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Abstract
A low-cost waste biomass generated from a food industry, apricot shells, was subjected to alkali modification in order to compare
morphology, crystalline structure and thermal stability of native and modified biomass, accompanied by their cellulose-rich
fractions. The surface morphology and structure of compared samples were analysed by the scanning electronmicroscopy (SEM)
and mercury porosimetry. Furthermore, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and thermal
analysis (TG/DTA) were applied. The results have shown that after alkaline treatment, inter- and intra-particle porosity in the
material rises, resulting in increase of the total surface area. The XRD diffractograms showed that crystallinity index increased
together with crystallite size, suggesting that modified sample has more ordered crystalline structure than native sample (also
confirmed by the FTIR analysis). Although the cellulose-rich fraction extracted from the alkali-modified sample showed higher
thermal stability, the overall thermal analysis revealed that alkali-modified biomass has lower thermal stability than the native
sample. This indicates that this type of modification will improve the fuel properties of this lignocellulosic biomass and imply its
possible application in energy recovery process.
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1 Introduction

The main characteristic of residual lignocelluloses biomasses
is a large annual generation rate and a low economic value [1].
Apricot stones generated as a by-product from the food indus-
try production are good examples of such biomass. Apricots
are significant and valuable fruit crops in Serbia, with annual
production in 2017 of 41,320 tons (http://publikacije.stat.gov.
rs/G2018/pdf/G20189085.pdf). This amount of fresh fruits

generates significant amount of solid, biodegradable waste:
approximately 8000 tons per year. Apricot endocarp (also
known as apricot shell) is a lignocellulose (LC) material based
predominantly on cellulose, hemicellulose and lignin.
Although apricot kernels could be used in food or pharmaceu-
tical industry [2], apricot shells usually end up at landfill or are
burned.

Food processing and food waste management in Serbia are
very limited, and unfortunately most of this valuable, low-cost
resource ends up in open landfills. In Serbia 770,000 tons of
food are wasted annually, and currently less than 10% of this
biodegradable waste are recycled. According to German
Agency for International Cooperation report “Climate
Sensitive Waste Management Project in Serbia” (https://
germancooperation.rs), estimation is that by diverting food
waste from landfills, savings of 580 kg CO2eq per ton can
be made. Also, the dumping of biodegradable waste at open
landfills causes a significant amount of greenhouse gas CH4

emission, which has more than 28 global warming potential
(GWP) compared with CO2 (1GWP).

In order to find an economical usage of LC waste biomass
in environmental science and technology, many authors have

* Tatjana Šoštarić
t.sostaric@itnms.ac.rs

1 Institute for Technology of Nuclear and Other Mineral Raw
Materials, Franchet d’Esperey 86, Belgrade 11000, Serbia

2 Institute for Chemistry, Technology and Metallurgy, University of
Belgrade, Njegoševa 12, Belgrade 11000, Serbia

3 Environment Health Engineering Department & Social Determinants
of Health Research Centre, Gonabad University ofMedical Sciences,
Gonabad, Iran

4 Department of Engineering, Kashmar Branch, Islamic Azad
University, PO Box 161, Kashmar, Iran

https://doi.org/10.1007/s13399-020-00766-2

/ Published online: 22 May 2020

Biomass Conversion and Biorefinery (2022) 12:2377–2387

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-020-00766-2&domain=pdf
https://orcid.org/0000-0002-0359-4399
http://publikacije.stat.gov.rs/G2018/pdf/G20189085.pdf
http://publikacije.stat.gov.rs/G2018/pdf/G20189085.pdf
http://publikacije.stat.gov.rs/G2018/pdf/G20189085.pdf
http://publikacije.stat.gov.rs/G2018/pdf/G20189085.pdf
mailto:t.sostaric@itnms.ac.rs


published papers which are mostly based on the sorption prop-
erties of this kind of materials. In most of the papers,
biosorption capacity has been improved by exploiting differ-
ent types of modification. For example, Ronda et al. [3]
showed that chemically modified olive stones have signifi-
cantly improved sorption performance toward Pb(II) ions,
while Lopičić et al. [4] applied mechanical activation on peach
shells and showed that this type of treatment has an effect on
Cu(II) kinetic removal efficiency. Turk Sekulić et al. [5] used
apricots stones as a precursor for preparation of biochars in
order to make a sorbent for removal of Pb(II) and Cr(III) ions
from wastewaters. Some authors used activated carbon made
from plum stones to remove heavy metals ions and
chlorophenols from contaminated waters [6]. Despite the nu-
merous studies concerning this topic, there is still lack of data
on structural changes induced by various types of treatments.

In our previous paper [7], we had investigated the
effect of alkali treatment on apricot shells for heavy
metal removal and gained enhanced biosorption capaci-
ty. In opposite, Carvalho and Virgens [8] obtained re-
sults which indicated that inorganic alkali modification
of fruit peel of Pachira aquatica Aubl. decreased sorp-
tion capacity of native material toward Cd by more than
60%. It is well known that treatment effects depend on
the physical structure and chemical composition of the
material, as well as on the treatment conditions, which
indicates that each material should be investigated in
order to establish its properties. Regarding the papers
related on sorption characteristics, alkali treatment is
mainly reflected on sorption mechanism, but it is also
affecting morphology of the material which reflects on
mass and heat transfer.

Having in minds all of the mentioned, we have decided to
get insights into the influence of the alkaline treatment on
chemical/crystalline structure and thermal stability of ligno-
cellulosic biomass. Therefore, in this paper, we have de-
scribed the effect of the alkaline treatment on apricot shells’
biomass by studying the obtained changes in crystalline struc-
ture of treated biomass and its extracted cellulose-rich frac-
tion. The thermal stability of modified sample was also inves-
tigated in order to give direction for further possibility of ap-
plication of treated sample as a fuel. The changes were exam-
ined by SEM, mercury porosimetry, Fourier transform infra-
red spectroscopy (FTIR), X-ray diffraction (XRD) and ther-
mal analysis (TG/DTA).

To the best of our knowledge, no studies, to date,
have reported the effect of alkaline treatment on the
structure of apricot shells (except for the purpose of
sorption properties enhancement). This paper is focused
on LC characteristics that can provide a deeper analysis
of the changes induced by alkaline treatment, and which
suggest its possible reuse in energy recovery and envi-
ronmental processes.

2 Materials and methods

2.1 Materials

Apricot stones were collected from a local Juice Factory in
Aleksandrovac, Serbia. The apricot shells were manually sep-
arated from seeds. The shells were washed and dried at 50 °C
until the mass remained constant; then they were grinded
(KHD Humboldt Wedag AG, Germany) and sieved (particles
less than 1.0 mm were used for experiments). The obtained
sample was marked as SH.

Furthermore, 50 g of the obtained SH sample was alkali
treated with 1.0 L of 1.0 mol/L NaOH. The reaction mixture
was stirred on a magnetic stirrer at 250 rpm for 3 h at room
temperature. In order to remove excess base from the sample,
the mixture was filtered under vacuum using a Buchner funnel
and repeatedly washed with distilled water until stable pH
value was observed. Afterward residue was dried at 50 °C
until reaching a constant mass. Alkali treated powder was
labelled as SHM.

2.2 Methods

The methods for extraction of cellulose and lignin rich frac-
tions were descripted in detail elsewhere [7]. Sample surface
was scanned by using SEM model JSM-6610 LV (Jeol,
Japan), after the samples’ gold coating. Mercury intrusion
porosimetry was used for determination of samples porosity.
For that purpose, Pascal 140/440 (Thermo Scientific) was
used. FTIR spectres were obtained by using the Thermo
Nicolet 6700 spectrometer in the spectral range of 4000–
400 cm−1, at resolution of 4 cm−1 in KBr mode. Thermal
analysis (DTA/TG) was done in air atmosphere on a
Netzsch STA 409 EP in the temperature range from 20 to
1000 °C at heating rate of 10 °C min−1. The XRD patterns
were obtained on a Philips PW-1710 automated diffractome-
ter using a Cu tube operated at 40 kV and 30 mA. The instru-
ment was equipped with a diffracted beam curved graphite
monochromator and an Xe-filled proportional counter. The
diffraction data were collected in 2θ Bragg angle range from
4° to 65°, counting for 0.5 at every 0.02° step. Table 1 sum-
marizes all equations that were used to evaluation of changes
in crystalline structure before and after alkaline treatment.

3 Results and discussion

Apricot shell (endocarp) provides necessary seed protection
against unfavourable environmental factors (mechanical,
chemical and microbial stresses), due to its complex structure
and specific chemical composition. Previous research have
shown that the main components of apricot endocarp are cel-
lulose (55.23%), lignin (22.72%) and hemicellulose (19.23%)
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[7]. The mentioned constituents have very close interactions
with each other, making the unique structure of endocarp.
Alkaline treatment changes not only morphological properties

(Fig. 1) but also the chemical characteristics of native apricot
shells, due to a hemicellulose hydrolysis and lignin
depolymerisation [7]. Alkali treatment in SHM promoted

Fig. 1 Morphological changes of a untreated SH and b alkali treated apricot shells SHM

Table 1 Equations used for evaluation of changes in crystalline structure

Equation Parameter Ref

CrI ¼ I002−I am
I002

� 100% CrI: crystalline index
I002: cellulose crystalline peak intensity at 22.5

○ 2θ
Iam: amorphous peak intensity at 18.5○ 2θ

[9]

D002 ¼ k�λ
βcosθ D002: crystalline size of (002) plane

k: Scherrer constant (0.94)
λ: X-ray wavelength (0.154 nm)
β: full width at half maximum of (002) peak
θ: diffraction angle of (002) plane

[10]

HBI ¼ A3345
A1320

HBI: hydrogen bond intensity
A3345: absorbance peaks at 3345 cm−1

A1320: absorbance peaks at 1320 cm−1

[11]

TCI ¼ A1372
A2900

TCI: total crystalline index
A1372: absorbance peaks at 1372 cm−1

A2900: absorbance peaks at 2900 cm−1

[11]

LOI ¼ A1429
A897

LOI: lateral order index
A1429: absorbance peaks at 1429 cm−1

A897: absorbance peaks at 897 cm−1

[11]

EH ¼ 1Vo−V
k Vo

EH: hydrogen bond energy
V0: free OH group absorbance at 3650 cm−1

V: bonded OH group absorbance
k: the constant (1/k = 2.625 × 102 kJ)

[11]

ΔV(cm−1) = 4430(2.84 − R) ΔV= V0 – V R: the hydrogen bond distances
V0: the monomeric OH stretching vibration at 3600 cm−1

V: the stretching vibration observed in FTIR spectrum of the sample

[11]
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roughness and irregularities on the surface of the natural ma-
terial (SH), allowing the particles to aggregate less than in the
starting sample. However, low-temperature alkali treatment
results in a very limited process of lignin degradation or frag-
mentation, due to the presence of chemical groups which are
very resistant to chemical agents (e.g. C–C linkages or aro-
matic groups) [12]. Although hemicellulose is soluble in al-
kaline solutions, it cannot be completely removed, due to the
stable hydrogen bonding between hemicellulose and cellulose
fibrils [13]. In our previous paper we showed that alkaline
treatment decreases amorphous constituents hemicellulose
and lignin by almost 80% and 10%, respectively, as well as
increases the cellulose content [7].

3.1 Textural characteristics of SH and SHM

Textural characteristics of porous materials could be deter-
mined by various methods, and the choice of appropriate
method depends on material nature and its pore size.
Mercury porosimetry was chosen for this type of biomass,
because the Brunauer-Emmett-Teller (BET) method is more
suitable for meso- and microporous materials, while mercury
porosimetry is more suitable for macroporous materials [14].
The choice of the method was justified by the results obtained
from SEM analysis which revealed that sample’s particles
predominantly consist of macropores (approximately 1 μm
in diameter). Mercury porosimetry gives information not only
about the volume and the pore distribution in particle interior
(intra particle porosity) but also describes inter-particle poros-
ity-free space between the particles. Due to the increase of the
available surface area, it is ideal that the both types of porosity
are presented in material. We showed that alkaline treatment
causes an increase in porosity (by 20%), total pore volume (by
24%), specific surface area (by 33%) and average pore diam-
eter (by 20%) [7], as well as that the inter-particle volume is
26% higher in SHM than in SH (171 and 136 mm3/g, respec-
tively—Fig. 2). In Fig. 2, it is evident that the fraction of the
smallest (> 100 μm) and the biggest (500–800 μm) particles
slightly decreased, while the most numerous average size par-
ticle fraction (100–500 μm) slightly increased as a conse-
quence of chemical modification. The obtained results of this
analysis confirmed the presence of both porosity types in
SHM.

3.2 XRD patterns

In order to attain more profound examination of the alkaline
treatment effect on crystalline structure of SH and its
cellulose-rich fraction, further investigations were performed.
Diffractograms of SH and SHM in Fig. 3a show the differ-
ences in their crystal structure.

Figure 3a shows that both samples have peak characteristic
for cellulose I (card No. PDF-203-0289) located on 2θ ≈ 14○,

16○, 23○ and 35○ which are ascribed to the (101), (10Ī), (002)
and (040) crystallographic plane reflection, respectively [15,
16]. According to literature [17], the X-ray diffractograms of
amorphous solids and lattice distortion show a wide peak,
while solids with crystalline structure have sharper peaks in-
dicating larger crystallites. Diffractogram of untreated sample
SH shows two peaks: sharper peak at 2θ ≈ 23○ corresponds to
the (002) crystallographic plane of cellulose I and another
wider peak at 2θ ≈ 16○ corresponds to the (10Ī) crystallo-
graphic plane of cellulose I (referring amorphous phase of
SH). This is in accordance with high content of hemicellulose
and lignin which contributes to amorphous phase [18]. It is
observed from Fig. 3a that alkali treatment has no effect on the
peaks’ position, but it has a noticeable effect on the shape and
intensity of the peaks in treated sample. The apparent peaks in
diffractogram of SHM are sharper and larger than in
diffractogram of SH, which indicates that after alkaline treat-
ment, certain increase in crystallinity has been occurred. The
calculated values of the crystallinity index CrI, according to
Eq. (1), are 39% and 47% for SH and SHM samples, respec-
tively. These results are comparable with very similar natural
lignocellulosic biomass such as peach shells (39.2%) [4].
Also, after chemical treatment, crystallite size (D002) accord-
ing to Eq. (2) increased from 24 to 43 Å for SH and SHM,
respectively. Increase of crystallite size might be associated
with decrease of amorphous region, too [19]. These results
confirmed that the amorphous regions of the cellulose are
“attacked” throughout the alkali treatment, which led to a
reduction of the amorphous region, and increase of the crys-
tallinity and/or a reorganization of the crystalline regions.
Similar results were obtained by Carvalho and Virgens [8]
who confirmed that alkali treatment also modified the struc-
ture of the solid biomass, resulting in greater crystallinity,
from 41.7 for native biomass sample up to 53% for alkali
modified.

According to Borysiak and Doczekalska [20], alkaline
treatment removes hemicellulose and impurities and inter-
fibrillary spaces in lignocellulosic fibres become less dense
and rigid; therefore, cellulose micro-fibrils rearrange them-
selves to have better chain orientation and packing, which
leads to an increase of fibre strength. Alkaline treatment (de-
pends on alkali concentration), besides the effect on cellulose
crystallinity, can also transform the crystalline structure of
cellulose to different allomorphs with different unit cell di-
mension packing arrangements and relationships between hy-
drogen bonds [16]. In accordance with that, the X-ray diffrac-
tion patterns of cellulose-rich fraction isolated from SHM
(Fig. 3b) show that alkali treatment not only has a noticeable
effect on intensity of the main peak in treated sample, but it
shows that some peaks become slightly more defined upon
this chemical treatment: 2θ = 12.0○ and 20○ assigned to the
(101) and (10Ī) lattice planes of cellulose II, respectively [14,
15]. These discrete peaks might be indicators of the early
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beginning of transformation of cellulose I into cellulose II,
since this sample had been alkali-treated twice: during process
of modification and afterwards during the cellulose isolation
procedure (with 17.5% aqueous NaOH solution).

It is well known that the conversion of cellulose I to cellu-
lose II can be performed by using of sodium hydroxide (pro-
cess of mercerization). This process affects microfibers; they
become swollen with disrupted connections and orientation
[21]. The chains in cellulose I are parallel and mainly linked
by van der Waals interactions, while the chains of cellulose II
are antiparallel, and consequently the number of hydrogen
bonds between molecular layers are higher. Cellulose II is
thermodynamically more stable because hydrogen bindings
are much stronger than van der Waals bindings [22].
Chemically, allomorph cellulose II has a higher chemical re-
activity in comparison with cellulose I (e.g. the sorption ca-
pacity of cellulose II is greater) [23]. Its chemical reactivity
depends on the location of the hydroxyl groups on the
anhydroglucose unit. This cannot be generalized because dif-
ferent conditions and interactions affect the reactivity of the
groups.

3.3 Fourier transform infrared spectroscopy (FTIR)

In order to show source of peaks in SH and SHM, the FTIR
spectra of extracted cellulose and lignin fractions are present-
ed in the Fig. 4.

Two distinctive regions of FTIR spectra are noticeable: the
region from 3700 to 2800 cm−1 corresponding to -OH and -
CH stretching vibration and “finger print” region from 1800 to
800 cm−1 corresponding to stretching vibration of various
chemical groups in lignocellulosic materials. The broad peak
in the range from 3000 to 3600 cm−1 is corresponding to
stretching vibration of OH groups in cellulose, hemicellulose
and lignin [24]. Changes in the peak intensity in this region
indicate the disturbances of intermolecular and intramolecular
hydrogen bonds in cellulose [25]. The disappearance of ab-
sorption band at 1742 cm−1 after alkaline treatment in SH
sample was noted. Similar findings were obtained by Lehto
et al. [26] who alkali treated wood samples (birch and pine).
This band corresponds to C=O stretching vibration of carbon-
yl and acetyl groups in the xylan and to chemical groups
present in lignin (p-coumaric acids of lignin) [27]. The

Fig. 2 Inter-particle volume and particle size distribution: SH (a) and SHM (b)

Fig. 3 Diffractograms of SH and
SHM (a) and isolated cellulose-
rich fraction from SH and SHM
(b)

2381Biomass Conv. Bioref. (2022) 12:2377–2387



reduction of intensity of the absorption peak observed in
SH at 1252 cm−1 assigned to asymmetric C–C–O
stretching from carbon in aromatic rings was noticed
as well [28]. Apparently, this band in natural biomass
sample (SH) overlapped two bands: 1270 and
1226 cm−1 assigned to C–O stretching vibration in
guaiacol rings and syringol rings, respectively [29].
Dominant peak in lignin-rich fraction spectra at
1600 cm−1 corresponding to C=C aromatic skeletal vi-
bration in lignin also overlaps two bands at 1652 and
1597 cm−1 in SH. Barely visible shoulder at 1650 cm−1

in lignin-rich fraction indicates that the conjugated car-
bonyl groups present in lignin were cleaved during the
extraction [30]. Next, three bands at around 1510, 1466
and 1426 cm−1 (due to C=C aromatic skeletal vibra-
tions, C–H deformation and vibration in phenylene ring,
respectively) dominates in lignin spectra of both materi-
al. In spectra of isolated lignin, peak at 1120 cm−1

gives more intense adsorption band, due to aromatic
C–H in-plane deformation in lignin [31]. In order to
identify the chemical groups originating from lignin
(L), hemicellulose (HC) or cellulose (C), wavenumbers
of the bands are presented and marked in the Table 2.

It is well known that the presence of the hydrogen bonds
has a significant influence on the mechanical properties of
lignocellulosic materials. The closer cellulose chains result
in the stronger interactions between them, leading to stronger
hydrogen bonds and more compact packing of cellulose
chains. Thus, the fibres become mechanically and thermally
more stable [38]. FTIR has been widely used in order to get
more profound understanding of the hydrogen bond nature, by
analysing intensities and positions of the OH stretching vibra-
tion peak [39]. As can be seen from Fig. 4, the intensity of
SHM peaks decreased after alkaline modification. Since the
reduction in hemicellulose and lignin content after modifica-
tion has been occurred, the reduction of absorbance of this
region could be an indication of more organized cellulose in
SHM sample [36].

Furthermore, Fig. 5 shows a comparison of extracted cel-
lulose from SH and SHM. Results in Fig. 5 revealed that the

peak of the OH vibration in cellulose-rich fraction isolated
from SHM becomes red-shifted (from 3482 to 3457 cm−1)
and its intensity slightly decreased, suggesting increase of
the number of hydrogen bond interactions [40].

Summarized differences between SH and SHM are pre-
sented in Table 3. The energy of hydrogen bonds is higher
in SHM than in SH, indicating higher crystallinity and higher
presence of hydrogen bonds [11]. This is in accordance with
the results of XRD analysis (higher CrI and D002 in SHM).
Also, due to higher HBI value in SHM, it can be concluded
that this sample contains more cellulose chains in highly or-
ganized form. Alkaline modified sample SHM possibly has
stronger hydrogen bonds between chains and more packed
structure of cellulose, which is in accordance with its lower
hydrogen bond distances (R).

In spite of the fact that increase in crystallinity leads to
less reactive samples, results from our previous paper re-
vealed that alkaline treatment significantly improved the
sorption performance of modified sample SHM in com-
parison with native sample SH toward the investigated
heavy metals. In comparison with the native sample SH,
biosorption capacity of SHM was increased by 154, 61
and 90% for Cu(II), Zn(II) and Pb(II) ions, respectively
[7]. Similar results were obtained when peach shells were
subjected to mechanical treatment: the obtained less reac-
tive sample (with higher crystallinity) had a better sorp-
tion performance toward Cu(II) ions in comparison with
more reactive sample [4]. A possible explanation could be
related to the change of dominant sorption mechanism:
alkali treatment enhanced cation exchange capacity
(CEC) five times which enables the ion exchange as the
main sorption mechanism [7]. Beside the changes in sorp-
tion mechanisms, the reason for sorption increase also
could be found in textural characteristics of chemically
modified sample: in comparison with SH, SHM sample
has higher porosity, total pore volume and average pore
diameter, as well as higher value of the specific surface
area. It is well known that all mentioned textural charac-
teristics affect mass transfer of ions within the particles
toward active sites [41].

Fig. 4 FTIR spectra of isolated
cellulose and lignin from SH and
SHM compared with the starting
sample
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3.4 Thermal analysis

Thermal analyses are used for the study of thermal behaviour
of various materials to provide information about thermal sta-
bility and decomposition process. Thermal decomposition of
lignocellulosic materials such as apricot shells depends on its

individual components such as cellulose, lignin and hemicel-
lulose and on individual decomposition behaviour [42]. In
order to investigate the effects of modification on the
combusting characteristics of raw material, the thermal analy-
ses were performed. Figure 6 shows the results obtained from
analysis of the mass loss (TG), derivate of mass loss (DTG)
and differential thermal analysis (DTA) obtained during com-
bustion of SH and SHM samples, respectively.

The shapes of SH and SHM TG curves are very similar to
the other comparable lignocellulosic materials [43], describ-
ing the decomposition process through several overlapping
stages. The initial mass loss in interval from 25 to 150 °C
corresponds mostly to evaporation of physically bounded

Table 2 Wavenumber of the
bands obtained from different
FTIR spectra

SH SHM SH
cellulose

SHM
cellulose

SH
lignin

SHM
lignin

Peaks assignments Ref

3452 3529 3482 3457 3446 3444 O–H str. (C) [32]
3353 3299 3336 3360 3336 3351

2924 2942 2940 2923 2940 2938 C–Hn str. [32]
2854 2887 2889 2853 2844 2844

1742 C=O str. (HC) [33]

1652 1661 1659 1651 Sh. Sh. C=O str. (L) [31,
32]

1597 1597 1597 1597 1606 1596 C=C arom. skeletal vib. (L) [30,
32]1509 1509 1508 1507 1505 1507

1466 1468 1468 1468 1464 1464 C–H def. (HC, L) [28]

1426 1426 1427 1428 1425 1426 C–H def.(C, L) [33,
34]1380 1371 1380 1378 C–H bending (CI and CII;

HC)

1331 1333 1332 1340 1326 1329 C–H (C); C–O (L) [28]

1252 1270 1268 1262 1270 1270 C–O str. vib. in guaiacol
rings (L)

[27]

1238 1238 1238 1221 1226 C–O str. vib. in syringol
rings (L)

[35]

1161 1165 1165 1167 C–O–C asym. str. vib. (CI

and CII)
[36]

1124 1124 1122 1120 1118 1120 Glucose ring str. (C), C–H
def. (L)

[31]

1050 1054 1053 1047 C–O str.; C–H vib. (C) [37]

1034 1033 1035 1032 1030 C–O str. (C, L) [31]
913 916 C–H def. (L)

897 895 895 895 C–H def (C) [31]
830 836 835 834 843 839 C–H def. (L)

Fig. 5 FTIR spectra of SH and SHM isolated cellulose-rich fraction

Table 3 Energy of the hydrogen bonds, hydrogen bond distance, TCI,
LOI and HBI ratios obtained for SH and SHM

CrI (%) D002 (Å) HBI LOI TCI 3353

EH (kJ) R (Å)

SH 39 24 2.593 1.590 0.472 21.36 2.784

SHM 47 43 2.647 1.593 0.466 27.03 2.772
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water, accounting for 5.6% and 3.9% mass loss from SH and
SHM, respectively. According to Jiang et al. [44], higher
moisture content in SH was due to the widespread hydrogen
bonding between molecules of water and more accessible hy-
droxyls which are present in the amorphous cellulose regions.
In the second phase, the active thermal degradation process
consists of hemicellulose and cellulose decompositions, fall-
ing in ranges of 220–315 °C and 315–400 °C, respectively
[45]. In the hemicellulose decomposition range, SH exhibits
mass losses of 34.5%, with clearly observed peak for hemi-
cellulose at 290 °C (Fig. 6a). This temperature value is very
close to one obtained for wood chips (i.e. 289 °C) by
Gašparovič et al. [45]. The major peak in SH sample at
320 °C corresponds to cellulose decomposition. At this tem-
perature peak, SH weight loss was recorded to be 47.14%.
Demiral and Kul [46] have obtained results of the thermal
analysis of native apricot shells which are in accordance with
those presented in this paper. Alkali-treated SHM sample
shows similar weight loss in the second temperature range,
but the absence of hemicellulose peak degradation is obvious
(Fig. 6b), clearly indicating hemicelluloses partial removal by
alkali modification. Similar results were obtained by Moyo
et al. [47] who observed that alkali modification of mango
seed particles induced a more rapid initial decomposition of
treated sample, which was a consequence of hemicellulose

degradation and disappearance of the hemicellulose shoulder
upon alkali treatment. Apparently, interrupted structure of
modified material leads to hemicellulose and cellulose degra-
dation at lower temperatures and production of the single wide
peak at 295 °C with maximum weight loss of 35.6%. Reason
for this temperature shift is the decrease of hemicellulose con-
tent after modification but also the presence of sodium ions
bounded in the SHM structure which might have a catalytic
effect, shifting the thermal conversion to lower temperatures
[48]. For both SH and SHM samples, complex cross-linked
structure and aromatic nature of lignin lead to slow decompo-
sition which overlaps with previous thermal reactions in the
range from 180 up to 900 °C, with an unclear maximum
weight loss [46]. The decomposition of the organic compo-
nents in the investigated samples has been finished at approx-
imately 700 °C, and further increase of temperature up to
1000 °C did not change the ash content significantly. The final
weight loss ranges from 99.5 and 97.7% for SH and SHM,
respectively, where the higher amount of SHM’s residual ash
belongs to the presence of sodium ions incorporated in the
modified biomass structure [7].

In Fig. 6c–d, DTA curves of SH and SHM samples are
presented. It can be noticed that the modification process did
not change the shape of TGA and DTA diagrams significant-
ly. However, due to alkali modification, the endothermic peak

Fig. 6 TG and DTG curves of SH (a) and SHM (b) and TG and DTA curves of SH (c) and SHM (d)
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characteristic for moisture loss observed in SH (93 °C) had
shifted toward higher temperatures, and it was observed at
104 °C in SHM sample. This shifting of the endothermic
DTA peak to higher temperature might indicate an increase
of the hydrophilicity of the surface of the SHM in comparison
with the SH sample [49]. Conversely, exothermic DTA char-
acteristic peaks for decomposition of organic components
were shifted to lower temperatures. For the SH sample, these
peaks were observed at 392 and 527 °C, while the character-
istic peaks for SHMwere at 336 and 470 °C. These peak shifts
may be an indication that modification process has a decreas-
ing effect on thermal stability of the SHM sample. Similar
results were obtained by Krstić et al. [49] who investigated
thermal stability of the carbonized saccharose sample activat-
ed by KOH.

Since the thermal stability of cellulose was found to be
dependent predominantly on its crystallinity, the thermal anal-
ysis of the cellulose-rich fraction extracted from SH and SHM
was performed, and the obtained results are presented in
Fig. 7.

As can be seen from Fig. 7, cellulose extracted from SHM
is more thermally stabile, due to the presence of cellulose II in
the sample. This result is in agreement with the obtained re-
sults from XRD analysis. The observed changes can be also
explained by considering the nature of supramolecular struc-
ture of cellulose, which depends on the occurrence and abun-
dance of aggregates and/or its crystalline state [36].

Polleto et al. [38] who studied the effect of cellulose crys-
tallinity on thermal degradation in lignocellulosic fibres
showed that the thermal decomposition of cellulose shifts to
higher temperatures with increasing crystalline index and
crystallite size [8, 38]. Therefore, regarding the results of
higher crystallinity of SHM and more compact organization
of its cellulose chains, we have expected to have a positive
effect on higher thermal stability of this sample comparedwith
the native one. But the obtained results have shown that com-
plex structure of this lignocellulosic material and modification
process caused morphological changes which had a major

impact on its thermal stability. Modification process induced
partial hemicellulose removal, along with changes in lignin
structure. Along with this, increased porosity in SHM has
improved better heat transfer flux, which reflected on the
shifting of characteristic peaks toward lower temperatures
and enhanced thermal degradation.

4 Conclusion

The structural changes induced by alkaline treatment of apri-
cot shells (SH) were studied, and the effect of this treatment
type on the crystalline structure and thermal stability of this
low-cost by-product biomass was gained. The presented re-
sults indicate that alkaline treatment has a significant effect on
the surface and structural properties (especially porosity and
crystallinity) of treated material. As a result of NaOH treat-
ment, SHM sample has a more ordered crystalline structure
than the native sample (SH). Modification process induces
partial removal of hemicellulose and slightly changes in cel-
lulose type, as well as disruption of lignin structure.
Concerning higher crystallinity of SHM, higher HBI and bet-
ter organization of its cellulose chains, higher thermal stability
of this sample was expected. In opposite, thermal analysis
revealed that described alkali modification of this material
type had shifted temperature peaks toward lower values, de-
creasing thermal stability of SHM. This can be ascribed as
increase in intra- and inter-porosity of SHM that improved
heat transfer flux during combustion and enhanced thermal
degradation. Everything mentioned indicates that mild condi-
tions of alkali treatment will improve the fuel properties of this
type of lignocellulosic biomass and imply SHM’s possible
application in energy recovery process.
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