup-

plementary material). In this case, the SEM image

revealed that the film with a lower carboxylate group

content (0.8 mmol/g) exhibited lower transparency

and more apparent fibrous structures (Figure S5). The

aggregation performance of cellulose fibers was also

observed in the SEM image. The white spot exhibited

in the CMF film is evidence of the dense structure of

cellulose fibers (Figure S4a). Thus, the optical trans-

parency of CMF film was not as high as that of the

PVA-based film reported in the literature with 90%

transmittance in the range from 400 to 800 nm [85].

Water uptake performance of crosslinked
CMF films

Figure 8 shows the water uptake performance of the

CMF films. According to the data, the water uptake of

the CMF films was increased from 1.84 to 4.80 g/g

Figure 7 Optical transmittance of films generated in the presence

of a 3 wt% acetic acid from the CMF with different carboxylate

group contents.
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when the carboxylate group content increased from

0.8 to 1.4 mmol/g. By adding more carboxylate

groups to the film, the water absorption of the CMF

film was increased, which is similar to what was

reported previously [51, 86–88]. Furthermore, the

existence of the carboxylate group contributed to the

breakage of the hydrogen bonds, which improved the

hydrophilicity of the CMF film [4, 89]. As Sabzalian

stated, the possible reason for this behavior could be

the esterification reaction between the car-

boxymethylated cellulose fibers in the CMF film [90].

Compared to other reports with the water uptake of

20 g/g, the CMF film in this study exhibited a lower

water uptake capability, which implies its better

water barrier properties [77, 91–95]. However, the

water uptake performance of the CMF films was

higher than some other polymeric composite films

[96–100]. Water-resistance is an important character-

istic of biofilms. A low water uptake (\ 0.5 g/g) is

required for the ideal biofilm production [96, 98, 100].

Thus, research on reducing the water uptake of CMF

films needs to be undertaken. Interestingly, even

though the CMF films contained high water uptake

performance, the immersed CMF films didn’t break

during the test (Figure S6 in the supplementary

material), which may be an attractive property for

some applications, e.g., wound dressing.

Comparison of results

Table 3 exhibits tensile strength, optical transmit-

tance, and water absorption of different biofilms

produced in other studies. The tensile strength of

cellulose/starch-based biofilm was in the range of

1–40 MPa. The biofilms with low tensile strength

(below 10 MPa) seemed to have great optical trans-

mittance. Among these biofilms, the highest water

uptake was 2.27 g/g (and as low as 0.1 g/g) for the

sample produced under 100% relative humidity (RH)

at 20 �C [101–107].

The CMF film produced in this study exhibited an

excellent tensile strength (up to 60.8 MPa) and optical

transmittance in the range of 20% and 48%. Com-

pared to those biofilms listed in Table 3, the CMF

films fabricated in this study showed a relatively

higher water uptake of 4.8 g/g than that reported by

Lim et al. [103]. Thus, reducing the water uptake of

the CMF films needs to be taken into account in

future studies.

The good mechanical performance and accept-

able transparency of the CMF film exhibit high

potential in film packaging manufacturing. In oppo-

sition to other studies in which different methods of

high shear stress fibrillation, such as high-pressure

homogenization or ultrasonication, of cellulose fibers

were used, cellulose fibers were slightly chemically

treated in aqueous systems in this study, which

would reduce the energy cost of the process [27, 108].

However, the relatively higher water uptake of the

CMF film needs to be addressed to ensure its

potential use in food packaging manufacturing.

Furthermore, the properties of packaging films

proposed for food, pharmaceutical, and agriculture

uses are listed in Table 3. It is seen that the tensile

strength of those commercial plastics (3–60 MPa) is

not very high. Interestingly, the CMF film reported in

this study has a competitive tensile strength

(60.8 MPa), which indicated that the CMF film has

the potential to be used for those applications. On the

other hand, for plant cultivations, low transmitting

film may be more suitable to prevent the burning of

plants from direct natural light [109]. For bag and

pharmaceutical packaging, low light transmittance is

also preferred. Therefore, one application of this film

could be for packaging and agriculture uses

[110, 111].

Conclusion

In this study, we prepared carboxymethylated cellu-

lose fibers (CMFs) with low degrees of car-

boxymethylation. The primary emphasis of this work

was on the evaluation of the physicochemical and

Figure 8 Water uptake of films generated in the presence of

3 wt% acetic acid from the CMF with different carboxylate group

content.
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mechanical properties of films made of car-

boxymethylated cellulose fibers with different

degrees of carboxymethylation in the presence of

acetic acid. The carboxymethylation and esterification

reactions within the CMFs and CMF films were

confirmed using FTIR, solid-state 13C NMR, and XPS.

It was observed that the high degree of car-

boxymethylation reduced the fiber length. The higher

carboxymethylation tended to reduce the fiber size

thus improving the optical properties of the films

because smaller CMF in films could scatter light more

effectively. However, it resulted in weaker mechani-

cal properties of the film. On the other hand, the

water uptake of the CMF film increased as the car-

boxymethylated group content of CMF increased

since more hydrophilic functional groups were

introduced to fibers via intensifying the car-

boxymethylation reaction. Also, a higher acetic acid

content (e.g., 4 wt%) led to the augment of smaller

CMF and increased the plasticity of the film, thus

impairing the mechanical properties of the films.

Furthermore, the CMF film produced in strong acid

(HCl) exhibited a lower tensile strength than the one

produced in the presence of acetic acid (35 MPa vs.

60.8 MPa), which might be due to the hydrolysis of

cellulose fibers by HCl. The CMF films with the

highest tensile strength of 60.8 MPa was achieved

from the CMF with 1.2 mmol/g in the presence of

3 wt% acetic acid. The CMF films reported in this

study exhibit competitive properties to the

Table 3 Comparison of cellulose/starch-based biofilm and the properties of commercially available films used in the packaging industry

Tensile

strength

(MPa)

Optical

transmittance at

600 nm (%)

Water

uptake (g/

g)

Application References

Biofilm/bioplastic

CMF films 18–60.8 5–48 1.84–4.8 General applications This work

Potato starch-based film blended with CaCO3

nanoparticles

30–44 50–66 0.65–1.65 Food packaging, medical

industries

[101]

Carboxymethyl cellulose based nano-

biocomposites with graphene nano-platelets

3.44–7.74 15.69 0.24–0.59 Packaging [102]

Cassava starch film plasticized with glycerol

and sorbitol

1.77–30.3 76–81.04 0.10–0.26 Packaging [103]

Papaya polysaccharide-corn starch film 3.03–4.86 74.26–88.77 * 0.3 Food preservation [104]

Cellulose nanofiber/bengkoang starch bio

nanocomposites

10 43–80 0.15–0.2 Food packaging [105]

Cellulose-based film modified by succinic

anhydride

3.05–5.58 46.3–54.4 1.8–2.27 Biomedical field [106]

Corn starch-based films incorporated with

zanthoxylum bungeanum essential oil

1.23–3.89 76.4–84 0.23–0.34 Packaging [107]

Commercial film products

Novolen polypropylene 32–55 NR* NR Packaging [112]

Nature works PLA 53–62 NR NR Dairy containers, food

service ware

[112]

Dow ATTANETM ultralow density

polyethylene films

56.5 NR NR Sacks, plastic bags, mulch

films, silage wrap

[113]

NOVA chemical SCLAIR� high-density

polyethylene film

38–53 NR NR Food packaging [113]

Arkema evatan ethylene–vinyl acetate

copolymer polymer film

3–27 NR NR Rigid/flexible packaging

in food, pharmaceuticals

[113]

NORTON� polytetrafluoroethylene film 7–22 NR NR Electrical application [113]

SABIC innovative plastics ValoxTM FR1

polybutylene terephthalate film

41.1 15% NR Packaging [113]

MAKROFOL� DE 1-4 020209

polycarbonate

57.64 31% NR Signs and menu boards [114]

*Not reported
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commercial plastic film used in some applications

(such as pharmaceuticals, electrical, and packaging).

However, the high-water absorption of the CMF films

(e.g., 4.8 g/g) should be addressed in future research.
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M, Pielichowski K (2019) Surface modification of cellulose

nanocrystals with succinic anhydride. Polymers 11:866. h

ttps://doi.org/10.3390/polym11050866

[74] Lin C, Wang Q, Deng Q, Huang H, Huang F, Huang L, Ma

X (2019) Preparation of highly hazy transparent cellulose

film from dissolving pulp. Cellulose 26:4061–4069. http

s://doi.org/10.1007/s10570-019-02367-3

[75] Liu W, Mohanty AK, Askeland P, Drzal LT, Misra M

(2004) Influence of fiber surface treatment on properties of

Indian grass fiber reinforced soy protein based biocom-

posites. Polymers 45:7589–7596. https://doi.org/10.1016/j.

polymer.2004.09.009

[76] Li W, Wang S, Wang W, Qin C, Wu M (2019) Facile

preparation of reactive hydrophobic cellulose nanofibril

film for reducing water vapor permeability (WVP) in

packaging applications. Cellulose 26:3271–3284. https://d

oi.org/10.1007/s10570-019-02270-x

[77] Gadhave RV, Das A, Mahanwar PA, Gadekar PT (2018)

Starch based bio-plastics: the future of sustainable pack-

aging. Open J Polym Chem 8:21–33. https://doi.org/10.42

36/ojpchem.2018.82003

10422 J Mater Sci (2022) 57:10407–10424

https://doi.org/10.1007/s10570-018-1830-3
https://doi.org/10.1007/s10570-018-1830-3
https://doi.org/10.1021/acs.iecr.8b04781
https://doi.org/10.1021/acs.iecr.8b04781
https://doi.org/10.1016/j.jddst.2019.05.013
https://doi.org/10.1016/j.jddst.2019.05.013
https://doi.org/10.1016/j.carbpol.2016.12.051
https://doi.org/10.1016/j.carbpol.2016.12.051
https://doi.org/10.1016/j.carbpol.2018.08.097
https://doi.org/10.1016/j.carbpol.2018.08.097
https://doi.org/10.1007/s11581-018-2558-7
https://doi.org/10.1039/C9TA00998A
https://doi.org/10.1016/j.coco.2019.06.005
https://doi.org/10.1016/j.coco.2019.06.005
https://doi.org/10.1016/j.carbpol.2012.07.053
https://doi.org/10.1016/j.carbpol.2012.07.053
https://doi.org/10.1177/004051759106100801
https://doi.org/10.1016/j.ijbiomac.2020.08.099
https://doi.org/10.1016/j.ijbiomac.2020.08.099
https://doi.org/10.1016/j.carbpol.2016.05.020
https://doi.org/10.1016/j.carbpol.2016.05.020
https://doi.org/10.1016/j.ijbiomac.2018.12.119
https://doi.org/10.1016/j.ijbiomac.2018.12.119
https://doi.org/10.1007/s10570-020-03101-0
https://doi.org/10.1007/s10570-020-03101-0
https://doi.org/10.1016/j.jece.2020.104124
https://doi.org/10.1016/j.jece.2020.104124
https://doi.org/10.3390/polym11050866
https://doi.org/10.3390/polym11050866
https://doi.org/10.1007/s10570-019-02367-3
https://doi.org/10.1007/s10570-019-02367-3
https://doi.org/10.1016/j.polymer.2004.09.009
https://doi.org/10.1016/j.polymer.2004.09.009
https://doi.org/10.1007/s10570-019-02270-x
https://doi.org/10.1007/s10570-019-02270-x
https://doi.org/10.4236/ojpchem.2018.82003
https://doi.org/10.4236/ojpchem.2018.82003


[78] Sim G, Liu Y, van de Ven T (2016) Transparent composite

films prepared from chemically modified cellulose fibers.

Cellulose 23:2011–2024. https://doi.org/10.1007/s10570-0

16-0923-0

[79] Ghanbarzadeh B, Almasi H, Entezami AA (2011)

Improving the barrier and mechanical properties of corn-

starch-based edible films: effect of citric acid and car-

boxymethyl cellulose. Ind Crop Prod 33:229–235. https://d

oi.org/10.1016/j.indcrop.2010.10.016

[80] Ning W, Jiugao Y, Xiaofei M, Ying W (2007) The influence

of citric acid on the properties of thermoplastic starch/linear

low-density polyethylene blends. Carbohydr Polym

67:446–453. https://doi.org/10.1016/j.carbpol.2006.06.014

[81] Kang IS, Yang CQ, Wei W, Lickfield GC (1998)

Mechanical strength of durable press finished cotton fab-

rics: part I: effects of acid degradation and crosslinking of

cellulose by polycarboxylic acids. Text Res J 68:865–870.

https://doi.org/10.1177/004051759806801112

[82] Nogi M, Iwamoto S, Nakagaito AN, Yano H (2009)

Optically transparent nanofiber paper. Adv Mater

21:1595–1598. https://doi.org/10.1002/adma.200803174

[83] Saito T, Kimura S, Nishiyama Y, Isogai A (2007) Cellulose

nanofibers prepared by TEMPO-mediated oxidation of

native cellulose. Biomacromol 8:2485–2491. https://doi.or

g/10.1021/bm0703970

[84] Sun X, Wu Q, Zhang X, Ren S, Lei T, Li W, Zhang Q

(2018) Nanocellulose films with combined cellulose

nanofibers and nanocrystals: tailored thermal, optical and

mechanical properties. Cellulose 25:1103–1115. https://doi.

org/10.1007/s10570-017-1627-9

[85] Cai J, Chen J, Zhang Q, Lei M, He J, Xiao A, Xiong H

(2016) Well-aligned cellulose nanofiber-reinforced poly-

vinyl alcohol composite film: mechanical and optical

properties. Carbohydr Polym 140:238–245. https://doi.org/

10.1016/j.carbpol.2015.12.039

[86] Cuadri AA, Romero A, Bengoechea C, Guerrero A (2018)

The effect of carboxyl group content on water uptake

capacity and tensile properties of functionalized soy pro-

tein-based superabsorbent plastics. J Polym Environ

26:2934–2944. https://doi.org/10.1007/s10924-018-1183-x

[87] Poussard L, Burel F, Couvercelle JP, Merhi Y, Tabrizian M,

Bunel C (2004) Hemocompatibilty of new ionic poly-

urethanes: influence of carboxylic group insertion modes.

Biomaterials 25:3473–3483. https://doi.org/10.1016/j.biom

aterials.2003.10.069

[88] Sim G (2016) Carboxylated cellulose pulp fibers: from

fundamentals to applications. Dissertation, McGill

University

[89] Tosh B (2014) Synthesis and sustainable applications of

cellulose esters and ethers: a review. Intl J Energy Sustain

Env Eng 1:56–78

[90] Sabzalian Z (2012) Cross-linking and hydrophobization of

chemically modified cellulose fibers. Dissertation, McGill

University

[91] Basu P, Narendrakumar U, Arunachalam R, Devi S, Man-

jubala I (2018) Characterization and evaluation of car-

boxymethyl cellulose-based films for healing of full-

thickness wounds in normal and diabetic rats. ACS Omega

3:12622–12632. https://doi.org/10.1021/acsomega.8b

02015

[92] Goetz L, Mathew A, Oksman K, Gatenholm P, Ragauskas

AJ (2009) A novel nanocomposite film prepared from

crosslinked cellulosic whiskers. Carbohydr Polym

75:85–89. https://doi.org/10.1016/j.carbpol.2008.06.017

[93] Kanafi NM, Rahman NA, Rosdi NH (2019) Citric acid

cross-linking of highly porous carboxymethyl cellulose/

poly (ethylene oxide) composite hydrogel films for con-

trolled release applications. Mater Today Proc 7:721–731. h

ttps://doi.org/10.1016/j.matpr.2018.12.067

[94] Kowalczyk D, Pytka M, Szymanowska U, Skrzypek T,

Łupina K, Biendl M (2020) Release kinetics and antibac-

terial activity of potassium salts of iso-a-acids loaded into

the films based on gelatin, carboxymethyl cellulose and

their blends. Food Hydrocoll 109:106104. https://doi.org/

10.1016/j.foodhyd.2020.106104

[95] Wang W, Zhang X, Li C, Du G, Zhang H, Ni Y (2018)

Using carboxylated cellulose nanofibers to enhance

mechanical and barrier properties of collagen fiber film by

electrostatic interaction. J Sci Food Agric 98:3089–3097. h

ttps://doi.org/10.1002/jsfa.8809

[96] Biddeci G, Cavallaro G, Di Blasi F, Lazzara G, Massaro M,

Milioto S, Spinelli G (2016) Halloysite nanotubes loaded

with peppermint essential oil as filler for functional

biopolymer film. Carbohydr Polym 152:548–557. https://d

oi.org/10.1016/j.carbpol.2016.07.041

[97] Castro PM, Fonte P, Oliveira A, Madureira AR, Sarmento

B, Pintado ME (2017) Optimization of two biopolymer-

based oral films for the delivery of bioactive molecules.

Mater Sci Eng C 76:171–180. https://doi.org/10.1016/j.ms

ec.2017.02.173
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