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HEMICAL and morphological of Prunus amygdalus L. characterization (shells and stems)

were studied in order to assess their potentiality for chemical pulp. In this work, a simple,
rapid and sensitive analytical method for the determination of monosaccharide composition in
almond shells and stems polysaccharide was developed and validated. The soda-anthraquinone
process was also applied in order to evaluate pulp properties. The effects of delignification and
bleaching process were statistically investigated by employing response surface methodology.
The isolated fibers were investigated and characterized using several techniques such as
gel permeation chromatography, X-ray diffraction, morfi analyzer and scanning electron
microscope. The obtained results can be considered as a potential source of cellulose for the
production of cellulose derivatives, cellulose pulp for papermaking applications and natural
fibres reinforced polymer composite.
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Introduction

Non-wood resources are important raw materials
inmany countries where wood is not available and/
or in sufficient quantities to meet the large demand
for pulping and papermaking application. In
general, non-woods differ somewhat from wood in
their chemical composition and properties, which
in turn have a direct influence on the selection of
delignification and bleaching processes. In recent
years, the use of non-wood resources to produce
pulp and paper is growing interest. Almond shells
and stems are a cheap and annually renewable
resource suitable for producing natural cellulose
fibers. This plant could be one of the important
annual agricultural residues, which produced in
many countries such as the USA, Syria, Italy,
Morocco, Turkey, and Tunisia[1-3]. Nowadays,
almond cultivation is increasing due to its huge
demand for food among the mass people. Almond

shells are a lignocellulosic agriculture by-product
that does not have an industrial application yet,
and it is usually incinerated or dumped. It has
some interesting features like high volume and
low value. According to FAO (FAOSTAT data),
Tunisia is ranked as the producing country
of almond with about 3.8% of the total world
production [4,5]. Thus, Tunisia annual production
of almond shells is 36000 tons by considering
that the shells have about 60% of the almond fruit
weight. This paper deals with the morphological
and chemical properties of the two parts of the
almond tree as well as their soda-anthraquinone
pulping  optimization. Soda-anthraquinone
cooking is considered the most suitable process
for pulping of non-wood raw materials with good
results [6-9], if considering the advantages, they
provide, such as: (i) high throughput resulting
from the use of relatively short pulping times;
(i1) good yields; (iii) applicability to both wood
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and non-wood raw materials; (iv) reusability
of cooking liquors. The monosaccharide
composition analysis of polysaccharides is the
most important parameter for the discovery of its
physicochemical properties and structure[10-16].
The aim of the present study was to develop a
simple and rapid ion chromatography method
for the quantification of the monosaccharide
composition without sample derivatization. In
conclusion the main objectives of this work is to
: (a) determination of the chemical compositions
of the raw material (b) the study the effect of the
delignification conditions into the pulping yield
and Kappa number, in order to determine the
best pulping conditions, (c) optimization of the
bleaching steps of cellulose pulp. The obtained
fibers were characterized investigated using
gel permeation chromatography (GPC), X-ray
diffraction (XRD), morfi analyzer and scanning
electron microscope (SEM). The obtained results
were discussed and compared with those available
in the literature related to wood-, non-wood- and
annual plant crops-based papers [4,6,8,9,13,15].

Materials and Methods

Materials

Raw material collection

Two parts from the almond plant namely
shells and stems were investigated. They were
collected from Monastir in August 2017. Then,
they were rinsed and dried under natural condition
during the month of September 2017. After that,
they were chopped to 2-3 cm for morphological
characterizations. For chemical composition
determination, the almond samples were ground
and 40-60 mesh fractions were selected. The
procedures were performed according to standard
T264 cm-07.

Chemical analysis

The chemical compositions of the two parts
were determined according to the following
TAPPI standard methods: the solubility in hot and
cold water (T207 cm-08), in 1 % NaOH (T212 om-
07), and in ethanol-toluene (T204 cm-07). The ash
content was quantified using the standard method
T211 om-07. The Klason lignin, holocellulose,
and o-cellulose were determined according to
the following TAPPI standard methods T222
om-06, Wise et al. (1946)[17]. and T203 cm-99,
respectively. All the measurements were carried
out at least in triplicate and the experimental error
was within 5%.
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Monosaccharide composition

Colorimetric method

This method based on colorimetric technique.
Simple sugars, oligosaccharides, polysaccharides,
and their derivatives, containing the methyl ethers
with free or potentially free reducing groups,
deliver an orange-yellow color when treated
with phenol and concentrated sulfuric acid. The
color is fixed. Working with this phenol-sulfuric
acid reaction, a method has been developed to
determine submicro amounts of sugars and related
entities.

Chromatographic method: lon Chromatography

This method employs a two-step acid
hydrolysis. Primary hydrolysis of 350 mg sample
was performed with 3 mL 72% (w/w) H,SO, for
1 hour at 30°C. Hydrolysates were diluted to 4%
(w/w) H,SO, with distilled water. A secondary
hydrolysis performed for 1 hour at 120°C in the
autoclave (1 bar) to fractionate the biomass into
forms that are more easily quantified. Fucose was
added as an internal standard. The hydrolysates
were diluted to 200 mL with H O, and filtered
through 0.45 pum Teflon syringe filter. Then,
10 pL of hydrolysates were injected into the
chromatographic system.

Morphologyfibres

The obtained fibres were characterized using
SEM device a LEO scanning electron microscope
(LEO-400) instrument. In addition, the
morphological properties of the prepared fibres
were also studied using a MORFI analyser. The
main parameters of the fibre (Iength, width, % of
fine elements) were evaluated by image analysis
of a diluted suspension flowing in a transparent
flat channel observed by a CCD video-camera.
The test was repeated at least in triplicate.

Infrared spectroscopy (FT-IR), X-ray Diffraction
and thermogravimetric analysis

The FT-IR analysis of obtained fibres was
carried out with a Perkin-Elmer 1000 spectrometer
equipped with a diamond ATR accessory. The
spectra were obtained in the wave number range
of 600-4000 cm™! with 32 scans. The XRD of the
materials was established using X-ray diffraction.
The samples were examined using an X-ray
diffractometer (D8-Advance Bruker AXS GmbH)
at room temperature with a monochromatic CuKa
radiation source (A = 0.154 nm) in a step-scan
mode with a 20 angle ranging from 5° to 60° with
a step of 0.04 and a scanning time of 5.0 min.
The crystallinity degree was determined using the
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method described by Segal et al.[18]. The thermal
gravimetric analysis was characterized using a
TA instrument Q-50 thermogravimetric analyzer
(TA instruments, USA). The samples were heated
in the range from 30°C to 800°C at a heating
rate of 10°C.min"!, under a stream of air. All the
measurements were carried out at least in duplicate
and the experimental error was within 5%.

Methods

Pulping

Pulps were produced by a conventional
delignification process with soda-anthraquinone,
which has already been defined for non-woody
annual plants [4-9]. To optimize the pulping
conditions, several parameters can affect
obtained results (pulp yield and Kappa number).
These parameters are temperature, time and
soda concentration. To evaluate their effects,
experiments were carried out using Box-Behnken
Design (BBD). Each parameter was varied across
three levels (-1, 0, and +1) as listed in Table 1.
The range of analyzed factors was chosen based
on literature studies and the authors’ experience.
After pulping, the obtained samples were washed

several times with distilled water until the liquid
reached a neutral pH.

Bleaching process

The bleaching process was completed by
adding a solution of soda (pH = 9-13), sodium
hypochlorite (30-70%) at temperature varied
from 30 to 60°C for 60-180 min. The mixture
was allowed to filtered and purified by anti-
chlorine treatment. To investigate the optimal
conditions of the bleaching treatment of fiber
extracted from almond shells and stems, a Box-
Behnken experimental design was used. Variable
factors are pH, temperature, sodium hypochlorite
concentration and time, with three levels of
each parameter as shown in Table 2. The pulps
quality was studied by determining two response
variables: Bleaching yield and Kappa number.

Experimental design
Y= Byt Iy BiXi + Blag Bii Xy + Tiey X2 (D)

Where: Y is a response (peak area); 0, Biand
Bijare the model coefficients; Xi and Xj are the
coded independent variables.

TABLE 1. Box-Behnken design used in the soda-anthraquinone process.

Levels
Factors Symbols

-1 0 1
Temperature (°C) X, 80 110 140
Time (min) X, 60 120 180

Sodium hydroxide concentration (%) X, 8 12 16

Factors Responses
o Almond shells Almond stems
Expt. N X, X, X,
Yield (%) Kappa Number Yield (%) Kappa Number

1 -1 -1 0 53.48 61.38 54.42 54.03
2 0 -1 1 64.79 56.20 51.01 48.27
3 1 0 1 48.34 52.08 47.37 47.38
4 0 0 29.41 40.12 44.42 41.42
5 0 -1 -1 30.44 43.33 40.30 38.09
6 0 1 -1 39.39 45.92 45.26 47.02
7 1 -1 0 54.93 53.27 45.94 47.42
8 -1 0 1 56.78 55.17 51.47 47.51
9 1 1 28.52 46.08 44.53 39.05
10 -1 1 0 47.81 52.29 47.09 47.16
11 -1 0 -1 50.35 57.76 48.17 47.01
12 1 0 -1 46.47 52.05 46.34 41.08
13 0 0 0 54.97 60.11 52.19 55.93
14 0 0 48.41 52.49 46.83 46.72
15 0 1 1 64.06 54.86 52.10 48.66
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TABLE 2. Box-Behnken design used in the bleaching process.

Factors Symbols Levels
-1 0 1
pH X, 9 11 13
Temperature (°C) X, 30 45 60
Sodium hypochlorite concentration (%) X, 30 50 70
Time (min) X, 60 120 180
Factors Responses
Expt. N° X X X X Almond shells Almond stems
! 2 S 4 Yield (%) Kappa Number Yield (%) Kappa Number
1 0 0 -1 1 47.55 13.34 60.15 6.12
2 -1 0 0 1 45.42 11.24 61.28 7.03
3 0 1 -1 0 68.49 6.18 72.46 9.29
4 -1 0 1 0 49.36 6.08 57.39 5.35
5 1 1 0 0 40.17 5.22 60.42 4.38
6 0 0 1 1 27.53 7.45 53.39 6.21
7 0 -1 0 1 79.91 8.39 61.17 7.44
8 0 0 0 0 28.44 9.15 56.28 6.09
9 -1 0 0 54.07 3.02 54.25 4.11
10 1 0 0 1 38.47 2.96 46.43 3.02
11 0 0 0 0 28.55 9.50 56.16 6.27
12 0 -1 1 0 77.31 8.33 70.41 5.25
13 0 1 0 34.29 9.19 39.58 7.48
14 -1 0 -1 0 60.20 10.10 60.29 7.50
15 1 -1 0 0 65.41 8.88 69.11 7.89
16 0 1 0 1 42.11 4.39 65.38 4.32
17 0 0 -1 -1 77.45 10.12 76.74 7.49
18 0 1 0 -1 46.05 8.09 56.47 5.77
19 -1 0 0 -1 66.18 12.53 56.28 8.14
20 1 0 -1 0 82.82 3.82 65.15 5.27
21 1 0 1 0 33.59 7.38 47.53 4.19
22 0 0 0 0 28.66 9.21 55.44 6.04
23 0 -1 -1 0 88.97 10.26 80.36 6.09
24 0 0 1 -1 67.14 8.38 55.41 5.22
25 0 -1 0 -1 87.29 9.77 78.53 6.11
26 -1 -1 0 0 74.47 11.11 92.93 9.26
27 1 0 0 -1 60.25 7.44 62.66 7.10

The total of experimental runs was analyzed
by BBD to fit the second-order polynomial model
(Eq. 1). Minitab (Version 17) software package
was used to perform the analysis of variance
(ANOVA). The P values of less than 0.05 were
considered to be statistically significant.

Where: Y is a response (peak area); B, B, and Bij
are the model coefficients; X and Xj are the coded
independent variables.

Results and Discussion

Characterization of the raw material

Egypt. J. Chem. 62, No. 2 (2019)

The chemical composition and structure of
components from different morphological parts
of the almond plant was established and displayed
in Table 3 [19-27]. The standard deviations of the
three replicates in each test with respect to the
means were always less than 5%. The highest
amount of cellulose (37.51%) and hemicellulose
(26.71%) were found in shells, but lignin (34.35%)
was higher in stems. a- cellulose content of the
raw material is the prime factor in selecting a
material for pulping. a- cellulose in almond shells
was considerably higher than the other part.
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TABLE 3. Chemical and physical characterization of almond shells and stems.

Components Almond shells Almond stems
Cold water extractives (%) 5.68+0.27 12.17+0.10
Hot water extractives (%) 11.69+1.52 16.70+1.19
Ethanol-toluene extractives (%) 9.82+2.09 7.02+1.69
1% NaOH extractives (%) 21.34+4.48 29.01+4.12
Ash (%) 2.35+0.38 3.39+0.47
Klason Lignin (%) 24.01+2.64 34.35+3.22
Soluble lignin (%) 1.57+0.32 0.76+0.11
Holocellulose (%) 64.22+2.66 50.66+2.57
Hemicellulose (%) TAPPI method 26.71+£2.68 19.25+1.44
Ton chromatography (%) 26.86 18.61
a-cellulose (%) TAPPI method 37.51+3.44 31.41+3.79
o Ion chromatography (%) 38.16 33.60
Total sugar (%) Dosage Dubois (%) 60.47+3.07 46.58+2.45
£ ’ Ton chromatography (%) 65.03+3.51 52.22
Total charge (neq.g") 65+1.53 80.00+1.25
pH_,, 4.65 6.4
TABLE 4. Chemical composition of different plant materials.
Plant materials References Cellulose Hemicellulose Lignin
White birch [19] 41 36.2 18.9
Redmaple [20] 441 29.2 24
Hardwoods Hybrid poplar [20] 41.7 20.2 29.3
Encalyptus viminalis [20] 41.7 14.2 31
Populus de Itoides [19] 46 19 24
Pinus banksiana [20] 41.6 25.6 28.6
Pinus pinaster [20] 42.9 17.6 30.2
Pinus radiata [20] 42-50 24-27 20
Fir [20] 439 26.5 28.4
White Fir [19] 44 11 27
RedFir [19] 43 12 27
Corn cobs [19] 33.7-41.2 31.9-36 6.1-15.9
Sugarcane Bagasse [19] 35-41.3 27-37.5 10-20
Wheat Straw [19] 32.9-50 24-35.5 8.9-17.3
Rice Straw [21] 36.2-47 19-24.5 9.9-24
Corn stalk [22] 35-39.6 16.8-35 7-18.4
Rye straw 19 37.6 30.5 19
Softwoods  Flax [19] 34.9 23.6 223
Roundup soybean [19] 345 24.8 19.8
Vine shoots [22] 35.6-38.3 20.6-35 22.8-23.4
Vine stems [23] 35 304 28.1
Vine shoots [22] 41.1 26 20.3
Posidonia oceanica [24] 40 21.8 29.8
Date palm rachis [24] 45 29.8 27.2
Sorghum stalks [22] 42 29.7 13.4
Amaranth [22] 32 26.4 13.2
Jerusalem artichoke [22] 29 22.6 14.7
Cynara Cardunculus L. [25] 40.5 32.3 25.4
Bagasse [26] 40 30 20
Corn stalks [27] 35 25 35
Flax [27] 71 21 2
Hemp [27] 70 22 6
Istle [27] 73 4-8 17
Annual and Jute [27] 71 14 13
perennial Kenaf [28] 36 21 18
plants Wheat straw [29] 30 50 15
Ramie [22] 76 17 1
Sisal [22] 73 14 11
Sunn [22] 80 10 6
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Table 4 shows published data for some
agricultural residues, non-wood, hardwood, and
softwood. It can be seen, that the lignin content
of Prunus amygdalus exceeded those of other
agricultural residues [2-10, 19-27]. The highest
content of a-cellulose and hemicellulose are
of date palm rachis, which are similar to those
of hardwood and softwood. The content of
a-cellulose and hemicellulose of almond shells
and stems are similar to those of agricultural
residues and alternative plants [2-10, 19-27].
On the other hand, the lignin content is higher
than of some agricultural residues. The chemical
composition of the ground Tunisian almond
shells studied in this work is summarized in Table
5, which also includes the corresponding data
from previous studies by way of comparison.
The differences between the reported values for
the studied raw materials may have arisen from
the use of different procedures, and the origin
and variety of the raw material used. There is
no significant difference between Tunisian, Iran
and Portugal almond shells in terms of chemical
composition [2-10, 19-27]. The monosaccharide
composition of almond shells and stems are
also determined. In fact, there was a significant
difference in the monosaccharide composition
of shells and stems. Glucose and xylose are the
main components of almond shells and stems,
while galactose and arabinose were present in
relatively minor quantities. In conclusion, due to
the acceptable amount of holocellulose, almond
shells and stems can be considered as a potential
source of cellulose for the production of cellulose
derivatives, cellulose pulp for papermaking
applications and natural fibres reinforced polymer
composite.

Analysis of the pulping treatment

There are 15 sets of the experiment from the
compilation of RSM for the study in order to
determine the optimum reaction of delignification
as shown in Table 1. By comparing the data in
Table 1, it shows thata yield of cellulose and Kappa
number varies with changes of process parameters.
Hence, further analysis was conducted to study
the influence of extraction process parameters on
yield and Kappa number. Figure 1 shows the main
effects plot for pulp yield and Kappa number,
respectively. For the two studied materials, the
temperature is the factor, which has the most
significant effect on the responses. The effect of
temperature on the pulp yield and residual lignin
were examined by varying the temperature from
80 to 140°C with a constant pH and pulping time.
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There was a significant decrease in the pulp yield
and residual lignin with increasing temperature.
This decrease was due to the solubilization of the
soluble substances in hot water and the oxidation
and solubilization of lignin. Less effect is given
by soda concentration. However, a few variations
are caused by the pulping time.

The statistical software Minitab 17 was used to
design experiments, to determine the coefficients
of linear, quadratic and interaction terms, and to
build the quadratic model and response surface
plots. The second-order polynomial equation for
the yield of almond shells (), the Kappa number of
almond shells (, the yield of almond stems (), and
the Kappa number of almond stems ( are shown in
Eqgs.(2) -(5) below.

Y (%)= 1819 - 1L81F, - 2371, - 430, - 47602+ 10742 + 318~ (5
1701, - 50858, 0278, 8, B = B0

Fopp imbeg = SL08- G243, - A7, - 41041, - LI - 0042+ 5
43K 4 06251, 8, - L430K, - 2207k, Y = 955

el () = 300 4305, - L1058, L7300 00— 05672 4 130517 (4)
B, 4 OI5TE 4 0508 R =9

Kappa Nunber = 4109 - 58118, - 12361, - 08Tk, 15378~ 01078 ¢ 5
46047 4 L5TRK, by + LTI5K, Ky 02151, B2 = 4Ty

Where: X, : temperature (°C), X,: time (min), and
X,: sodium hydroxide concentration (%).

The value of the determination coefficient
(R>>80%) indicates a good relationship between
the predicted and experimental values. All the
results indicate that the model developed is
successful. With these obtained models, it is
possible to predict with considerable adequacy
the responses under any given experimental
conditions within the limits of the variables
studied.

Figure 2 presents the obtained contour plots
of predicted values of pulp yield. Results showed
that the lowest values of pulp yield, similar to the
chemical pulp, was obtained with large values
of temperature, time and concentration of soda.
These lowest yields can be increased by pulping
at a lower temperature and a low value of the
concentration of soda or time. The use of a low
concentration of caustic soda would result in
lowering the consumption of chemical products
and an increase in the pulp yield. The optimum
conditions obtained by Box-Behnken statistical
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Fig. 1. Main effects plot for yield of (a) almond shells and (b) stems.

design are determined to maximize the production
of pulp. The result of the second-order polynomial
model developed indicated that the optimal
conditions for the delignification conditions are
listed in Table 6. To check the validity of the
optimized conditions, experiments were realized
to evaluate the experimental results versus
predicted values using the model equation. The
experiments were repeated three times and the
average values were shown in Table 6. The values
obtained through confirmation experiments are
within 95% of predicted values. This shows that
the developed quadratic models are well-suited.
It is also evident that the optimal values are valid
within the specified range of process variables.

Analysis of the bleach treatment

Table 2 shows the 27 experiments composed
by Minitab 17 software, based on a four-
independent variable, three-level (—1, 0 and +1)
Box-Behnken. The real values and coded values
of independent variables are also shown in Table
2. Figure 2 shows the variation of the pulp yield

Egypt. J. Chem. 62, No. 2 (2019)

with the changes in temperature, pH, time, and
hypochlorite concentration. It shows that the
highest and lowest variations in the highest pulp
yield were caused by changes in temperature
and pH, respectively. The pH is a very important
variable for installations containing chlorine and
water as it decides how dominant form is chlorine.
The proportion of chlorine, hypochlorous acid
and hypochlorite in solution depends on pH. The
acid hypochlorousis considered destructive to the
cellulose and therefore the bleaching is avoided in
the pH range of 2 to 9. It is essential to maintain
the pH at a suitable level for a hypochlorite
bleaching to prevent the attack of the cellulose.
Hydrochloric acid must be neutralized to prevent
the pH from falling in the area or hypochlorous
acid is active. For each starting material, the pH
improves the quality of pulp without losing yield.

During this part, the objective is to model the
responses as a function of the process parameters
(pH, temperature, time and sodium hypochlorite
concentration) and their interactions. The coeffi-
cients of quadratic models fitted for the yield of
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Fig. 2. Contour plots of yield in the soda-anthraquinone process of (a) almond shells and (b) stems (Hold values:
temperature = 110°C; time = 120 min; NaOH = 12%).

almond shells (), the Kappa number of almond

shells (, the yield of almond stems (), and the Kap-

pa number of almond stems (are shown in Egs.

(6) - (9) below.

Field, (%) = 2855 - 2421, - 15.68%, - 11358, - 1028, + 1059 + 21617
161383+ 124687 - 120, - LK, - 05K, K, - 5630, 4, 6)
08658, - 960%Y,; B =9172%

Hoppn umber,g, = 9.20 - 1592, - 17208, ~ 0584 By - 073Ky L0a K - 1009 -
REDN NIV ANBEN O AEETN () ARYI)) ATRBEN A AT A A
140 Kby B = 046

7)

Vied,g 0= 5595 - 761, ~ BBRY, - 3648, ~ 319K, 4 L2482 + %66K1 + 1640 4

1028 + 8008, - 3604, 8, ~ 53188, - ST38, 4 6578, - 76208, R = 9025 % ®

Kappa Number,s,
= 6133 - 0.795X, - 0.557X, — 0.672X, - 0.474X, - 0.163X% + 03567
+0.115X2 - 0.072X7 +0.410X, X, +0.268X, X, — 0.742X, X, - 0.242X,X,(Q)
- 0.695,X, +0590X,X,; R? = 90.00 %

Where: X: pH, X : temperature (°C), X.:
Sodium hypochlorite concentration (%) and X,:
time (min).

With high values of determination coefficients
(R*>90 %), the obtained models can be considered

as good statistical models with a high correlation
between the observed and predicted values. It
should be noted that the closer the value of R? to
unity, the better the empirical models fit the actual
data within the range of the chosen variables.

The optimal process conditions obtained to
maximizing the production of pure cellulose
for each kind of wastes are listed in Table 6. To
validate predicted values in these optimal process
conditions, experiments were carried out in the
same conditions and the obtained values were
compared with the predicted ones. Results are
presented in Table 6. They showed that predicted
and experimental values are in good agreement
with differences smaller than 5%. This proves
that the fitted Box-Behnken models are reliable
with good degree of accuracy, within the range of
experimental condition.

Morphological structure and fiber composition of
pulps from Prunus amygdalus

Figure 3 shows SEM pictures of crude and
fibers. Almond shells and stems have an outer
layer consisting of hemicellulose, lignin, and
other substances as shown in Fig. 3 (A, B, C, F,
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Fig. 3. SEM of (A, B and C) cross section of the almond shells, (D) spiral form in the vascular bundles of the almond
shells, (E) cellulosic fibres extracted from almond shells, (F, G and H) cross section of the almond stems, (I)
spiral form in the vascular bundles of the almond stems and (J) cellulosic fibres extracted from almond stems.

G and H). The outer layer protects the cellulose in
the almond shells and stems from being damaged
by the microorganisms in the environment.
Figure 3 (D and I) shows also the vascular
bundle in almond shells and stems. Some parts
of lignified thickenings in the secondary wall
arrange as the spiral structure to build the vessels
[30]. Furthermore, an observation of the cross-
section showed the strong presence of the porous
structure of the fibers forming the cellular tissues
of the material.Lignin, hemicelluloses, and other
extractive substances were removed from almond
shells and stems by the extraction and bleaching
process, and mainly cellulose was left. After
extraction, the topography was entirely modified.
The surface was free of impurities and a good
separation of fibers was noticed (Figure 3 (E and
J)). The divided fibers exhibited a cleaner surface,
which indicates that all of the fiber junctions were
dissolved. As regards, the dimensions of the fibres
extracted from almond shells and stems are given
in Table 7. The lengths of single fibres for the
both residues are similar to those in other sources
of biomass such as rice and wheat straw [19-27].
The fiber lengths of almond shells and stems were
380 and 518 pm, respectively. The fiber of almond
stems was longer than other fibers of annual plants
such as Switch grass(420 um). The fiber widths of
almond shells and stems were 27.8 and 19.6 um,
respectively. The width of the fiber extracted from
almond stems was smaller than the widths of other
fibers such as date palm rachis (22.3 pm) [24], and
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vine stems (24.6 pm)[23]. The fiber of almond
stems studied was thin and long. Because of the
shorter single cells, it is difficult to obtain almond
shells and stems fibers that are long and fine at the
same time. To form long fibers, a number of single
cells must be attached together by substances such
as lignin. The increase in the number of single
cells and binding substances increases the width
and diameter of the fiber resulting in coarse
fibers.

Regarding, the two cellulose samples
consisted of 85% glucose and a few amounts of
xylose as recapitalized in Table 7. The existence
of sugars other than glucose in cellulose
due to incomplete extraction of pectin and
hemicellulose. The molecular-average weight
(M,), number-average weight (M ), DP , DP_
and the polydispersity (D=M /M) of celluloses
extracted from almond shells and stems were
determined by using GPC technique. As shown
in Table 7, based on GPC analyses, the DP of
fibres extracted from almond stems was more
important than the almond shells. In all case,
these values are higher than those reported for
other annual plants [2-10, 19-27].

FTIR, XRD and thermogravimetric analysis of
pulps from Prunus amygdalus

The cellulose samples extracted from almond
shells and stems showed four diffraction peaks at
20 = 14.9°, 16.1°, 22.2° and 34.8° characteristic
of cellulose crystal I. The removal of lignin



VARIATION OF CHEMICAL AND MORPHOLOGICAL PROPERTIES OF DIFFERENT PARTS... 353

TABLE 7. Characteristics of fibres.

Relative sugar

Morfi

composition (%)

MW
M

Fine
elements

w

DP

Lignin

Yield

(Daltons)

(Daltons)

(%)

(%)

Coarseness
(mg.m™)

width

Length

Macrofibrils (%)

Xylose

Glucose

(%)

(um)

(mm)

44.6

1.125

0.0973

27.8

0.390

1.96

978

616 487

499

314 534

16.71

83.29

1.02

Almond

43.04

shells

36.3

1.260

19.6

0.518

0.0469

1.49

1521

958 721

1021

643 436

12.97

87.03

0.85

Almond

38.38

stems

and hemicellulose from the almond shells and
stems was indicated by shoulder peak at 16.1°
and a weak peak at 34.8°. In addition, the new
diffraction peak at around 20 = 19.7°, which
was commonly assigned to the less ordered or
amorphous region of the cellulose chains shown
in Fig. 4a. Fibres extracted from almond shells
and stems contain 64 and 73 % crystalline
cellulose, respectively, which are comparable
to those of cotton, flax, and kenaf which have
crystallinities of 65, 70, and 60%, respectively
[2-8]. However, other peaks were also detected
in the XRD curves. They correspond to calcium
and magnesium elements. These impurities are
the most common for lignocellulosic biomass,
which can be easily eliminated after cooking and
multi-stage washing process, since they are most
probably linked with carbonates anions. These
findings are in agreement with those deduced
from the TGA measurements [3-7, 18-22].

FT-IR spectra are shown in Fig. 4b. The
prominent band at 1064 cm represents ring
vibration and C—OH bending. The band at 1160
cm! is attributable to the C—O, C—O—C stretching,
with some contribution from C—OH bending.
The low intensities of the bands at 1322, 1370,
and 1424 cm”' indicates the C—H wagging and
O-H bending; CH, and OH bending; and C-H
and O-H bending, respectively. The band at 1640
cm™' was attributed to water in the cellulose.
Spectra were providing the existence of C-H
stretch band (2897-2923 cm™') and an O-H
stretch band (3406-3420 cm™') corresponding
to polysaccharides. The small sharp band at
900 cm™ shows the B-glycosidic linkages[31].
The both curves of almond shells and stems
confirmed that the two cellulose materials seem
to be comparable in chemical composition.

Concerning, the thermal analysis of the pulps
from Prunus amygdalus (shells and stems) was
performed, and the results displayed in Fig. 4¢
indicate that both pulps behaved similarly. In
fact, the thermal degradation of these fibres can
be divided into three thermal stages: below 280
°C, between 300 to 450 °C and higher than 450
°C. The peak observed in the first region, for both
examined fibres, is related to the evaporation
of residual water (less than 7% w/w). During
the second degradation step (280-380 °C), two
degradation mechanisms are observed. The
first one (280-380 °C) involves the degradation
of hemicelluloses and amorphous cellulose,
whereas the second mechanism (350-450 °C)
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Fig. 4. (a) XRD patterns (b)FT-IR spectra of celluloses (c) TGA and DTA.

most probably consists in the degradation of
the crystalline regions of cellulose. Finally, the
last degradation step (T>450) deals with the
thermal degradation of lignin. The samples seem
to be ash-free pulps. The crystalline region was
totally destructed and the cellulose pyrolyzed
into monomer of d-glucopyranose, which
decomposed into free radical[32].

Conclusion

Tunisian almond shells and stems could be
considered an interesting and promising source
of cellulosic fiber for papermaking thanks to the
abundance and renewability of this plant. The
chemical composition showed that the fibers
were rich with biopolymers (carbohydrate content
60%). The pulping of these raw materials for
fibers was performed by a soda-anthraquinone
process, which gave a good yield (40 %) with a
Kappa number about 5-9. The obtained results
show potential sources of cellulose fibres, with a
view to using them in several applications, such
as composite materials, papermaking, cellulose
derivatives etc.
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