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Abstract
In this study, we investigated the enzymatical degradability and pilot-scale composting of 14 cellulose-based materials. 
The materials analyzed here were cellulose regenerated from ionic liquid (EMIM[OAc]), carboxymethyl cellulose (CMC) 
crosslinked by aluminum salt (Al-salt), methyl cellulose, cellulose acetate, butylated hemicellulose: DS: 1, DS: 0.4, and DS: 
0.2, cellophane, wet strength paper, nanocellulose, paper partially dissolved by IL, cellulose carbamate, cellulose palmitate, 
and cellulose octanoate. The aim of the study was to show how chemical substituting and the substituent itself influence the 
biodegradability of cellulose materials. The enzymatic degradation and pilot-scale composting of these films shows the cor-
relation between the hydrolysis rate and degree of substitution. The enzymatic hydrolysis of cellulose-based films decreased 
exponentially as the degree of substitution increased. Modifying cellulose to the extent that it gains the strength needed 
to obtain good mechanical properties, while retaining its natural biodegradability is an important factor when preparing 
alternatives for plastic films.
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Introduction

Packaging materials are crucial for our current business eco-
systems ensuring the global transport of everyday goods and 
food. Fossil based plastics cover a large part of the used 
packaging materials worldwide and plastic production has 
exploded in the past decades. Currently, the global produc-
tion of plastics is almost 350 million tons per year, and from 
that packaging covers almost 40% [1]. Packaging materials 
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are often used only once and subsequently incinerated or 
recycled. In Europe, 40.8% of the collected plastic packag-
ing waste is recycled, 20.4% ends up in a landfill and 38.8% 
is used for energy recovery [1]. However, the recycling sys-
tems in many countries are not as efficient and a large part is 
accumulated in the oceans and environment causing serious 
ecological problems, such as micro- and nanoplastics [2]. It 
is estimated, that 8.8 million tons of plastic waste ends up in 
oceans every year [3]. Consequently, the packaging indus-
try has been guided towards more sustainable, biodegrad-
able and renewable materials. One already utilized solution 
is the use of plant-based cellulose  (C6H10O5)n that is the 
most abundant biopolymer found in nature with outstanding 
properties, such as polyfunctionality, high chain stiffness, 
biodegradability and broad chemical modifying capacity [4, 
5]. From cellulose containing materials, wood is the most 
important cellulose source that is already widely used in the 
paper and board based packaging products [6]. Furthermore, 
it also has applications in packaging in the form of regen-
erated cellulose, which is used to manufacture transparent 
packaging films [7].

Cellulose is a linear polymer consisting of β(1→4) linked 
D-glucopyranose units. It is one of the primary components 
of the wood cell wall together with hemicellulose and lignin 
[4]. The wood cell wall contains three subunits, wood fibers, 
cellulose nanofibrils and polymeric cellulose that can all be 
industrially separated for packaging applications [8]. Poly-
meric cellulose is called regenerated cellulose when used 
in applications, such as cellophane film. Cellulose, hemi-
cellulose and lignin are naturally biodegraded in nature by 
various microorganisms. In soil, filamentous fungi are most 
potent in degrading cellulose biomass [9]. Various differ-
ent enzymes, called cellulases, are known to take part in 
the biodegradation of cellulose. These can be categorized 
into endoglucanases, cellobiohydrolases and cellobiases, 
which act in synergy to degrade cellulose into glucose [10]. 
Enzymes called hemicellulases and ligninolytic enzymes 
take part in the biodegradation of hemicellulose and lignin, 
respectively [11]. The fact that cellulose is simultaneously 
naturally biodegradable and has good film forming proper-
ties has raised interest in the use of cellulose in packaging 
industry.

Due to the high molecular weight, crystallinity and hydro-
phobic interactions in the cellulose backbone, cellulose is 
insoluble in water and most organic solvents [4, 12]. The 
cellulose structure can be chemically modified, making it 
e.g. thermoplastic and soluble in various solvents [5]. The 
hydroxyl groups (–OH) on the cellulose backbone can be 
substituted with different substituents producing a variety 
of different cellulose derivatives. The degree of substitu-
tion (DS) is the average number of substituted hydroxyl 
groups per a glucose unit (the maximum being 3, due to 
3 available –OH groups). Chemical modifications include 

for example esterification and etherification and they can 
alter the biodegradability of cellulose [13, 14]. One of the 
most extensively studied cellulose derivatives is cellulose 
acetate (CA) [14–18]. In these studies, it has been shown 
that an increase in the DS leads to lower biodegradability. 
It has also been shown that prior to the degradation of the 
cellulose backbone, the acetate groups have to be removed 
via deacetylation by acetyl esterases [19]. Therefore, if the 
DS is high enough, cellulases are unable to hydrolyze the 
cellulose backbone. In addition, if the DS is close to the 
maximum also esterases are unable to attach to the cellulose 
surface and cleave the acetate bonds [18, 20]. Biodegrada-
tion of methyl cellulose and its nanocomposites has been 
studied measuring its  CO2 evolution during 6 weeks. It was 
concluded, that the crosslinking of methyl cellulose hinders 
the biodegradation process [21]. Biodegradation of carboxy-
methyl cellulose has been studied using a fungal strain and 
according to the Organization for Economic Cooperation 
and Development (OECD) Test Guideline 301 A [22, 23]. It 
was concluded, that CMC (DS: 0.7) can be expected to bio-
degrade completely in nature. It has also been reported that 
derivatized thermoplastic celluloses are typically lacking 
biodegradability, but with wise selection of substituents the 
biodegradation can be enabled [13]. Even though biodegra-
dation of some cellulose samples has been studied, there is 
still lack of a comprehensive study on biodegradability of 
a variety of cellulose-based packaging materials that can 
potentially replace synthetic packaging films.

Methods assessing biodegradation include visual obser-
vation e.g. weight loss, loss in physical properties,  CO2 
evolution and biochemical oxygen demand (BOD) [24, 
25]. Several standardized methods are available for the 
determination of biodegradability of chemicals, plastics, 
and packaging materials (OECD, ISO, CEN). Biodegra-
dability can be defined as utilization of test material by 
microbes leading to formation of carbon dioxide, water, 
mineral salts and new microbial cellular constituents 
in aerobic conditions if the material is completely min-
eralized (e.g. EN14046, Packaging – Evaluation of the 
ultimate aerobic biodegradability of packaging materi-
als under controlled composting conditions – Method by 
analysis of released carbon dioxide) [26]. During bio-
degradation of polymers, they are first depolymerized to 
smaller components by extracellular enzymes produced 
by microbes. After that, they can be transported through 
cellular membranes to microbial cells where they are fur-
ther mineralized. Biodegradability of cellulose is depend-
ent on cellulose’s degree of crystallinity, structure, func-
tional groups, cross-linking and molecular weight [9]. 
It is observed that the amorphous units of cellulose are 
more readily hydrolyzed than the crystalline regions [27]. 
Cellulose has four different crystalline forms, allomorphs 
(cellulose I, II, II, and IV) and their polymorphs [4, 28]. 
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In the higher plants, cellulose  Iβ is the predominant form 
and cellulose  Iα in algae, bacterial cellulose, and starch. 
When cellulose is dissolved and subsequently precipi-
tated (regenerated), the orientation of the cellulose chains 
and hydrogen-bonding are changed and cellulose II, also 
known as “man-made” cellulose, is formed. It has been 
shown, that enzymatic hydrolysis of cellulose II is much 
faster than of cellulose I, because the crystalline structure 
of cellulose II is much more accessible for the attack of 
cellulase enzymes than cellulose I [29]. The other two 
crystalline forms of cellulose are cellulose III and IV, of 
which cellulose III is achieved by chemically treating cel-
lulose I or II and cellulose IV by treating cellulose II with 
heat. It has been shown that the biodegradation of cel-
lulose III exceeds the biodegradation of cellulose I and 
II [30].

In this study, the biodegradability of cellulose-based films 
was studied by using enzymatic hydrolysis and pilot-scale 
composting test (Scheme 1). The studied materials were 
regenerated cellulose with and without different substitu-
ents, CNF, and paper. The prepared sample materials were 
characterized by FTIR and UV–Vis, visualized by SEM, 
and additionally their tensile properties were measured. 
Enzymatic degradation of the films was determined by enzy-
matic hydrolysis under laboratory conditions. Degradation 
of cellulose films was conducted by pilot-scale composting 
tests representing the industrial composting process. It was 
observed, that cellulose degradation is highest for pure cel-
lulose and the chemical grafting decreases the enzymatic 
biodegradability despite of what the substituent is.

Experimental

Materials

1-Ethyl-3-methylimidazolium acetate (EMIM[OAc], purity 
> 95%) was purchased from IoLiTec GmbH, Germany. Cel-
lulose acetate (Mn ~ 30,000, degree of substitution 39.8 wt% 
acetyl), sodium carboxymethyl cellulose Mw ~ 250,000, 
DS: 0.7), cellulose from spruce (acid washed), methyl cel-
lulose (viscosity 25cp, DS ~ 1.7) and sodium acetate were 
purchased from Sigma-Aldrich. Aluminium sulfate octadec-
ahydrate (purity > 98%) was purchased from Acros Organ-
ics, Finland. Cellophane was purchased from Innovia films. 
Econase and Ecopulp X-200 enzyme mixes were purchased 
from AB Enzymes Finland and Gamanase and Novozyme 
188 from Novozymes. All other chemicals were analyti-
cal grade. All water used in the study was Milli-Q purified 
(referred as di  H2O).

Preparation and Origin of Investigated Specimens

Altogether fourteen different cellulose-based films were 
included in this study. The preparation strategy or origin of 
each tested material is listed in Table 1.

Fourier Transform Infrared Spectroscopy (FT‑IR)

Fourier transform infrared spectroscopy measurements (FT-
IR) were carried out using a Thermo Scientific Nicolet iS50 
FT-IR spectrometer with an ATR diamond (Thermo Scien-
tific, USA). All spectra were obtained from 32 scans with 
a resolution of 4 cm−1. Throughout the wavenumber range 
from 400 to 4000 cm−1. Dry films were placed on the ATR 
crystal and the IR spectrum was measured. At least three 
repetitions per sample were conducted.

Scanning Electron Microscopy (SEM)

To determine the visual structure of the films, Scanning 
Electron Microscopy imaging was carried out with a Merlin 
Field Emission (FE)-SEM (Carl Zeiss NTS GmbH, Ger-
many). Small, ca. 1 cm2, pieces were cut from the cellulose-
based films and attached on SEM sample holders that were 
coated with carbon tape. Film samples on the holders were 
subsequently coated with gold by sputtering (30 mA, 30 s) to 
improve sample conductivity. All images were imaged with 
the electron gun voltage of 3–5 kV and the grid current of 
60 pA. The pixel resolution in the images was 2048 × 1536 
pixels. Images were taken from approximately three differ-
ent locations.

Scheme 1  Schematic image of the hierarchical structure of cellulose 
from wood fibers to polymeric cellulose and their potential applica-
tions as paper and films. Chemical grafting of cellulose increases the 
degree of substitution (DS), which leads to decreased biodegradabil-
ity. The closed loop demonstrates the circularity and renewability of 
cellulose
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Table 1  Tested cellulose materials

Material Preparation process

a Cellulose regenerated from ionic liquid (IL) A 10 w/w% cellulose solution was prepared dissolving cellulose from spruce in 
ionic liquid (EMIM[OAc]) under heat and mixing. Subsequently, a film was 
casted on a glass surface using an Erichsen film applicator with the thickness of 
500 µm. The cellulose IL film on the glass was placed in water to regenerate for 
1.5 h. The film was dried between absorbent papers at RT for 3 days. Average 
film thickness 74 µm

b Carboxymethyl cellulose cross-linked with aluminum A 4 w/w% carboxymethyl cellulose (CMC) solution was prepared by first dis-
solving CMC (DS 0.7) in hot water while mixing. A 1 mm thick CMC film 
was applied on a transparency film manually using comb applicator. The film 
was left to dry overnight at RT. The dry CMC film was immersed in 0.1 M 
 Al2(SO4)3 for 3 min and subsequently rinsed with  diH2O for 3 min. The 
crosslinking with aluminum was done to increase the water resistance of the 
CMC film. The CMC-Al film was dried between absorbent papers. Average film 
thickness 32 µm

c Nanocellulose Nanocellulose film was manufactured at VTT with VTT’s pilot scale concept in 
Espoo [55]. Cellulose nanofibrils, in consistency of 1.8 wt%, with 30 wt% of 
sorbitol (plasticizer) was solvent casted on polypropylene foil (wet thickness 
1–1.5 mm) and allowed to dry at RT overnight. Average film thickness 28 µm

d Methyl cellulose 8 w/w% methyl cellulose (MC) solution was prepared by first dissolving the MC 
in 1/3 hot  diH2O and after dispersion the remaining 2/3  diH2O was added cold. 
700 µm thick films were casted using the Erichsen film applicator. The films 
were left to dry at RT overnight. Average film thickness 30 µm

e Cellulose acetate 20 w/w% cellulose acetate (CA) solution was prepared in acetone. 500 µm thick 
film was casted on a transparency film using the Erichsen film applicator. The 
solvent was evaporated at RT overnight. Average film thickness 65 µm

f Paper partially dissolved by ionic liquid The paper partially dissolved by IL was prepared following a procedure shown 
previously [56]. The treatment solution was prepared by diluting 1-ethyl-3-meth-
ylimidazolium acetate (EMIM[OAc]) with water to 75 wt% concentration. Paper 
made from bleached pine kraft pulp was dipped into the EMIM[OAc] solution 
for 3 min to absorb IL-water solution into the paper structure. The partial dis-
solution was carried out in the oven (95°, 16 h), where first the water from IL 
evaporated and then the fibres partially dissolved. The films were dried between 
absorbent papers. Average film thickness 135 µm

g Cellophane Cellophane used in this study is commercially available (uncoated and unplasti-
cized). Cellophane was studied as such, used without any pre-treatments. Aver-
age film thickness 28 µm

h Wet strength paper Wet strength paper used in this study is a commercial product obtained from 
UPM. The paper was studied as such without any pre-treatments. Average paper 
thickness 110 µm

i Cellulose carbamate A 6 wt% cellulose carbamate (CCA) solution was prepared from CCA powder by 
dissolving in two steps. First in mildly alkaline and secondly in cold and highly 
alkaline conditions. The films were casted on a glass surface with steel frames. 
The glass was immersed in a 10 wt%  H2SO4 bath until the film came of and 
subsequently rinsed with water. Before drying the films were immersed in a 13 
wt% glycerol bath for 10 s. The films were dried in 90° for 20 min. Average film 
thickness 33 µm. DS: 0.11

j–l Butylated hemicelluloses Butylated hemicellulose (BHC) films were prepared with three different degrees 
of substitution (DS 1, 0.4 and 0.2). BHC samples were prepared following 
the study by Nypelö et al. [44]. Freeze-dried BHC samples were dissolved in 
 diH2O to make ~ 15 w/w% solutions. The films were then casted manually on a 
transparency film using a 1 mm comb applicator. Films were dried overnight at 
RT. Average film thicknesses were 83 µm (BHC DS: 1), 85 µm (BHC DS: 0.4), 
74 µm (BHC DS 0.2)
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Mechanical Properties

Tensile strength, Young’s modulus and strain at break of 
the films were measured by a Lloyd LS5 materials testing 
machine (AMETEK measurement and calibration technolo-
gies, USA) at 23 °C and 50% RH with a load cell of 100 N. 
All samples were stabilized in the given conditions at least 
overnight. The initial grip distance was constant 30 mm and 
the rate of the grip separation 10 mm min−1. The samples 
were cut into 15 mm wide specimens with a lab film cutter. 
Seven replicates of each sample were measured. Thicknesses 
of each specimen was measured with a digital caliber from 
3 different points. The average thickness was used for the 
calculations.

Optical Properties

The transparency of the cellulose-based films was measured 
using a Perkin Elmer Lambda 900 UV/VIS/NIR spectrom-
eter (Perkin-Elmer, USA) with a film holder. Transmittance 
of all films was measured by using wavelength range of 
200–800 nm with 1 nm measurement resolution. At least 
three repetitions per sample were conducted.

Enzymatic Degradation of Cellulose Films

Fast biodegradation of the tested films was measured in 
laboratory conditions by enzymatic hydrolysis. The meas-
urements were carried out by using an enzyme mixture that 
contained four different commercial enzyme preparations: 
cellulase, mannase, xylanase and β-glucosidase. The activ-
ity of the prepared enzyme mixture was 31.6 FPU/ml (filter 
paper unit/ml) and it was prepared as described by Tenkanen 
et al. [31]. The film samples were cut into small pieces of 
ca. 80 mm2 and placed in 50 ml falcon tubes. The moisture 
content of each specimen was determined since the needed 
enzyme mixture was added based on the dry weight of the 
sample according to Eq. (1). 50 FPU/g of dry sample is 
needed for the hydrolysis experiment.

The solid content of cellulose was kept constant (25 g/l) 
in the enzymatic studies. 0.1 M sodium acetate buffer, pH 5 
was added to the falcon tubes containing the films samples. 
The incubation was started with the addition of the enzyme 
mixture and the test tubes were placed in a 40 °C water bath 
with mixing. Two replicates of each sample were measured. 
As a reference, a sample with no cellulose was measured. 
The hydrolysis time was constant 48 h. A two-day incuba-
tion time was chosen for this study as it was shown to be 
enough for the degradation of pure cellulose samples. After 
the hydrolysis, the samples were centrifuged (3200 rpm for 
10 min) and the supernatant was retained and the enzymes 
were inactivated by boiling the supernatant in a glass vial 
for 5 min. The precipitated enzymes were separated by 
centrifugation (3200 rpm for 10 min). The dinitrosalicylic 
acid (DNS) was prepared and the reducing sugar content 
was analyzed from the supernatants by the DNS method, 
as described earlier [32]. The degree of hydrolysis of the 
cellulose samples was calculated by Eq. (2) by comparing 
the reducing sugar content to the initial amount of cellulose.

Pilot‑Scale Composting Test

Degradation of cellulose-based films in composting con-
ditions was evaluated using modified EN standard 14045 
(Packaging. Evaluation of the disintegration of packag-
ing materials in practical oriented tests under defined 
composting conditions). In this modified method samples 
were attached to the plastic frames (5 × 5 cm) buried inside 
composter bins in steel frames, and degradation was evalu-
ated by estimating visually the remaining surface of the 

(1)

Volume of enzyme mixture

=

50
FPU

g
× dry weight of cellulose (g)

Activity of the prepared enzyme mixture
(

FPU

ml

)

(2)

Degree of hydrolysis (%) =

glucose content
(

g

l

)

initial cellulose content
(

g

l

)

Table 1  (continued)

Material Preparation process

m,n Cellulose palmitate (C16) and cellulose octanoate (C8) Cellulose palmitate and cellulose octanoate ester films were prepared as described 
previously [40, 57]. The cellulose esters were synthesized from bleached kraft-
wood pulp. In the synthesis, dissolved cellulose was grafted by fatty acids. More 
specific information regarding the C16 material is provided in the article [40]. 
Cellulose octanoate (C8) was synthetized by esterification with caprylic acid, 
and cellulose palmitate (C16) by palmitic acid. C8 and C16 indicate the length 
of the fatty acid chain. Average film thicknesses were 175 µm (C16), 129 µm 
(C8)
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disintegrated sample in the frames during composting. A 
schematic image of the test is presented in SI 4. Degradation 
D can be calculated by Eq. (3),

where  Ai is the initial surface of the sample in the frame 
and  At is the remaining surface of the sample in the frame. 
Four replicates were used for the each sample. Samples were 
taken out of exposure to the compost every 2 weeks and 
the degree of degradation (disintegration) was calculated. 
The test was performed in a 200 l composter bin (Biolan 
Ltd, Finland) with continuous aeration. The composter 
bin was filled with a mixture of biowaste (fresh fruit and 
vegetable waste reduced to particle sizes of approximately 
5 cm) and bulking agent (1:1 vol.). The bulking agent was 
a mixture of peat, bark of pine and cutter wood chips. More 
biowaste + bulking agent mixture was added to the com-
poster bins after 1 and 4 weeks to maintain the temperature 
in the required level. Temperature and carbon dioxide evo-
lution were measured during composting, and aeration was 
adjusted to maintain optimal composting conditions. The 
biowaste mixture was turned manually with the help of a 
digging for to break down clumps once a week during the 
first 4 weeks and after that every second week until the end 
of the experiment. The dry weight, pH, organic matter and 

(3)D =
A
i
− A

t

A
i

× 100,

conductivity of the biowaste and produced compost were 
determined by EN 13040, EN 13037, EN 13039 and EN 
13038. Carbon and nitrogen content of dried biowaste were 
analyzed by Flash 2000 EA CHNS-O (Thermo Fisher Sci-
entific, USA) -analysator. The maturity of the compost after 
the test was measured by  CO2 production test and nitrate–N/
ammonium-N ratio as described by Vikman et al. [33]. 
When  CO2 evolution is greater than 3 mg  CO2-C/g VS/d and 
the nitrate–N/ammonia-N ratio smaller than 1, the compost 
is not considered stable and mature [34]. Volatile solids (VS) 
corresponds to the amount of organic matter in the compost.

Results and Discussion

Film Preparation

Seven of the fourteen cellulose-based films included in this 
study were self-made. The seven films were prepared either 
via solvent casting or via regeneration. The used prepara-
tion strategies are listed in Table 1. A selection of cellulose-
based materials as diverse as possible was chosen for the 
study to compare the effect of different substituents and 
degrees of substitution on the film properties. Images of all 
films included in this study are presented in Fig. 1. Cellu-
lose regenerated from IL, Carboxymethylcellulose (CMC) 
crosslinked by Al-salt, methyl cellulose, cellulose acetate, 
butylated hemicellulose DS: 1, butylated hemicellulose DS: 
0.4 and butylated hemicellulose DS: 0.2 were prepared in 
this study and formed flexible and transparent films. Cel-
lophane and wet strength paper were commercial film and 
paper. Nanocellulose, paper partially dissolved by IL, cellu-
lose carbamate, cellulose palmitate, and cellulose octanoate 
were prepared at VTT and received for this study, which also 
formed flexible and transparent films. For all studied films 
a basic characterization: including optical, chemical, and 
mechanical, was prepared to verify the analysed materials.

Optical Properties

Ultraviolet–visible (UV–Vis) was used to measure the trans-
parency of the cellulose-based films, since optical properties 
are important for film applications. In addition, cellulose 
samples are able to block UV light, since they absorb light in 
the UV range. As seen from Fig. 1, all cellulose films, except 
h) (wet strength paper) and c) (nanocellulose), look rather 
transparent. When the films were analysed by UV–Vis, a 
clear difference can be seen even between the transparent 
samples (a), (b), (d), (e), (f), (g), (i), (j), (k), (l), (m), (n). The 
UV–Vis profiles are presented in the SI 3. In the UV region 
(200–400 nm), the pure cellulose samples (e.g. cellophane) 
show lower transmittance than the chemically modified 
(e.g. cellulose acetate). This indicates that the substitution 

Fig. 1  Image of the fourteen cellulose-based films included in this 
study. (a) cellulose regenerated from IL, (b) CMC crosslinked by Al-
salt, (c) nanocellulose, (d) methyl, cellulose (e) cellulose acetate, (f) 
paper partially dissolved by IL, (g) cellophane, (h) wet strength paper, 
(i) cellulose carbamate, (j) butylated hemicellulose DS 1, (k) butyl-
ated hemicellulose DS 0.4, (l) butylated hemicellulose DS 0.2, (m) 
cellulose palmitate (C16), (n) cellulose octanoate (C8)
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increases the transmittance of light in both UV- and vis-
ible light range. This trend is also seen for the butylated 
hemicellulose samples and has been previously reported for 
acetylated samples [35]. However, in the short wavelength 
end of the UV region, the butylated and acetylated samples 
absorbed UV to a greater extent than the rest of the samples. 
This behaviour has been previously reported for deacetylated 
cellulose acetate and pure cellulose acetate [36]. The only 
exception was cellulose regenerated from IL, which showed 
also absorption in the lower end of the UV region. This may 
be due to some traces of ionic liquid. It is reported that glu-
cose exhibits a UV absorption band at 270 nm [37]. This is 
seen as a bend in the curve for the pure celluloses and modi-
fied celluloses with low DS. Wet strength paper is the only 
paper sample included in this study and shows no transmit-
tance in the visible region. Nanocellulose film shows higher 
transmittance than paper but still clearly lower that the rest 
of the films. The small variability between pure cellulose 
samples may be due to the differences is sample thicknesses.

ATR–FTIR Measurements

The ATR–FTIR spectra of all 14 cellulose-based films were 
measured to determine the chemical structures and are pre-
sented in Fig. 2. The typical fingerprint area for cellulose 
is in the range of 800–1200 cm−1, which results from the 
stretching and vibrations in the cellulose backbone. This was 
seen for all cellulose-based films. The peak at 1150 cm−1 
results from the C–O–C asymmetrical stretching, and the 
peaks around 1000 cm−1 results from C–C, C–OH, C–H 
ring and side group vibrations [38]. The broad band in the 
3600–3100 cm−1 region is due to the –OH stretching vibra-
tion of the hydroxyl groups on the cellulose backbone. In 
addition, bound water contributes to the intensity of this 

peak. The peak at ~ 2800 cm−1 is due to the symmetrical -CH 
stretching. It can be observed, that the cellulose octanoate 
and cellulose palmitate samples have a much more inten-
sive peak at this range, which is due to the long fatty acid 
substituents [39]. The strong peak at 1730 cm−1 for sam-
ples cellulose octanoate, cellulose palmitate, and cellulose 
acetate can be observed, which results from the stretching 
vibration of the carbonyl (C=O) bond in the esterase linkage 
within the substituents of these samples [40, 41]. The FT-IR 
spectrum for CMC crosslinked by Al-salt (CMC-Al) shows 
the presence of the carboxyl groups (–COOH) at 1618 cm−1 
[42]. The absorption peak of the carboxyl groups is shifted 
to higher wavenumbers due to the crosslinking with alu-
minum [43]. The absorbtion peak of carboxyl groups for 
pure CMC is at 1586 cm−1. Additionally, the intensity of the 
peak is lower for CMC-Al since the Al-crosslinking takes 
place with the –COOH groups. The comparison of CMC and 
CMC-Al spectra is presented in SI 1 Fig. 2. Butylated hemi-
cellulose samples show changes at 2850–3100 cm−1, origi-
nating from –CH stretching, compared to the pure cellulose 
samples. These responses have been shown to originate from 
the methyl groups in the substituents that are introduced by 
etherification [44]. The peak seen at 1730 cm−1 for BHC DS: 
0.4 results from carbonyl contamination during film prepara-
tion, since the freeze-dried sample did not show this peak.

SEM Imaging

The surface topography and microstructure of the sam-
ples were analyzed using field emission scanning electron 
microscopy (FE-SEM). The SEM images of all films are 
presented in SI 1. The films can be roughly categorized in 
three different groups: polymeric cellulose, nanofibrillar cel-
lulose and cellulose fibers. All other films except nanocellu-
lose and wet strength paper belong to the first category. For 
example cellulose dissolved in IL has been fully dissolved 
and a regenerated polymeric cellulose matrix is formed. 
Individual nanofibrils are visible in the SEM image of the 
nanocellulose film, displaying an interconnected nanofibril-
lar network. The nanocellulose fibrils are isolated from wood 
fibers by mechanical grinding breaking the wood fibers apart 
into nanofibrils [45]. Wet strength paper shows wood fib-
ers, which are typically seen in regular paper. For the wet 
strength paper sample the fibers are already clearly seen with 
the 100 × magnification, whereas for the polymeric cellu-
lose sample, such as cellulose IL, only an even surface is 
seen with the 7500× magnification. The width of cellulose 
wood fiber is approximately 30 µm, whereas the width of a 
nanofiber is 5–30 nm and the cellulose molecules in the cel-
lulose IL are impossible to detect with SEM.

Fig. 2  ATR–FTIR spectra of all cellulose-based films and peak 
assignment
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Mechanical Properties

Mechanical properties including, Young’s modulus (E), 
tensile strength, and percentage strain at break, for all cellu-
lose-based films were measured. The results are presented 
in Fig. 3. Cellophane film has the highest tensile strength 
(120 MPa) with Young’s modulus 2820 MPa, nanocellu-
lose having the second highest values with tensile strength 
110  MPa and Young’s modulus 3300  MPa. This result 
shows that nanocellulose film has mechanical properties 
comparable to the commercial cellophane film. The lowest 
tensile strength (8 MPa) and Young’s Modulus (160 MPa) 
were measured for cellulose octanoate film. This film, how-
ever, showed clearly the highest percentage strain at break 
(118%). Cellulose palmitate (DS: 1) and cellulose octanoate 
(DS: 1.2) films vary both in degree of substitution and in the 
length of the substituent. Effect of degree of substitution 

and side-chain length on the mechanical properties of cel-
lulose ester films has been studied previously [46]. Based 
on their findings, it can be observed that differences in DS 
values have a smaller effect on the mechanical properties 
than the side-chain length. Results in this study, correlate 
with this. In addition from the study by Joly et al. [47], it 
can be observed that with small DS values (< 2) the differ-
ences between DS values on the mechanical properties are 
minor. Additionally, it can be assumed, that as the cellulose 
palmitate with longer side chain length has higher tensile 
strength, the side-chains undergo crystallization enhancing 
the mechanical properties. For the butylated hemicellulose 
films it can be observed that the tensile strength and Young’s 
modulus of the film decreased with an increase in the DS 
value. The increase in the number of substituents keeps the 
main chains from packing tightly in its crystalline struc-
ture leading to a lower tensile strength. On the contrary, 
the percentage strain at break increases with an increase 
DS values. This also results from the fact that the cellulose 
chains are not tightly packed and the substituents cause the 
polymer chains to slide past each other, causing a higher 
strain value. However, the effect of DS on the strain at break 
is not as significant as the effect on the tensile strength and 
Young’s modulus. In addition, cellulose regenerated from IL 
has very good mechanical properties, better than cellulose 
acetate (CA). Almost all cellulose-based films exceed the 
tensile strength of commercial WEX paper and are in the 
same grade as commercial cellophane.

ce
llu

los
e IL

CMC-A
l

na
no

ce
llu

los
e

meth
yl

ce
llu

los
e

ce
llu

los
e ac

eta
te

ce
llo

ph
an

e

wet
str

en
gth

pa
pe

r

ce
llu

los
e ca

rba
mate

BHC
DS

1

BHC
DS 0.4

BHC
DS

0.2

ce
llu

los
e pa

lm
ita

te

ce
llu

los
e oc

tan
oa

te

0

5

10

15

20

25

110

115

120

125

S
tra

in
at

br
ea

k
(%

)

Strain at break

0

500

1000

1500

2000

2500

3000

3500

4000

Yo
un

gs
m

od
ul

us
(M

Pa
)

ce
llu

los
e IL

CMC-A
l

na
no

ce
llu

los
e

meth
yl

ce
llu

los
e

ce
llu

los
e ac

eta
te

ce
llo

ph
an

e

wet
str

en
gth

pa
pe

r

ce
llu

los
e ca

rba
mate

BHC
DS

1

BHC
DS

0.4

BHC
DS

0.2

ce
llu

los
e pa

lm
ita

te

ce
llu

los
e oc

tan
oa

te

0

20

40

60

80

100

120

140
Te

ns
ile

st
re

ng
th

(M
Pa

)

Youngs modulus
Tensile strength

b

a

Fig. 3  Mechanical properties of cellulose-based films. a Tensile 
strength (MPa) and Young’s modulus (MPa). b Percentage strain at 
break (%)

0.0 0.5 1.0 1.5 2.0 2.5

0

20

40

60

80

100

D
eg

re
e

of
hy

dr
ol

ys
is

%
(2

da
y

in
cu

ba
tio

n)

Degree of substitution (DS)

cellulose IL & paper IL
cellophane
cellulose carbamate
nanocellulose

wet strength paper
butylated hemicellulose

butylated hemicellulose

butylated hemicellulose
CMC-Al

cellulose palmitate cellulose octanoate

methyl cellulose

cellulose acetate

• 0-10 % poor
• 10-30% fair
• 30-60%

good
• 60-100%

excellent

Fig. 4  Biodegradation of cellulose-based films by enzymatic hydroly-
sis in a 2-day incubation. The degree of hydrolysis (%) is presented as 
the function of the degree of substitution (DS). Samples marked with 
green colour show excellent degradation, sample in yellow shows 
good degradation, samples in orange show fair degradation and sam-
ples in red show poor degradation (Color figure online)



466 Journal of Polymers and the Environment (2020) 28:458–470

1 3

Enzymatic Degradation

Enzymatic hydrolysis experiments were executed for all 
film samples and they are presented in Fig. 4. Results 
of the enzymatic biodegradation of all cellulose-based 
samples are presented as the function of the degree of 
substitution. The samples that have degraded the fastest 
are presented with green colour. These include mostly 
pure cellulose samples, without chemical modifications. 
The sample presented in yellow, butylated hemicellulose 
DS: 0.4 shows still good biodegradability. The film sam-
ples that are marked in orange show fair degradability, 
but the degree of biodegradation is already quite low 
10–30%. The film samples marked with red show poor 
or no biodegradation at all within the 2-day incubation 
period. Within the pure cellulose samples; cellophane, 
cellulose regenerated from IL, paper partially dissolved 
by IL, nanocellulose, WEX paper, small differences in the 
biodegradation rate can be observed. These result from 
the different crystalline forms of cellulose. Cellulose II is 
known to degrade faster than cellulose I and the results in 
this study correlate with this [29]. Regenerated celluloses, 
cellophane, cellulose IL and paper IL show the fastest 
hydrolysis rate exceeding the rate of cellulose I samples, 
WEX paper and nanocellulose. In addition, WEX paper 
has still remains of lignin, which also decreases the rate. 
Cellulose carbamate (DS 0.11) is also regenerated cel-
lulose and has a faster hydrolysis rate compared to the 
cellulose I samples even though it is chemically modi-
fied. It can be assumed that the degree of substitution is 
still small enough to maintain the biodegradability of the 
cellulose film sample. The biodegradability of nanocel-
lulose films has been studied previously and the results in 
this study are similar [33]. The butylated hemicellulose 
samples nicely show the exponential decrease in the bio-
degradation rate when an increase in the DS. The higher 
the degree of substitution the more the substituents are 
able to prevent the enzymes from attacking the cellulose 
backbone and degrade it. Samples containing an ester side 
group include cellulose palmitate, cellulose octanoate 
and cellulose acetate. It has been previously studied, 
that these samples require the addition of an esterase for 
biodegradation to occur [19]. In addition, the long fatty 
acid substituents likely hinder the binding of the cellulase 
enzymes on the cellulose backbone. CA film is highly 
substituted and the acetyl groups prevent the cellulases 
from attaching to each other. It is generally know that 
the presence of acyl groups hinders the degradation of 
naturally occurring acetylated polysaccharides (e.g. par-
tially acetylated plant hemicelluloses) by enzymes [48]. 
Zero hydrolysis rate for cellulose acetate by enzymatic 
hydrolysis has also been reported in an earlier study [49]. 
The effect of the degree of substitution can be clearly 

observed from Fig. 4, as well as the minor effect of the 
type of substituent. It seems that the length or type of the 
substituent has a smaller effect on the biodegradation than 
the degree to which the glucose unit is substituted.

Composting Test

The pilot-scale composting test was done to evaluate the 
degradation of the cellulose-based films in a natural com-
posting environment. The water content of the biowaste was 
84% and organic matter content 95% (dw) in the beginning 
of composting. C/N-ratio of the biowaste and biowaste/
bulking agent mixture was 46 and 60, respectively. While 
optimal C/N-ratio for composting has been reported to be 
between 25 and 40 it is highly dependent on the type of 
the composted raw material [50]. In the beginning of com-
posting process organic acids are formed which enhance the 
growth of fungi and degradation of cellulose and lignin. As 
the process proceeded, the pH increased from 4.9 to 6.9 due 
the neutralization of organic acids and maturation of com-
post. Instead of the Rottegrad test, compost maturity was 
evaluated using carbon dioxide evolution test and  NO3-N/
NH4-N were measured to evaluate the compost maturity. 
After the 12 weeks of composting, carbon dioxide evolution 
was 3.1 mg  CO2-C/g VS/d and  NO3-N/NH4-N ratio was 6.9. 
These values indicated that the compost was rather stable 
and correspond to the maturity level IV-V in Rottegrad-test 
[34]. The temperature and  CO2 evolution during composting 
are presented in Fig. 5. The maximum temperature 70.7 °C 
was reached already in the first 10 days of the experiment. 
According to the EN14045 standard, the test is valid if the 
temperature during the composting stays below 75 °C, the 
temperature is above 60 °C for at least 1 week, and the tem-
perature is above 40 °C for at least 4 consecutive weeks. The 
temperature decreased gradually close to the temperature of 

Fig. 5  Temperature and  CO2 evolution during composting



467Journal of Polymers and the Environment (2020) 28:458–470 

1 3

surrounding air (ca. + 20 °C). The  CO2 evolution increased 
to its maximum, 11% in 10 days, which indicates an increase 
in microbial activity during biowaste degradation. The mix-
ing of the compost during the test can be seen as an increase 
of temperature and  CO2 evolution as a result of activation of 
the biowaste degradation.

Degradation in Compost Conditions

In the compost a natural ubiquitous microbial population 
present in the biowaste and bulking agent mixture starts the 
composting process and temperature increase happens spon-
taneously. Composting is a process that speeds up the natural 
decay of organic material by providing the ideal conditions 
for microbial population. Different communities of micro-
organisms predominate in various composting phases. The 
final end products of the composting are carbon dioxide, 
water, heat, and the relatively stable organic end product 
called humus. The degradation is initiated on the surface of 
the films as the enzymes attach to it. Degradation of the cel-
lulose-based films during composting was evaluated visually 
according to the Eq. (3). Figure 6 shows the films attached 
to the frames and Fig. 7 the calculated degradation results.

CMC crosslinked by Al-salt and butylated hemicellulose 
(BHC DS: 1) degraded rapidly and after 2 weeks of com-
posting the degradability of these films was 100%. In the 
2-day enzymatic hydrolysis studies these films showed fair 
biodegradation rate, 17% for CMC crosslinked by Al-salt 
and 20% for BHC DS: 1. For these samples, we can assume 
that the samples that degraded 10–30% in the enzymatic 
hydrolysis studies are able to fully disintegrate in compost-
ing conditions already after 2 weeks. Additionally, CMC 
and BHC are water-soluble, which may enhance the disin-
tegration of the films in composting environment with high 
moisture content and in high temperature. All other films, 
except methyl cellulose, BHC and CMC, are not soluble in 
water and are not affected by dissolution in the composting 
studies. After 2 weeks of composting the regenerated cellu-
lose films; cellulose IL, cellophane and cellulose carbamate 

Fig. 6  Wet strength paper, 
methyl cellulose, cellulose 
acetate, nanocellulose and 
cellulose regenerated from IL 
attached in frames after 0, 2 and 
12 weeks of composting

Fig. 7  Degradation of cellulose-based films in pilot-scale composting 
test. The degradation was evaluated visually every 2  weeks. Bioska 
(Plastiroll), commercial biodegradable biowaste bag, was used as a 
reference
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showed surprisingly low degradation compared to the enzy-
matic hydrolysis after 2 days. However, all of these samples 
showed almost 100% degradability after 4 weeks of com-
posting. Acetylated celluloses; cellulose acetate, cellulose 
palmitate and cellulose octanoate did not degrade in the 
composting experiment. These results are in line with the 
enzymatic biodegradation experiments, which gave similar 
results. Cellulose palmitate has the same DS as the BHC 
sample, which degraded completely in the compost. The 
fact that cellulose palmitate and octanoate samples did not 
degrade and BHC did, can be explained by the long fatty 
acid substituents on cellulose palmitate, which prevent the 
enzymes from attaching to the cellulose backbone. Methyl 
cellulose with DS 1.7 was fully degraded after 10 weeks of 
composting. The DS is still low enough for the enzymes to 
attach to the cellulose surface, but a longer time is already 
needed. In addition, it is not affected by dissolution as much 
as BHC and CMC since it dissolves best in cold water. In 
addition to material characteristics, the degradation rate of 
sample during composting is depended on the thickness 
of the film since the degradation is initiated at the surface. 
Therefore, degradation results obtained by visual evaluation 
should be utilized with certain reservations. The thicknesses 
of the films tested varied from 28 to 175 µm. However, no 
correlation related to the thickness was noted. Samples from 
all thickness grades showed degradation. In addition, the 
pilot-scale composting test correlates with the enzymatic 
studies, since in both of the test the samples with high DS: 
2.5 and long substituents did not degrade.

Figure 8 presents a comparative figure of the degrada-
tion in pilot-scale composting, enzymatic hydrolysis and 
tensile strength. Nanocellulose and cellophane have the 
highest tensile strength, while still being readily degrada-
ble. A tightly packed structure does not prevent the enzymes 
from attacking the cellulose backbone. This trend can also 
be seen for the BHC samples, since BHC DS: 1 having the 
lowest tensile strength is least degraded in the enzymatic 
hydrolysis studies. A highly crystalline cellulose sample has 
a very tight structure with cellulose chains closely bound 
to each other leaving less space for enzymes to attach and 
initiate the hydrolysis process than in amorphous cellulose. 
However, it is known that even highly crystalline bacterial 
cellulose and Avicel are degraded by enzymatic hydrolysis 
[51–53]. A looser structure with cellulose chains wider apart 
would allow enzymes to attach more easily. However, if the 
cellulose chain is highly substituted the enzymes are not 
able to attach to the surface and move along the cellulose 
chain, since the substituent is blocking its way [54]. It can be 
concluded, that what most affects the biodegradability is the 
degree of substitution as well as the length of the substitu-
ent. These both hinder the binding of cellulose degrading 
enzymes on the surface and block the hydrolyzing process, 
which proceeds along the cellulose main chain.

Conclusions

In this study, we investigated the enzymatical biodegra-
dability and pilot-scale composting of 14 cellulose-based 
film materials. Significantly, we have shown the diversity of 
cellulose-based films that can be fabricated from a renewable 
resource. We showed that chemical substituting decreases 
the enzymatic hydrolysis exponentially as the function of 
the degree of substitution, despite of what the substituent is. 
Additionally, increase in the length of the substituent hinders 
the biodegradability. Cellulose IL, CMC-Al, methyl cellu-
lose, cellophane, wet strength paper, cellulose carbamate, 
and BHC DS: 1 disintegrated completely in the modified 
pilot-scale composting test EN 14045 indicating their suit-
ability for composting.
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