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Cellulose extractions from wheat straw via hydrochloric, nitric, and sulfuric acid hydrolysis methods were carried out. X-ray
diffraction spectral analyses reveal that depending on the acid conditions used the structure of the cellulose exhibited a mixture
of polymorphs (i.e., CI and CIII cellulose phases). In addition, the percent crystallinity, diameter, and length of the cellulose
fibers varied tremendously as determined by X-ray diffraction and scanning electron microscopy. Thermal gravimetric analysis
measurements revealed that the thermal stability of the extracted cellulose varied as a function of the acid strength and conditions
used. Scanning electron microscopy analysis revealed that the aggregation of cellulose fibers during the drying process is strongly
dependent upon the drying process and strength of the acids used.

1. Introduction

Interest in the biodegradability of natural products for use
in the production of green electronics and alternative trans-
portation fuels has rapidly increased over the years with
a special focus on crystalline cellulose-based composites.
Furthermore, with an increase in usage and discarding of
technological devices, increasing demand for energy effi-
cient systems, and due to the potential polymeric materials
stored within the cellulose structure, cellulose extraction
has become a top focus in research labs globally [1–9].
To that end, given the abundance of agricultural waste
generated globally, using these products as biomass sources
for cellulose extraction is conceivable. In addition to adding
to the sources of cellulose for usage in green technology
and in alternative fuel production this process could lead to
an avenue for reducing the amount of environmental waste
generated in landfills. Wheat straw is an agricultural waste
that is generated by the ton globally each year and, due to
its food chain exemption, would make an excellent biomass
source for extraction of cellulosic materials.

Cellulose is an abundant, high molecular weight natural
polymer that possesses great strength and biodegradability.
Cellulosemakes up about 75 percent ormore of plantmaterial
and is a derivative of crops, plants, andwood [8].The cellulose
chain adopts a linear structural arrangement and, due to its
intra- and intermolecular hydrogen bonding, various ordered
crystalline arrangements are observed. Furthermore, due to
cellulose encasement between lignin and hemicelluloses, the
extraction of crystalline cellulose will depend on the method
and biomass source used during the extraction process.
Processing methods may limit the use or alter the structural
integrity of the cellulose. In general, cellulose extracted from
plant materials contains both an amorphous region and
a crystalline region. It has been reported that crystalline
cellulose can exist within four different allomorphs, CI, CII,
CIII, and CIV [2, 7]. Typically, CI is the most abundant phase
and the most sought after due to its optimal elastic properties
[3].

The extraction and functionalization of cellulose without
introducing structural rearrangements is not a trivial process.
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In fact, depending on the extraction methodology used,
cellulose crystal sizes and orientation can be dramatically
altered, that is, texturing [1, 6, 9]. Many reports indicate that
when using sulfuric acid to extract cellulose, concentrations
between 45–65wt% yield high crystallinity cellulose particles
[4, 5, 10] while concentrations greater than 65wt% caused
cellulose swelling and structural degradation [11–13]. Other
literature reports indicate that sulfuric acid concentrations
around 63wt% are capable of breaking hydrogen bonds and
forming different complexes such as the partial esterification
of hydroxyl groups and, subsequently, their substitution by
sulfate groups [14–16]. Although many of these reports are
similar in nature the extraction of cellulose using concen-
trated sulfuric acid hydrolysis remains somewhat ambiguous.
It is known that the use of strong mineral acids for chemical
hydrolysis introduces cellulose degradation that dehydrates
the polymer [17, 18]. Camacho et al. demonstrated the use
of strong acids present at room or lower temperatures, such
as sulfuric acid, at concentrations greater than 62-63wt% to
cause dissolvability and swelling of cellulose [19]. Therefore,
higher concentrations hinder the regeneration of cellulose by
water dilution, which is due to fast acidic depolymerization,
and results in the formation of water-soluble oligomers
[20]. Such activation techniques efficiently open and enlarge
existing capillaries, pores, or voids, disintegrate fibrillar
aggregation, and affect the crystal polymorphs, crystallinity
index, and thermal stability [20, 21].

It is well documented that the main factors contributing
to the dissolution of cellulose in concentrated sulfuric acid
are hydrogen bond breaking due to complex formations and
the depolymerization of macromolecular chains. However,
there are other factors (e.g., biomass types) that can yield
cellulose with drastically different structural and morpho-
logical arrangements [6]. Hence, in order to further under-
stand the effects of acid treatment processing of different
biomass sources, more systematic investigations comparing
different acid treatment processes are necessary to resolve the
dependency of the cellulose structure on the parameters used
during the acid extraction process.Thus, the aim of this study
is twofold: to systematically investigate the dependency of
the cellulose structure on the hydrolysis method used (strong
versusweak acid hydrolysis extractions) and to investigate the
use ofwheat straw as a biorenewable source for the generation
of crystalline cellulose that can be used as high-quality fillers
for composites and strengthening additives.

2. Experimental

2.1. Materials. ACS reagent grade chemicals purchased from
Sigma-Aldrich were used as received. Acetic acid, acetone,
hydrochloric acid, nitric acid, sodium chlorite, sodium
hydroxide, and sulfuric acid for cellulose isolation were
purchased from Sigma-Aldrich. Wheat straw was purchased
from Georgia.

2.2. Isolation of Crystalline Cellulose. Figure 1 shows a
detailed account of the extraction methodology used in
the separation of crystalline cellulose from wheat straw for
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Figure 1: Showing the synthesis methodology for the extraction of
crystalline cellulose from wheat straw.

comparative analysis. In short, acid solutions were prepared
in the following concentrations: 90 weight percent (wt%)
acetic acid, 9 wt% sodium chlorite, 58wt% acetic acid and
42wt% sodium hydroxide buffer solution, 32 volume percent
(vol%) hydrochloric acid, 32 vol% nitric acid, and 32 vol%
sulfuric acid. Wheat straw was subjected to fractionation by
refluxing in the presence of an acetic acid solution for 2
hours. Subsequently, the mixture was filtered using vacuum
filtration withWhatman grade 1 filter paper and washed with
hot distilled water to rid the wheat straw of residual acid.
Bleaching was carried out using a sodium chlorite solution
in an acetic acid and sodium hydroxide buffer system at
approximately 70∘C for 2 hours, producing a strong oxidizing
agent, chlorous acid. The product was filtered using the pre-
viously stated filtration method. The resulting cellulose was
treated with the 32wt% strong acid solutions—hydrochloric,
nitric, or sulfuric acids. The reaction time was 24 hours for
each acid. Subsequently, the resulting crystalline cellulose
was centrifuged 3 to 6 times at 1500 rpm for 30 minutes
and fresh distilled water was added after each centrifugation
step. The resulting product was sonicated on an ice bath for
4–8 hours using a Fisher Scientific Ultrasonic Cleaner with
operating ultrasonic frequency of 40KHz, centrifuged three
additional times (using prior centrifugation conditions),
and allowed to settle for 24 hours. The distilled water was
decanted from the product and replaced with acetone using
the solvent exchange methodology. Further centrifugation
was performed at 1000 RPM for 10 minutes and, afterwards,
fresh acetone was added. The process was repeated for 3 to
4 times and allowed to settle for 24 hours. Subsequently,
all cellulose extracts are dried under vacuum at 70∘C for
24 hours in a Thermo-Scientific Lab-Line vacuum oven and
converted into powder form using a mortar and pestle for
further analysis.

2.3. Characterization of Crystalline Cellulose

2.3.1. X-Ray Diffraction Spectroscopy. X-ray diffraction
(XRD) was used to determine the crystallographic structure
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of cellulose crystal extracted from wheat straw. After drying,
X-ray diffraction analyses were carried out on samples using
a Rigaku D/MAX 2200 X-ray diffractometer with a diffracted
beam graphite monochromatic running on Cu K𝛼 radiation.
Samples of the cellulose powder are placed on a glass slide
and analyses are performed from 0∘ to 80∘ of 2𝜃 angle at
a rate of 5 degrees per minute. The data was collected and
peaks were analyzed using PDF database of Joint Committee
on Powder Diffraction Standards (JCPDS) and reported
literature findings for crystalline cellulose.

XRD calculated cellulose patterns were produced using
Mercury 3.3 programming software. The.cif files for CI

𝛼
,

CI
𝛽
, and CIII

(I) were downloaded from the supplemental
materials hosted on the SpringerLink website. Since it is
well known that both the CI

𝛽
and the CI

𝛼
polymorphs are

extracted under hydrolysis conditions, an average spectra
was obtained “CI” and used to generate an average pattern
demonstrating the mix of CI and CIII

(I) polymorphs. The
peak at half maximum for the experimental XRD data
was used to determine the simulated crystal size, and the
composition of the mixed polymorphs was set at 55% CIII

(I)
crystals and 45% CI crystals. Subsequently, the experimental
XRDdiffraction patternwas overlaid atop the calculatedXRD
theoretical pattern for comparative analysis.

2.3.2. Scanning Electron Microscopy. Scanning electron
microscopy (SEM) imaging of crystalline cellulose was
carried out using a Zeiss EVO 50VP scanning electron
microscope.The crystalline cellulose was analyzed by sputter
coating with gold using a 550X Sputter Coating device. The
Zeiss EVO 50VP was operated at an acceleration voltage of
20 kV. For each sample, different parts of the grid were used
to determine both average shape and size distributions.

2.3.3. Thermogravimetric Analysis. Thermal stability of the
cellulose extract was determined using a TA Instrument
Q500 Thermogravimetric Analyzer (TGA). Analysis was
performed on samples of 10–15mg in an oxygen atmosphere
from 30∘C to 550∘C at a heating rate of 5∘C/minute.

3. Results and Discussion

Acidic pretreatment, or hemicellulose hydrolysis, involves
the use of an acid or hot water conditions to breakdown
the primary cell wall to expose the underlying cellulose,
hemicellulose, and lignin, shown in Scheme 1. The removal
of the hemicellulose and lignin is generally done by an acid
or base due to its inexpensiveness [22]. Reports suggest
that diluted acids in appropriate temperature parameters are
known to effectively remove hemicellulose, increasing the
cellulosic yield [23]. However, further treatment procedures,
such as bleaching or chemical pulping, are undergone to
release the encased cellulose. Hydrolysis techniques, or an
activation method [24], tend to remove the amorphous
regions, producing glucose monomers [18, 25]. The acid
specifically targets the amorphous regions, due to the dis-
order and voids present there, whereas the more ordered
regions tend to lack these voids [20].

3.1. X-Ray Diffraction Analysis. XRD was used to study the
resulting crystal structure (polymorph) of cellulose crystal-
lites formed and the percent crystallinity of cellulose gener-
ated during the different acid hydrolysis treatment processes.
Figures 2(a)–2(d) display typical XRDpatterns of commercial
microcrystalline cellulose (cMCC) and cellulose extracted
(EC) from wheat straw using acid hydrolysis (HCl, HNO

3
,

and H
2
SO
4
, Figures 2(b)–2(d), resp.). As can be observed

in the XRD spectra in Figures 2(a)–2(d), three major peaks
are evident for both the cMCC and the extracted cellulose.
These peaks are located around 15∘, 22.5∘, and 35∘ 2𝜃 and,
based on XRD studies on the structure of cellulose I

𝛽
by

Meyer and Misch, these peaks correspond to the (101), (101),
(002), and (040) diffraction planes, respectively [26, 27].
However, in the extracted cellulose XRD spectra, Figures
2(b)–2(d), the observance of additional low intensity XRD
peaks can be seen at 2𝜃 = 7.5∘ and 11.7∘. Based on reported
literature, the diffraction peak at 11.7∘ 2𝜃 is representative
of the CIII cellulose polymorph [2]. This is suggestive of a
mixture of the CI and CIII cellulose polymorphs extracted
from wheat straw using the acid hydrolysis method. Fur-
thermore, in this case, a new crystal (101) diffraction plane
is evident. In addition, the (101) plane typically appears at
a diffraction angle of 20.6∘ 2𝜃 for the CIII phase; however,
given that the broad, dominant (002) peak for the CI phase
appears at a diffraction angle around 22∘ 2𝜃, this peak could
be masked from identification without using specific XRD
peak deconvolution software. Given the three hydrolysis
processes, the low intensity peaks are more pronounced in
the case of acid hydrolysis of the cellulose structure under
sulfuric acid conditions, Figure 2(c). Reports by Ioelovich
indicated that, at sulfuric acid concentrations greater than 63-
64wt.%, portions of the cellulose will swell and dissolve and,
with concentrations between 64-65wt.% under controlled
conditions, the regenerated dissolved cellulose exhibits a
CII polymorph structural arrangement [20]. That is, the
insoluble cellulose exhibits a crystalline structureCIwhile the
regenerated cellulose exhibits a crystalline polymorph CII.
This further supports our findings of a CI/CIII mixture since
the regeneration process is occurring here as well.

To further investigate the observed mixture of CI and
CIII polymorphs upon acid hydrolysis, X-ray diffraction
patterns of the CI and CIII polymorphs were generated using
a method reported by French [26]. In this analysis, Mercury
3.3 programming software was used to generate diffraction
patterns for both the CI

𝛽
andCI

𝛼
andCIII

(I) polymorphs. For
spectra clarity during overlapping and since no peaks appear
beyond that of 50∘ 2𝜃, XRD spectra for the calculated and
experimental extracted cellulose were compared between the
angles from 0∘ to 50∘ 2𝜃. The CI

𝛽
and CI

𝛼
and CIII

(I).cif files
were downloaded from the supplemental materials hosted
on the SpringerLink website as indicated by French [26].
Using excel, the resulting diffraction patterns were mixed
to deduce a CI–CIII

(I) diffraction pattern. Figures 3(a)–3(c)
show the calculated diffraction pattern for mixed cellulose
CI
𝛽
and CI

𝛼
(CI), CIII

(I), and a mixture of CI and CIII
(I)

polymorphs. The calculated mixed CI–CIII
(I) XRD patterns

are overlaid with a typical XRD spectrum for cellulose
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Scheme 1: Revealing the acid hydrolysis treatment processing and structural changes.

extracted using sulfuric acid hydrolysis methodology for
pattern comparison. In the calculated patterns case, the
peaks are generated assuming perfect crystals; thus, peak
broadening due to variations in crystal sizes and background
level due to amorphous cellulose regions are not observed.
However, based on the calculated diffraction peaks shown in
Figures 3(a) and 3(b), cellulose CI and CIII

(I) polymorphs
display three main diffraction peaks at 2𝜃 = 14.8∘, 16.6∘,
and 22.9∘ and at 2𝜃 = 11.6∘, 17.2∘, and 20.9∘, respectively. In
addition, the calculated CIII

(I) diffraction pattern also reveals
a shoulder peak at 20.6∘ 2𝜃 polymorph; see Figure 3(b).
Mixing of the calculated XRD patterns for cellulose I

𝛽
and

cellulose III
(I) polymorphs reveals a new XRD pattern that

is similar to the experimental pattern obtained for the acid
hydrolysis of cellulose from wheat straw. Figure 3(c) shows
the XRD average patterns for the calculated mixed cellulose

I
𝛽
and III

(I) and the experimentally extracted cellulose from
wheat straw. In the calculated patterns of the mixed cellulose
polymorphs, several main peaks are observed at 2𝜃 = 11.6∘,
14.7∘, 16.6∘, 17.1∘, 20.6∘, 20.9∘, and 22.9∘, which match well
with the overlapping experimental XRD data for extracted
cellulose. This future proves that the appearance of the
peak at 11.6∘ 2𝜃, based on the generated patterns, is clearly
indicative of the (010) diffraction plane of CIII

(I) polymorph.
Furthermore, this provides more evidence of mixed cellulose
I
𝛽
and III

(I) crystal structures upon extraction from wheat
straw using strong acid hydrolysis. Although mixing of
cellulose I

𝛽
and III

(I) polymorphs appears in all three acid
treatments, it is more prevalent in the sulfuric acid samples.
Thus, in this case, it is conceivable that the hydrolysis time and
acid strengths play a key role in the observance of the mixed
cellulose polymorphs.
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Figure 2: Showing the X-ray diffraction analyses of commercial cellulose (a) and acid hydrolyzed cellulose from wheat straw ((b)–(d)).

Apparently the observance of the XRDpeak located at 7.5∘
2𝜃 for the experimental data is absent in the calculated XRD
pattern.However, literature reports byKlemmand coworkers
indicate that depending on extraction conditions it is possible
to convert cellulose I into many different alkali forms with
different crystal structures and variable NaOH and water
content [27]. In addition, it has been observed that sodium
cellulose I exhibits a peak around 7.5∘ 2𝜃. Hence, given that
sodium hydroxide is used in the pretreatment method, it
is possible during the incomplete conversion of cellulose I

𝛽

and cellulose III
(I) that sodium cellulose I exists within the

polymorph mixture.
Thepercent crystallinity of the cellulose extractwas deter-

mined with the assumption that the CI
𝛽
crystal structure

is the dominant phase present based on the appearance of
the highest intensity peak being assigned to the (002) plane.
Equation (1) was used to perform the percent crystallinity
of the cMCC and cellulose extract from the different acid
hydrolysis processes:

%Crystallinity =
𝐼crystalline

𝐼amorphous + 𝐼crystalline
× 100%, (1)

Table 1: Revealing cellulose particle sizes and percent crystallinity
for cMCC and EC.

Extraction
process

Average
length (𝜇m)

Average
width (𝜇m)

Crystallinity
(%)

Commercial 100.35 9.317 69.29
Hydrochloric
acid 145.93 32.10 67.35

Nitric acid 218.63 18.70 71.88
Sulfuric acid 114.16 12.06 70.58

where 𝐼crystalline corresponds to the (002) crystalline peak
located at a 2𝜃 of 22.5∘ and 𝐼amorphous (𝐼AM) is the highest peak
of the amorphous background region located at a 2𝜃 around
18∘ [28]. Table 1 shows the different percent crystallinity val-
ues determined for cMCC and cellulose extracted using the
nitric, sulfuric, and hydrochloric acid hydrolysis process.The
percent crystallinity for the cellulose extracted from wheat
straw is slightly higher for the nitric and sulfuric acid cases
when compared to the cMCC (69.29 versus 71.88 and 70.58,
resp.).The percent crystallinity for the hydrochloric acid case
is lower than the cMCC and nitric and sulfuric extracted
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Figure 3: Revealing calculated patterns for CI
𝛽

and CIII
(I) ((a)-(b)) and mixed patterns of CI
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(I) with experimentally obtained XRD

patterns (c).

cellulose. It is speculated here that the slight changes in
percent crystallinity for the acid extractions are directly
related to the acid strengths, since the hydrolysis times were
constant. It has been shown that, at high concentrations,
sulfuric acid is capable of breaking hydrogen bonds, which
allows penetration into amorphous and crystalline cellulose
regions [14–17, 20]. Based on pKa values, the order of acid
strength is as follows: HCl > H

2
SO
4
> HNO

3
(all having

pKa values < 1). As revealed through Table 1, as the strength
of the acid increases (HCl > H

2
SO
4
> HNO

3
) the percent

crystallinity decreases (HCl < H
2
SO
4
< HNO

3
). This may

be rationalized through the increased breaking of hydrogen
bonds as the strength of the acid increases, which allows
for increased degradation of the amorphous and crystalline
regions.

3.2. Scanning Electron Microscopy Analysis. Typically, micro-
crystalline cellulose is porous with diameters, or widths,
that range between 10–50 𝜇m and has high crystallinity
values and aggregates of multisized cellulose crystals due
to the strong hydrogen bonding [29]. Similar results are
observed here for cMCC. The cMCC has a typical average
diameter and crystallinity value that is in agreement with
literature reports (ca. 13 𝜇m and 69%, resp.). Figures 4(a)–
4(e) reveal the surface morphology, shape, and sizes for
cMCC and cellulose extracted using nitric, sulfuric, and
hydrochloric acids. In this analysis, the lengths of several
cellulose fibers were measured to generate an average error
associated with their mean measured values. Apparently,
cMCC cellulose exhibits similar widths and lengths to that
of the microcrystalline cellulose (see Table 1). The cMCC
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Figure 4: Revealing SEM images of commercial cellulose, cMCC (a), lignocellulose (b), hydrochloric (c), nitric (d), and sulfuric (e) cellulose.

cellulose crystals are well dispersed in sizes with an apparent
rod-like shaped confirmation indicating the formation of
cellulose microcrystals; see Figure 4(a).

It is well known that smaller well-defined fibers are
typically at the top of your acid hydrolysis solutions but,
in this case, the authors have focused on the bulk of the
materials to examine the drying effect occurring within
the three extraction processes. Hence, similar crystallinity
values, shapes, and diameters are observed for EC under
the different acid conditions; see Figures 4(b)–4(e). Cellu-
lose extracted using the nitric and sulfuric acid methods
exhibits similar rod-like shapeswhen compared to the cMCC;
however, the length and width of the EC exhibit much
larger values when compared to the cMCC. In the case of
nitric acid, both rod-like shaped fibers and shorter rod-
like microcrystal structures can be observed; see Figure 4(d).
It is well documented that cellulose extracted from plants
exhibits the largest of the particle types [6]. Similar results
are observed for the sulfuric acid extraction of cellulose

(Figure 4(e)). Furthermore, cellulose aggregation is observed
for both nitric and sulfuric acid methods. One may speculate
that the aggregation is occurring due to incomplete removal
of impurities during the pretreatment process. Figure 4(b)
reveals an SEMof cellulose extracted with residual impurities
from the pretreatment process. As can be observed, under
these conditions, no cellulose fibers are produced and only
large-scale aggregation is observed. Many reports indicated
that depending on the method of filtration and drying of
the cellulose particles, aggregation could be initiated. In fact,
several reports in the literature noted that depending on
the acid hydrolysis process used, variability in shapes and
sizes are not consistent from extraction to extraction and
can induce agglomeration of smaller cellulose fibers into
larger fibers with various geometries [29–31]. Hence the
stages of drying of cellulose are threefold—(1) a constant rate-
drying period, (2) the first falling rate-drying period, and
(3) the second falling rate-drying period [32–35]. In stage
1, water begins to evaporate, causing cellulose particles to
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begin diffusing closer together and eventually exposing the
polymer’s surface enabling surface water evaporation (the
first falling rate-drying period). As a result, surface tension
occurs due to the water molecules present on the surface
of cellulose commanding the initiation of vapor diffusion
and the particles moving closer together. The third phase—
the second falling rate-drying period—begins as the interior
water-transferring rate becomes smaller than the surface
diffusion rate, developing full contact of the cellulose and a
hydrogen-bonded network [36, 37]. To that end, depending
on the conditions during extraction and drying of the EC,
the typical reported length or morphological geometry may
not be achieved. In this case, we propose that the induced
aggregation of the cellulose during the hydrolysis process is
a direct result of the drying process.

However, one cannot discount the ability of the acids
to deprotonate (i.e., “acid strength”) as a contributor to the
aggregation effect of cellulose. In the case of HCl, lesser well-
defined cellulose fibers or crystals are evident with mostly
large scale aggregation occurring. A simple rationale of the
strength of the HCl acid in comparison to HNO

3
and H

2
SO
4

could be provided here as an explanation to this occurrence.
That is, given that the hydrolysis time, concentration of the
acids, and temperature were held constant and HCl has a
smaller pKa value than HNO

3
or H
2
SO
4
, we speculate that

hydrolyzation of the cellulose amorphous and crystalline
regions could be significantly reduced, which has been
reported to alter the structural arrangement of the extracted
cellulose. In addition, it is also conceivable that the higher
pKa value for nitric and sulfuric acids results in less charge
transfer to the cellulose structure (i.e., protonation). That
is, the amount of hydrogen observed within the cellulose
network will be greater with decreasing pKa values (HCl <
H
2
SO
4
< HNO

3
) and this increase will lead to increased

aggregation of the cellulose during the drying process via
hydrogen bonding.

Among the acid hydrolyses, nitric and sulfuric acid
methods prove to be the best methods needed to generate
well-dispersed crystalline cellulose withminimal aggregation
affects; see Figures 4(d) and 4(e). These particles are rod-
like in shapes with diameters and crystallinity values that
match well with the cMCC tested here and with reported
literature values [29]. However, aggregations of the EC fibers
are observed due to processing parameters. To that end, SEM
has verified that the EC gives similar properties to those of
the cMCC but exhibits some aggregation which is induced by
strong hydrogen bonding andprocessing parameters. Further
investigations are currently being carried out on techniques
to disrupt the hydrogen bonding to limit the amount of
aggregation observed during the hydrolysis process, which
will evidently yield more desired cellulose materials.

3.3.Thermogravimetric Analysis. Figure 5 reveals the thermal
behavior of cellulose fibers extracted using the various acid
hydrolysis methods. TGA curves for cMCC reveals only one
decomposition temperature around 300∘C. However, it is
clear from Figure 5 that the acid extracted cellulose possesses
many decomposition steps. However, cellulose extracted

0
10
20
30
40
50
60
70
80
90

100

0 50 100 150 200 250 300 350 400 450 500 550

W
ei

gh
t (

%
)

Hydrochloric acid
Sulfuric acid (residual impurities)
Sulfuric acid
Commercial
Nitric acid

Temperature (∘C)

Figure 5: Revealing the thermogravimetric analysis curves for
cMCC and cellulose extracted using acid hydrolysis methodology.

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

0 50 100 150 200 250 300 350 400 450 500 550

Region 1

Region 2

Hydrochloric acid
Sulfuric acid (residual impurities)
Sulfuric acid
Commercial
Nitric acid

Temperature (∘C)
−0.2

D
er

iv
at

iv
e w

ei
gh

t (
%

/∘
C)

Figure 6: Revealing the thermogravimetric analysis derivative
curves for cMCC and cellulose extracted using acid hydrolysis
methodology.

using sulfuric acid followed by oven-drying and sulfuric acid
with residual impurities shows thermal behavior that is quite
similar to that of the cMCC. To that end, in an effort to
simplify this analysis, two inflection point temperatures (i.e.,
Region 1 and Region 2, between 50 to 150 and 250 to 400
degrees Celsius, resp.) are used as focal points in this part
of the discussion and can be observed in Figure 6. We have
concluded that, in the box indicated as Region 1, due to the
hydrophilic nature of the cellulose structure, water uptake is
being released at this temperature.That is, cellulose is known
to swell due to the absorption of water and, upon heating,
will dehydrate through the loss of H

2
O. This assumption

was verified through the preheating of the cellulose samples
before analyzing with TGA. No rate of decomposition peak
for water in Region 1 is observed for cellulose extracted via
sulfuric acid after undergoing an annealing “oven-drying”
pretreatment process.
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Figure 7: Showing bar graphs of the total percentage of mass loss during water evaporation and decomposition (a) and rate of mass loss
during decomposition (b) for cMCC and cellulose extracted from wheat straw, respectively, using acid hydrolysis methodology.

A clearer picture of the decomposition mechanisms of
the cMCC and EC can be seen in Figures 7(a) and 7(b).
Figure 7(a) is a bar graph representing the amount of mass
loss during the release of water (ca. 100∘C) and during the
degradation of the cellulose polymer (>200∘C); see Figure 5.
For comparative analysis, Figure 7(b) is a bar graph that
represents the rate at which themass is being lost in Region 2;
see Figure 6. Figure 7(a) shows the percentage of mass lost by
cMCC and EC under various acid hydrolysis conditions. As
stated earlier, water loss due to dehydrating of the cellulose
structure occurs around 100∘C. For both the cMCC and the
oven-dried EC only one degradation temperature is observed
and is located in Region 2 of Figure 6. That is, cMCC and
oven-dried EC only show one temperature at which the
greatest mass amount of the cellulose structure is lost as
indicated by the bar graph. This further verifies that Region
1 (i.e., between 50 to 150∘C) is typically where dehydration
of the EC occurs. In the case of the cMCC, we speculate
that this is a direct result of the cellulose crystal processing
before purchasing from the vendor (i.e., curing). However,
the EC undergoes several soaking and rinsing cycles where
evidently water uptake occurs, as verified through the oven-
drying analysis. Based on the second inflection point, Region
2, between 150 to 300∘C, we observed that cMCC has the
greatest mass loss (>47%) at its second inflection point
around 300 degrees Celsius; see Figure 7(a). The ECs show a
smallermass loss (<42%) at this temperature when compared
to the cMCC.This is apparently indicative of superior thermal
stability exhibited by the cellulose extracted under the various
acid conditions when compared to the cMCC. This can be
explained through the potential substituted groups on the
EC skeletal structure. Huang and coworkers reported that
an increase in thermal stability was observed for cellulose
tristearate (cellulose ester) due to the regular arrangement of
the side chains [37]. It is proposed here that based on the acid
strength used, structure rearrangement (e.g., cyclization) can

be promoted influencing the amount and rate at which the
mass is lost.

Furthermore, Figure 7(a), among the acid hydrolyses,
reveals that HCl has the greatest mass loss while the oven-
dried H

2
SO
4
loses the least of its mass at the higher temper-

ature range, Region 2. At a closer view, Figure 7(b) reveals
the rate at which the mass is lost for cMCC and acid-treated
samples for Region 2. HCl loses its mass at a much faster
rate per degree Celsius than HNO

3
or H
2
SO
4
. In addition,

HCl has the least residual mass when compared to HNO
3
,

or H
2
SO
4
, but similar residual mass when compared to the

cMCC (see Figure 7(a)). That is, the cellulose extracted from
the wheat straw via theHNO

3
andH

2
SO
4
shows greatermass

resistance to change at temperatures near 300∘C.

4. Conclusions

It has been concluded from this study that the extraction of
cellulose from an agricultural waste product such as wheat
straw using strong acid hydrolysis such as sulfuric and nitric
acids will yield similar crystalline and thermal properties
as currently reported in the literature. Hence, in this study,
we have demonstrated the effect of various strong acids on
the polymeric, structural, and thermal properties of cellulose
extracted from wheat straw. Based on cellulose extracted
using three different acid hydrolysis methods (HCl, HNO

3
,

and H
2
SO
4
), it was found that cellulose particles with similar

sizes and crystallinity were obtained. XRD spectra revealed
that the extracted cellulose exhibited a mixture of CI and
CIII phases with the predominant mixture observed for the
H
2
SO
4
extraction methodology. As calculated using (1), it

was found that the percent crystallinities of the HNO
3
and

H
2
SO
4
extracted cellulose were slightly higher than those of

the purchased cellulose. The HCl showed a similar percent
crystallinity when compared to the cMCC. Given that the
higher crystallinity for the cellulose extract was observed
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for the weaker acids (HNO
3
and H

2
SO
4
), we conclude that,

in cases where increased crystallinity is needed, the use
of weaker acids would be beneficial in obtaining cellulose
crystals with specific properties. Furthermore, SEM revealed
that the cellulose particles exhibited average widths and
lengths on the micron-level with rod-shapes as the preferred
geometry. In addition, depending on the drying and lignin
removal processing, aggregation was observed. Moreover,
TGA analysis revealed that, in comparison to the commercial
cellulose, HNO

3
and H

2
SO
4
cellulose extracts showed the

greatest mass resistance to change at temperatures near or
above 300∘C.
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