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ABSTRACT

Background: The objective of the present work was to investigate the influence of a pre-treatment of 
microbial-rich digestate (liquid mesophilic anaerobic digestate – AD-supernatant) on the morphology, 
crystallinity, and thermal stability of cellulose pulp fiber.

Results: The six most abundant bacteria in the AD-supernatant were determined by 16S analysis. The 
bacteria population was comprised mostly of Bacteroides graminisolvens (66%) and Parabacteroides 
chartae (28%). Enzymatic activity from the bacteria partially removed the amorphous components and 
increased the crystallinity and crystallite size of the cellulose substrate. The fiber pulp was incubated in 
AD-supernatant for 5, 10, and 20 days. The X-ray diffraction data provided evidence that the amorphous 
portion of the cellulose was more readily and quickly hydrolyzed than the crystalline portion. The 
longest incubation times (20 days) resulted in substantial deconstruction of the cellulose fiber structure 
and decreased the thermal degradation temperature.

Conclusion: The anaerobic digestate is inexpensive and could be used to effectively aid in the pre-
treatment of cellulose on large scale transformation processes, e.g. for making biofuels, cellulose micro/
nanofiber production or engineered fiber-based materials.
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HIGHLIGHTS

Selective enzymatic hydrolysis resulted in higher crystalline content.
AD-supernatant is affective and milder than acid hydrolysis.
Higher water accessibility occurred when samples are less crystalline.
Treatments with AD-supernatant may be useful for partially degrading pulp fiber.
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INTRODUCTION

A two-component cellulose model has been used 
to describe cellulose chains as containing both crystalline 
(ordered) and amorphous (less ordered) domains (French, 
2014). The relative degree of crystallinity and recalcitrance 
of cellulosic materials is of great importance because of its 
bearing on their deconstruction for biorefinery purposes 
or application and functional performance of plant fibers 
(Yang et al., 2011).

Microbes which secrete extracellular enzymes 
have the potential to be a powerful tool for modifying the 
properties of cellulose and decrease recalcitrance by various 
degradation reactions (Cao and Tan, 2005). The enzymatic 
modification of cellulose may help improve fiber processing 
technologies including pulping and pulp bleaching (Moreira 
et al., 2015). It could also improve fiber deconstruction and 
generation of micro/nanofibrils (Tonoli et al., 2016, Durães 
et al., 2020) that can be used for specific applications such 
as in fiber-reinforced composites (Fonseca et al., 2016), films 
(Silva et al., 2020; Silva et al., 2019), and paper (Viana et al., 
2018) or as a feedstock for biofuels (Yang et al., 2011). Durães 
et al. (2020) reported the effects of commercial enzymes on 
the fiber cell wall morphology and on increasing the fiber 
dislocations (kinks), but no information about crystallinity 
was reported. Reports indicate that the amorphous portion 
of cellulose is degraded more easily by enzymes than the 
less accessible crystalline regions (Cao and Tan, 2005; Cao 
and Tan, 2004). As a result, the overall crystalline content 
of a cellulose substrate increases (until a certain level) 
with enzyme treatment and, consequently, the cellulose 
substrate becomes more resistant to further hydrolysis 
(Imai et al., 2020).

The degree of crystallinity of cellulose is commonly 
controlled/manipulated by treating the cellulose with 
concentrated acids or alkalis for a controlled period of 
time and temperature (Prado et al., 2018). These treatment 
conditions facilitate swelling and hydrolysis of the 
amorphous portions of the cellulose at the desired rates. In 
most cases, acid and alkali treatments of cellulose generate 
large quantities of waste that must be recovered and 
properly discarded at a considerable effort and expense 
(Wyman et al., 2004). Enzymatic treatment has attracted 
considerable interest as an environmentally sound process 
that uses milder hydrolysis conditions as compared with 
acid hydrolysis. Furthermore, enzymatic hydrolysis does 
not involve the use of solvents or harsh chemical reagents 
that must be recovered and disposed of at a considerable 
expense (Meyabadi and Dadashian, 2012). Studies on the 
potential use and action of cellulases or purified cellulases 
have revealed the mechanism and kinetics involved in 
enzymatic cellulose degradation (Rabinovich et al., 2002).

Very few studies have been reported using 
anaerobic bacteria as compared to aerobic bacteria (and 
also with fungi) to modify cellulose structure, especially 
crystallinity. The novelty in the present work is the use 
of liquid anaerobic digestate as a treatment for etching 
away amorphous regions of Eucalyptus Kraft pulp fibers, 
and further investigation is merited. Bleached eucalyptus 

pulp fibers were exposed here to an anaerobic microbial-
rich digestate for different incubation periods (5, 10 and 
20 days) to resolve the treatment effect on morphology, 
crystallinity, and thermal stability of the fibers. 

MATERIAL AND METHODS

Materials

Eucalyptus (hybrid: Eucalyptus urophylla x Eucalyptus 
grandis) bleached Kraft pulp was used as starting raw-
material. The cellulose portion was composed of ~92.2 wt.% 
β-cellulose, 6.9 wt.% α-cellulose and 0.9 wt.% γ-cellulose, 
according to TAPPI T 203 cm-99 (TAPPI, 2009) standard. Its 
hemicelluloses (SCAN, 1961) and lignin (SCAN, 1977) contents 
were 13.9 wt.% and 0.1 wt.%, respectively; while extractives 
(SCAN, 1962) and ash (SCAN, 1962) contents were around 
0.1 wt.% and 0.6 wt.%, respectively.

Digestate treatment of the fibers in the AD-supernatant

The anaerobic digestion system was comprised of a 
5 L four-neck flask set with a submerged withdrawal tube, 
2 return lines, and a gas outlet. Mesophilic liquid anaerobic 
digestate (AD-supernatant) was obtained from the medium 
solids (20% solids) anaerobic reactor feed with substrate of 
paper pulp obtained from steam autoclaving of municipal 
solid waste (MSW). The reactor flask was designed so that 
the bacterial population was contained in an attached 
growth media, in such a way that only liquid permeate was 
withdrawn and recirculated. It was from this recirculation 
line that the AD-supernatant, containing the extracellular 
enzymes, was taken. (Fig.1). The AD-supernatant genetic 
sequence and characterization was performed as reported 
in Tonoli et al. (2016).

Cellulose pulp fibers (with around 6% moisture) 
were finely milled in a Wiley mill to pass a 0.5 mm 
mesh screen in order to obtain fiber particles with their 
extremities more reactive to treatment. The milled pulp 
(control) in a concentration of about 0.06 g of pulp per mL 
of AD-supernatant was then put in direct contact with the 
AD-supernatant and maintained in a closed system at 37oC 
for up to 20 days. Samples were taken after 5, 10 and 20 
days and centrifuged in order to separate the solubilized 
substances from the material to be analyzed. The mass 
loss during the digestate treatment was estimated using 
samples dispensed into 20 kD dialysis tubes, incubated for 
the same period, and the difference in mass was calculated 
between the initial and final residual amounts.

Fiber characterization

Fiber morphology

A Leica DM4000B compound light microscope (LM) 
was used to investigate the morphology of milled (control) 
and treated fibers. Suspensions were previously stained with a 
drop of ethanol–safranin solution (0.5% v/v) to increase 
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Fig. 1 Illustrative flow chart of the 
digestate treatment. After treated with 
the AD-supernatant, the samples were 
collected from the recirculation line at 0, 
5, 10 and 20 days.

contrast between phases. The birefringence of treated fibers 
was monitored by polarized light and micrographs were acquired 
from typical samples as reported in Durães et al. (2020).

Fiber samples before and after treatment were 
freeze-dried for analyses in a Hitachi S-4700 field emission 
scanning electron microscope (FESEM). The samples were 
mounted on a specimen stub using double adhesive coated 
carbon tabs (Ted Pella). The samples were coated with gold-
palladium in a Denton Desk II sputter coating unit (Denton 
Vacuum). Finally, the samples were viewed in the FESEM.

X-ray diffraction (XRD) and true density of the fibers 

X-ray diffraction (XRD) patterns were acquired 
for milled and treated fibers with an X-ray diffractometer 
(Philips DY971), using CuKα radiation at 45kV and 40mA. 
Scattered radiation was detected in the range of 2θ = 
5–40°, at a scan rate of 2°/min. Crystalline fraction (CF) 
was determined as reported by French (French, 2014) and 
Correia et al. (2016) (Eq. 1). 

optimize the fitting of the patterns. In order to help explain 
crystalline results, Segal’s crystalline index (CI) (Segal et at., 
1959) was also calculated. CI was estimated from the heights 
of the (200) peak (2θ∼22.5°) and the minimum intensity 
between the (110) and (200) peaks (2θ between 16° and 
22°) that is related to the amorphous fraction (French, 
2014). Segal’s CI it is an easy and fast way of assessing 
crystalline data. Although, it is not an accurate method, 
and researchers have been encouraged to move on to 
simulation analysis and fitting methods (French, 2020), such 
as Theoretical analysis with Mercury software (Nam et al., 
2016; French et al., 2014). 

Crystallite size (CS) was estimated through use of 
the Scherrer Eq. (2) (Cao and Tan, 2005), where CS is the 
size (nm) perpendicular to the lattice plane represented by the 
peak related to the (200) plane; K is a constant related to the 
crystal shape (K=0.89); λ is the wave length of the incident 
X-ray (1.54056 Å); θ is the Bragg angle corresponding to 
the (200) plane (i.e. half of the 2θ value in the position of 
the peak); and β the peak FWHM (in radians) of the (200) 
reflection.

CF A
A A .100

e

e a= - [1]

Where Ae and Aa are the areas under the 
experimental powder pattern and the amorphous 
theoretical curve, respectively. Therefore, to determine the 
CF, the Mercury 3.7 program (French 2014; Macrae et al., 
2008) was used to produce theoretical diffraction curves, 
varying FWHM of cellulose Iβ, which is the most abundant 
cellulose polymorph occurring in nature for higher plants 
(Nam et al., 2016). For amorphous halo it was used cellulose 
II with FWHM=9 and a correction factor to fit under the 
experimental curves Correia et al. (2016). After the fitting 
process, all measurements for crystallite size and number of 
cellulose chains were carried out on the theoretical curves. 
The CIF (Crystallographic Information File) were obtained 
from complementary data (French, 2014) and edited for 
each different fiber on CIF files to fit the theoretical curve 
into the experimental one, as reported elsewhere (Fonseca 
et al., 2019; French 2014). All intensities were normalized to 

CS cos
K=
b i
m [2]

True density of the fibers was also determined in 
order to monitor the influence of the exposure to AD-
supernatant on the fiber structure. Around ten values of 
true density for each treatment were measured using a gas 
(Helium) pycnometer (AccuPyc II 1340 Series Pycnometer, 
Micromeritics Instrument Co.).

Differential scanning calorimetry (DSC) 

Since differential scanning calorimetry (DSC) 
measures energy flow from a sample to a reference, it 
is possible to use this technique to measure the energy 
changes produced during cellulose dehydration (Bertran 
and Dale, 1986). In a typical DSC curve of cellulose fibers, an 
endothermic peak occurs between 30 and 150°C (Chan et al., 
2013). The area of this endothermic peak can be measured 
and it is proportional to the heat of dehydration required to 
desorbs water from cellulose and evaporate (dehydration). 
Considering that crystalline domains of cellulose only absorb 
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a very small amount of moisture, water sorption in cellulose 
happens almost entirely in the amorphous regions (Bertran 
and Dale, 1986). Then, since accessibility to water (cellulose 
moisture content) is directly proportional to the amorphous 
content of cellulose, the amount of energy required to 
dehydrate the cellulose sample can be taken as a direct 
measure of its amorphous portion, and by difference it is 
possible to estimate the crystalline portion (Chan et al., 2013).

A TA Instruments (New Castle, DE) differential 
scanning calorimeter (DSC) 2910 was used to measure the 
heat of dehydration and estimate the degree of crystallinity 
(DC) of the fibers. The amorphous sample obtained by 
ball milling (the same for XRD amorphous pattern) was 
used as standard amorphous cellulose. All samples were 
conditioned at room temperature (~25oC) in a 60% relative 
humidity chamber containing KI and NH4NO3 saturated 
solutions for at least 240 h prior to each test. Around 8 mg 
of each sample and two repetitions were used in standard 
(not sealed) DSC pans and heated at a rate of 10oC/min, 
from 30°C to 200°C. The sample chamber was purged 
with nitrogen gas at a flow rate of 60 L.min-1. The heat of 
dehydration was estimated by using the TA Instruments 
Universal Analysis 2000 software that integrates the peak 
areas and calculates the corresponding energy changes 
between specified temperatures. Degree of crystallinity 
(DC) by DSC was determined according to Bertran & 
Dale (1986), as the ratio between the heat of dehydration 
of a preconditioned sample at constant relative humidity 
and the dehydration heat of the completely amorphous 
cellulose, preconditioned under the same conditions. 

Thermogravimetry

Fibers were evaluated by thermogravimetric analysis 
(TGA) in a Perkin Elmer Pyris 1 TGA instrument. Dried 
samples (~6 mg dry basis) were heated in a Pt crucible 
from 25 to 500°C in air flowing at 60 mL.min-1 and heating 
rate of 10oC.min-1. Critical weight loss temperatures (Tonset) were 
obtained from the onset points of the TGA curves, which are 
represented by the intersection of the extrapolated line extended 
from the beginning of the thermal event, with the tangent 
of the curve in the thermal event (Tonoli et al., 2012).

RESULTS AND DISCUSSION 

Microbial identification in the mesophilic AD-supernatant

Tab.1 depicts the six most numerous bacterial 
species found in the mesophilic AD-supernatant. Bacterial 
species may have been isolated from several dilutions of 
both 5% sheep’s blood and anaerobic phenylethyl alcohol 
agar, but only the plate and dilution that provided the 
highest quantity is listed here. All species listed bellow 
belong to Bacteroidetes and Firmicutes bacteria phyla, 
which are commonly found in feces of different mammals, 
including humans (Li et al., 2020). Among the bacterial 
species identified in the AD-supernatant solution, the 
most representative were Bacteroides graminisolvens and 
Parabacteroides chartae constituting more than 94% of the 

total bacteria population.  The hydrolytic enzyme activity 
on vegetable cellulose (e.g. cellulases) and hemicelluloses 
(e.g. xylanases) of B. graminisolvens are noted for their role 
in the biomass degradation (Chassard et al., 2010), while 
Parabacteroides species are mainly saccharolytic, producing 
acetic acid and succinic acid as the major end-products of 
fermentation (Tan et al., 2012).

Belonging to Firmicute phylus, the Clostridium 
genus usually lives in anaerobic environments such as in aquatic 
sediments, in the intestinal tract of humans and animals, and 
water-logged soils (Leja et al., 2011). They produce powerful 
extracellular enzymes (e.g., dehydrogenases and cellulases) 
that also degrade lignocellulosic materials (Wirth et al., 2012).

Morphological characteristics of the fibers

Fig. 2 shows images of the cellulose pulp fibers after 
they were milled. This grinding process decreased the average 
length of the fibers significantly (from ~0.7 mm to ~0.3 mm). 
However, swelling capacity is increased, by more available surface 
area due to fracture of part of the fibrils. Grinding is expected 
to increase enzyme access to fiber components and facilitate 
enzyme degradation (Tonoli et al., 2016). 

Micro-organisms in the AD-supernatant secrete 
several enzymes including cellulases and hemicellulases 
which act synergistically in the hydrolysis of cellulose fibers 
as opposed to the degradation of fibers via the action of a 
single specific enzyme (Siqueira et al., 2010; Siro and Plackett, 
2010). Light microscopy images show that cellulose fibers 
fragment with hydrolysis of the fiber wall from enzymatic 
activity when exposed for 5 to 20 days in liquid anaerobic 
digestate (arrow 1 in Fig 2). Swelling, caused by the enzymes, 
helps deconstruct the fiber cell wall, increasing fibrillation 
(arrows 3 in Fig 2), when compared to an intact fiber (arrows 
2 in Fig 2). Severe swelling of the fiber can be referred as 
ballooning, due to the similarity of an expanded balloon 
(Tonoli et al., 2016; Le Moigne and Navard, 2010), and 
eventually bursts causing characteristic cell wall disruption 
(arrows 3 in Fig 2). Even though light microscopy does not 
have the range to visualize particles less than 1 m, micro/
nanofibrils still interact with light, leaving a blurred aspect 
near the deconstructed fiber.

Before incubation in the AD-supernatant, the fiber 
was birefringent (arrow 4 in Fig. 2d) because cellulose chains 
were uniaxially oriented. This property of birefringence is 
usually used to measure the angle of orientation of the 
microfibrils in an individual fiber (Lima et al., 2014). Arrows 
4 in Fig. 2g, 2k and 2p show that birefringence decreased 
in various regions of the fiber after the enzyme hydrolysis, 
where micro/nanofibrils appeared detached from the fiber 
cell wall. The results validate the hypothesis that incubation 
of kraft pulp fiber in AD-supernatant may be an effective 
to obtain micro-fragments from which nanofibers can be 
more readily extracted. AD-supernatant bacteria produce a 
myriad of enzymes like exoglucanase, abled to specifically 
attack cellulose at its reducing end, and endoglucanase 
that can randomly attack its amorphous regions along the 
fiber (Campos et al. 2013). Thus, this pretreatment needs to be 
performed with precaution, considering the incubation 
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Tab. 1 Top six bacterial species and colony forming units (CFU) isolated from the AD-supernatant.

Phyla Bacterial species Characteristics CFU1 / mL Quantity

Bacteroidetes
Bacteroides graminisolvens

Gram-negative; non-spore-forming
78x106 66%

Parabacteroides chartae 33x106 28%
Parabacteroides distasonis 2x106 <2%

Firmicutes
Clostridium sartagoforme

Gram-positive; endospore forming
3x106 <3%

Clostridium bifermentans 1x106 <1%
Clostridium butyricum 1x106 <1%

 1 CFU is a rough estimate of the number of viable bacteria cells in a sample.

Fig. 2  Typical light microscopy (LM) images of cellulose fibers after grinding and enzymatic treatments. A-d) milled 
cellulose fibers; e-g) cellulose fibers after incubation for 5 days; h-k) cellulose fibers after incubation for 10 days; l-p) cellulose 
fibers after incubation for 20 days; d, g, k, p) transmitted light with crossed polarizers of the same region as the previous 
image. Arrows: 1) shows broken extremities of the fibers after grinding; 2) wood vessels; 3) Intact cell wall; 4) fiber swelling and 
disruption, caused by enzymatic activity; 5) fiber fibrillation into micro/nanofibrils; and 6) birefringence loss of the fiber with 
each treatment.

time, since the enzymes present in AD-supernatant will 
continue degrading and peeling away the glucose units 
from cellulose fibrils, thereby decreasing nanofiber 
dimensions and DP (Imai et al., 2020). This statement is 
confirmed by the estimate of mass loss during the digestate 
treatment, whose incubation for 5, 10 and 20 days led to mass 
loss of around 13%, 26% and 55%, respectively, that could 
directly be correlated with a decrease in DP and therefore, 
length of the fibers. 

Another benefit of AD-supernatant treatments is 
that they may quickly degrade non-crystalline cellulosic or 
other fiber components. For example, vessels (arrow 5 in 
Fig. 2) were not observed in the samples exposed to AD-
supernatant. This is likely because vessels are comprised 
of less crystalline cellulose that can be readily hydrolyzed 
by enzymes in the AD-supernatant. 

The drastic changes in the surface morphology of 
the eucalyptus pulp fibers before and after incubation in 
AD-supernatant were observed by using FESEM (Fig. 3). 
The control fibers had a relatively flat, smooth surface (Fig. 
3a-b), while pretreated fibers had a fibrillated structure 
formed by micro/nanofibrils (Fig. 3c-h), showing the 
disruption of the fiber structure by enzymatic hydrolysis.

Crystallinity changes by XRD measurements

Fig. 4 depicts the cellulose chains disposition in 
the unit cell, X-ray diffractograms (XRD), and theoretical 
analysis of the samples. The XRD patterns of the fibers 
present an amorphous broad hump and crystalline peaks 
that are typical of semi-crystalline materials. All fiber samples 
exhibited a sharp peak at 2θ=22.6°, which is assigned to 
the (200) lattice plane of cellulose I.
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The amorphous cellulose sample prepared by ball 
milling revealed no peak intensity from 2θ=10° and 2θ=40° 
and only a diffuse background (Fig. 4), typical of completely 
amorphous samples, as also reported by Agarwal et al. (2010) 
using 2 h of ball milling. Variances in crystal geometry can move 
(200) peak position, as observed for the pretreated fibers 
(Fig. 4). The peaks at 2θ=14.8° and 2θ=16.3° corresponds 
to the (1-10) and (110) lattice planes of cellulose I, respectively 
(Besbes et al., 2011), and their overlapping can indicate a 
more amorphous sample, while its separation is related to an 
increase in crystallinity (Chan et al., 2013). The separation of 
the peaks becomes more distinct for fiber exposed to enzymatic 
hydrolysis for 5 days, but less distinct for 10 and 20 days. This 
has been reported before, with higher separation for softwood 
hydrolyzed with cellulase and endoglucanase (Cao and Tan, 
2004). The peak at around 2θ=35° corresponding to (004) 
lattice planes became less sharp after hydrolysis as observed 
by Sathitsuksanoh et al. (2011). Similarly, the shoulder of the 
peak at around 2θ=20.5° corresponding to the (012) and 
(102) planes has a tendency to increase in intensity by 10 and 

20 days of enzymatic treatment, as reported by Cao & Tan 
(2005). However, French (2014) reported that (004) peak at 
around 2θ=35° may be a composite of several reflections 
and change in its intensity, as well as the shoulder peaks, can 
indicate the absence of preferred orientation of the crystals.
From these data, the crystallinity index (CI) and crystalline 
fraction (CF) were determined from Fig. 4 as described 
above in section 2 and are presented in Tab.2.

Fibers exposed to AD-supernatant exhibited a 
higher crystallinity index (CI) than the control due to the 
disruption of amorphous holocellulose (hemicelluloses + cellulose) 
surrounding and embedding the cellulose crystallites. As a 
consequence of the enzyme action (Hassan et al., 2014) of 
the microorganisms from the AD-supernatant, it is important 
to emphasize that this apparent increase in crystallinity was 
most likely due to the removal of amorphous domains and 
not due to an increase in the order of less ordered regions. 
For CF, the variation in sample crystallinity is exclusively 
due to changes in cellulose crystalline structure, since the 
crystallographic information file (CIF) used in Mercury 

Fig. 3  Typical field emission 
scanning electron microscopy – 
FESEM images, composed of general 
view and fiber surface. A-b) milled 
cellulose fibers; c-d) cellulose fibers 
after incubation for 5 days; e-f) 
cellulose fibers after incubation for 10 
days; g-h) cellulose fibers after incubation 
for 20 days. Arrows with * show the 
disruption of the fiber cell wall.

Fig. 4  a) Cellulose chains 
disposition in the unit cell; b) unit 
cell axes (‘a’, ‘b’ and ‘c’) and gamma 
angle used to modify patterns in 
Mercury software; c) X-ray diffraction 
(XRD) pattern of the milled fibers 
(control), fibers exposed to 5, 10 
and 20 days in AD-supernatant, and 
amorphous cellulose obtained by ball 
milling treatment. The crystallinity 
index (CI) and crystalline fraction 
(CF) of amorphous cellulose was not 
determined because no diffraction 
peaks were detected or were too 
small to be measured.
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program is just composed of cellulose instead of all the 
fiber components (cellulose + hemicellulose + lignin) to 
produce its theoretical diffraction patterns. This way, it 
is noted a clear tendency of increase in crystallinity with 
treated fibers, with higher crystallinity in 10 days exposure to 
the AD-supernatant. Even though Segal’s crystallinity index 
has showed similar tendencies to crystalline fraction from 
Mercury, changes in the morphology of the peaks other than 
that related to plane (200) is not accounted for crystallinity 
in this method. It should be noted that Segal’s crystallinity is 
a simplified method of crystallinity assessment providing no 
further information than an estimation of crystallinity (Nam 
et al., 2016), being the theoretical analysis through Mercury 
software highly recommended by previous works (Correia 
et al., 2016; Nam et al., 2016; French et al., 2014).

The decrease of CI with incubation periods greater 
than 5 days (i.e. 10 and 20 days) is due to the continuous 
degradation of both amorphous and crystalline domains with 
time. Another explanation for the lower crystallinity is that 
those samples may be composed of smaller crystals (French 
and Cintrón, 2013). During degradation, the intramolecular 
and intermolecular hydrogen bonding energy decreases 
(Lima et al., 2014; Cao and Tan, 2004). It is expected that 
enzymes preferentially attack first the amorphous regions 
and then the small crystallites. Therefore, the crystallite 
size (CS) of the cellulose fibers increased during hydrolysis 
for the longer incubation periods (Tab. 2) as has also been 
previously reported (Cao and Tan, 2005). The accessibility 
of amorphous and crystalline regions of the cellulose 
structure is an important issue (Moxley et al., 2008) since 
crystalline regions are degraded when amorphous regions 
are no longer accessible. As a result, crystal structures that 
were separated in the initial exposition to hydrolysis are 
readily accessible to degradation even when regions of less 
accessible amorphous material may still be existing. Table 2 
also shows that true density of the cellulose fibers increases 
with the increase of CI and CF. This provides evidence 
that the amorphous regions (less packed structure in the 
fiber) were more readily and quickly hydrolyzed than the 
crystalline (more densified) regions.

Heat of dehydration and crystallinity determination by DSC

An endotherm peak in the range between 30 and 
150°C was observed for all the samples (Fig. 5), which is 
assumed to be due to the dehydration (loss of adsorbed 
water). This endothermic peak occurs because of the energy 
required to balance the temperature difference between the 
hydrated sample and the reference in the DSC equipment. 
The amorphous cellulose sample obtained by ball milling 

(and stored at 60% RH) presented the endothermic peak 
with a maximum latent heat of dehydration. The calculated 
latent heat of dehydration was around 199 ± 21 J/g, while 
the endothermic peak almost disappeared for the dried 
sample (Fig. 5). As reported elsewhere (Chan et al., 2013; 
Bertran and Dale, 1986), this energy difference (latent heat 
of dehydration) is presumed to be because of vaporization 
of water adsorbed by the cellulose samples. It is assumed 
that water sorption in cellulose occurs first and almost 
totally in the amorphous sections, since cellulose crystals 
absorbs only a small content of water. Therefore, a higher 
endothermic peak for water loss is expected for samples 
where the degree of crystallinity is lower.

The endothermic peak for fiber samples decreases 
as incubation periods in AD-supernatant increase from 5 
days to 10 days (Fig. 5). The endothermic peak was larger 
when the crystallinity of the sample is lower. The mean 
values of latent heat of dehydration determined by DSC for 
all samples pre-conditioned at ambient temperature and 
60% RH were compared with the corresponding calculated 
degree of crystallinity (DC) (Tab. 3). The data indicate that 
the latent heat of dehydration was positively correlated 
(with the exception of fiber exposed for 20 days) to the 
amorphous content of the samples (Tab. 3) and inversely 
correlated to the crystallinity index determined by XRD (Fig. 
4 and Tab. 2). In the case of the fiber samples incubated 
for 20 days in AD-supernatant, the long-term exposure to 
degrading enzymes was assumed to increase the reducing 
end groups in the cellulose chains, increasing the OH 
groups available for water adsorption. This could explain 
the lower values of crystallinity determined by the DSC 
method compared to the XRD technique. In spite of these 
differences, the DSC method to determine crystallinity is 
useful as an alternative way to estimate the crystallinity 
of allomorphic forms of cellulose fibers, mainly for less 
crystalline samples (Bertran and Dale, 1986).

Thermogravimetry

The first degradation stage observed in the 
thermogravimetric analysis (TGA) occurred at the range 
of 150–350°C, with weight loss of around 60% for fibers 
incubated in AD-supernatant for 5 days and 10 days (Fig. 6a). 
The mass loss was 70% and 80% for the control and 20 days 
treatment, respectively. The onset degradation temperature 
(Tonset) of the fibers decreased with the incubation in AD-
supernatant. The next thermal degradation stage occurred 
between 350 and 500°C. For temperatures higher than 
500°C, no thermal event was observed.

Tab. 2 True density, crystallinity index (CI), crystalline fraction (CF), and crystallite size (CS) of the control (milled pulp) and 
fibers exposed to 5, 10 and 20 days in the liquid anaerobic digestate (AD-supernatant).

Cellulose condition True density (g/cm3) CI (%) CF (%) CS (nm)
Control 1.44 ± 0.02 64 67 10
5 days 1.48 ± 0.03 75 68 11
10 days 1.61 ± 0.02 73 69 12
20 days 1.57 ± 0.05 72 68 12
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DTGA curves (Fig. 6b) also show that weight 
loss of the cellulose fibers happened in two stages. The 
thermogravimetric (DTGA) peak observed at around 330°C 
in the control sample corresponds to the weight loss of 
hemicelluloses (225-325°C), cellulose (305-375°C) and 
residual lignin (250-500°C) (Carrier et al., 2011). Fibers treated with 
AD-supernatant thermally degraded at lower temperatures 
(Tonset around 260°C and maximum degradation at 
around 300°C). The enzymatic hydrolysis promoted by the 
presence of microorganisms in the treated samples caused 
this difference in thermal properties. Thermal stability of the 
cellulose molecule is reduced because the microorganisms 
generate exoglucanase-like enzymes that may cut the chains 
of cellobiose from the chain ends. Therefore, incubation 
in AD-supernatant increases the number of reducing end 
groups (REU) and decreases birefringence, hydrogen energy 
bonding, and DP of carbohydrate chains, decreasing the 
thermal stability of the fibers (Sharma and  Varma, 2014). 

As presented in Tab. 1, the AD-supernatant provided 
bacterial species that produced an extended range of 
enzymatic systems, most likely containing hydrolytic 
enzymes such as xylanases, that can degrade hemicelluloses 
present in the pulp fibers. Also, they may start the 
random hydrolysis of the β-1,4 non-reducing terminal 
regions located between the glycosidic linkages of glucose 
(Sathitsuksanoh et al., 2011). The enzymatic hydrolysis of the 
amorphous regions of the fibrils needs to be controlled 
when the aim is to avoid degrading the crystalline domains 

Fig. 5  DSC curves for milled 
fibers (control), fibers incubated for 
5, 10 and 20 days in AD-supernatant, 
and amorphous cellulose obtained 
by ball milling treatment. With 
the exception of the control dry 
sample, all other samples were pre-
conditioned at room temperature 
(~25oC) and around 60% RH in 
a desiccator containing KI and 
NH4NO3 saturated solutions.

Tab. 3 Heat of dehydration and degree of crystallinity (DC) 
determined by DSC for the cellulose fibers in the different 
conditions: amorphous cellulose obtained by ball milling; 
control (milled fiber) and fibers incubated for 5, 10 and 20 days 
in AD-supernatant. All samples analyzed here were previously 
conditioned at room temperature (~25oC) and 60% RH.

Cellulose condition Heat of dehydration
 (J/g)

DC
 (%)

Amorphous (from ball milling) 199 ± 21 -
Control (milled pulp) 46 ± 8 77 ± 4

5 days 20 ± 4 90 ± 2
10 days 23 ± 5 88 ± 3
20 days 77 ± 11 61 ± 6

Fig. 6  (a) TGA thermograms (detail of the onset degradation 
temperature – Tonset); and (b) DTGA curves of the milled 
fibers (control), fibers incubated for 5, 10 and 20 days in 
AD-supernatant.

of cellulose fibrils. Decomposition of the solid residues in the 
control fibers occurred at around 450°C. Decomposition of 
the solid residues in the fibers exposed to AD-supernatant 
occurred at lower temperatures (425°C). 

Finally, the whole concept of using a crude 
microbial preparation was to demonstrate that cellulose 
crystallinity could be changed without having to resort to 
specific enzyme treatments that are much more expensive. The 
anaerobic digestate used in this study is inexpensive and 
could be used to effectively aid in the pre-treatment of 
cellulose on large scale transformation processes, e.g. for making 
biofuels or for cellulose micro/nanofiber production.
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CONCLUSION

The bacterial species recognized in the AD-
supernatant provided an extended range of extracellular 
enzymes for hydrolyzing lignocelluloses. The morphological 
and physical properties of eucalyptus pulp fiber were 
changed by incubating in AD-supernatant. Enzymatic 
hydrolysis partially removed the amorphous components of 
the pulp fiber resulting in a higher crystalline content. The 
increase in the crystallinity index (CI), crystalline fraction (CF) 
and crystallite size of cellulose was strong evidence that the 
amorphous portion of the cellulose was more readily and quickly 
hydrolyzed than the crystalline portion. The endotherm peak 
observed in the DSC measurement was assumed to be due 
to loss of adsorbed water, which was higher in the more 
amorphous samples. Therefore, higher water accessibility 
occurred when samples are less crystalline (exception for 
highly hydrolyzed samples – 20 days of exposition to AD-
supernatant). This result mostly agrees with the results of XRD 
measurements. Enzymatic hydrolysis increased the number 
of reducing ends, leading to thermal degradation at lower 
temperatures. The increased incubation period resulted 
in substantial deconstruction of the cellulose structure as 
confirmed by the mass loss of the samples. Treatments with 
AD-supernatant may be useful for partially degrading pulp 
fiber for use in engineered fiber-based materials including 
production of high crystalline pulps, pulp bleaching and 
polymeric composites for a myriad of applications, and has a 
milder condition when compared to acid hydrolysis.
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