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Abstract

Pennisetum glaucum pearl millet as whole stalks and core were examined for suitability in the production of pulp and
paper. Fiber dimensions, morphological, and chemical characteristics are reported. The pulping trials with soda-AQ, ASAM, and
soda as reference were carried out. ASAM pulping gave good results in yield, degree of delignification, and mechanical
properties. The best screened yield, lowest kappa number, highest brightness, and viscosity were obtained by ASAM cooking.
Soda-AQ gave pulps with good screened yield, kappa number, and viscosity compared with soda cooking. The separation of bark

and core is not recommended.
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1. Introduction

Pearl millet (Pennisetum glaucum L.) is a low
priced food grain crop that belongs to the Poaceae family
which is drought- and high-temperature tolerant. The distri-
bution area of pearl millet in the West and Central Africa
harbors a wide range of climatic and environmental conditions
(Chaudhari et al., 2018; Jaiswal et al., 2018; Rajaram et al.,
2013; Stich et al., 2010).

The stems of pearl millet are cut into small pieces to
improve their digestibility and they are used to improve
livestock diet and the stalks are used to prevent soil erosion
(Lamers, 1993; Michels, Sivakumar, & Allison, 1995;
Rebafka, Hebel, Bationo, & Stahr, 1994). Millet is the main
food for the western Sudanese people in several types of food
dishes such as Balila (whole cooked grain), non-fermented
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whole millet flour to make acida (stiff porridge) and madidat
atroon (thin porridge with natron), fermented dough to make
kisra (unleavened bread), nasha (thin porridge), and Marisa
(opaque beer) and the extracted starch is known as Jir or
Geeria (Abdelsamad, Ahmed, Ahmed, El Tinay, & Ibrahim,
2009; Ayanwale, Adekunle, & Akinola, 2013; Babiker, Khai,
& Tahir, 2014; Issa et al., 2018).

The application of millet stalks in pulp and paper
manufacturing can be more beneficial because they are
abundant, inexpensive, and can provide economic and
environmental benefits (Dulermo, et al., 2016; Elzaki, Khider,
& Omer 2012). Harinarayana et al. (2005) found that the
millet stalks were rich in cellulose content (39.4%),
hemicellulose (23.9%), and relatively low in lignin (12.8%),
thus representing a promising feedstock (Saeed, Liu, Lucian,
& Chen, 2017).

The soda process is an alternative method for
producing sulfur-free pulp. However, using a high alkali
charge associated with high temperature damages the soda
pulp viscosity and the quality and paper strength as well.
Pulping additives can be used to improve these parameters
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(Almeida & Gomide, 2015). The chemical materials that make
up the alkaline sulfite-anthraquinone-methanol (ASAM)
process are sodium sulfite, sodium hydroxide (NaOH),
anthraquinone (AQ), and methanol. These materials play a
unique role in pulping because, sodium sulfite and NaOH are
the major ingredients of the alkaline sulfite process while AQ
and methanol act as catalysts to enhance the chemical
penetration delignification of the lignocellulose biomass
(Paridah et al., 2018).

The soda process is an alternative method for
producing sulfur-free pulp. The objective of the current work
was to investigate the suitability of pulping of pearl millet
stalks with NaOH (soda lye), soda-AQ, and alkaline sulphite—
AQ with the addition of methanol in the ASAM process.

2. Materials and Methods

Millet stalks were collected according to TAPPI
2002, from a farmer in the Alfasher locality of North Darfur
State, Sudan. It is subtropical area characterized by low soil
fertility and limited moisture content where annual rainfall
ranges 200-800 mm and the average total area annually
cultivated is approximately 2.5 million ha. However, millet
stalks are used as feed for animals and used mostly as building
material or fuel (Abuelgasim, 2011) The height of the
collected plant stalks ranged 0.5-4 m and were cultivated in
the autumn of 2017. Twenty kilograms of stalks were
collected by hand, packaged in bags, and transported to
Khartoum (National Centre for Research) by bus. The air
dried samples of core and whole millet were manually
separated and chopped into 3-5 cm lengths. Fiber dimension
evaluations were done after maceration with a mixture of 30%
hydrogen peroxide and acetic acid (1:1) and were carried out
microscopically at 300x and 400x magnifications after
staining with aqueous safranin using an Aus Jena microscope
equipped with a Laboval 4-Carl Zeiss trinocular head with
micrometer resolution (Horn, 1978; Kirci, 2006). About 100
fibers were measured and the standard deviation was
calculated for each fiber dimension. Representative sample of
a portion prepared chips for pulping trails was ground in a star
mill and the 40X60 mesh fraction was used for chemical
analysis according to TAPPI standards (2002) & Obolens
kaya, Tshegolov, Akim, Kossoviz, and Emelyannova (1965).
The raw materials were characterized chemically in
accordance with applicable TAPPI standards for different
components, namely preparation for chemical analysis
(TAPPI 264 cm-97), sampling and testing for moisture
(TAPPI 210 cm-93), lignin (TAPPI-222), alpha cellulose

(TAPPI 2030S-61), hot water soluble (TAPPI T-207),
Pentosans (TAPPI 223-cm-01) solvent extraction of wood
(TAPPI 204), and ash (TAPPI 212). The experiments were
repeated three times and the mean was calculated for each
chemical analysis.

Pulping was carried out in 71 electrically heated
digesters with forced liquor circulation. Three different
alkaline pulping processes with and without additives were
used: soda-AQ (Holton 1977; Khider, Omer, & Taha, 2012;
Khristova, Gabir, Bentcheva, & Khider, 1998), and alkaline
sulphite-AQ methanol (ASAM) (Kordsachia, Wandianger, &
Patt, 1992) with soda cooking as the reference according to
the cooking conditions (Table 1). The pulp was then beaten in
a Valley beater according to TAPPI 200-sp-01 freeness of
pulp (Canadian standard method TAPPI 2270m-99), Kappa
number (TAPPI 236om-99), viscosity (TAPPI 2300m-99),
physical testing of pulp sheets (TAPPI 220-sp-01). Condi-
tioning of testing atmosphere (TAPPI 402-sp-98), burst
strength (TAPPI 4030m-97) and tensile (TAPP-404-cm-92).

3. Results and Discussion

The millet bark average length (0.52 mm) was in the
range of short fiber tropical hardwoods while the core portions
were shorter (0.39 mm) (Table 2). The quite wide core and
bark fibers (27.2 and 28.3 um, respectively) had medium thick
walls (4.9 and 5.1 pum, respectively) with more or less the
same lumen width (17.4 and 18.2 um, respectively). This was
reflected in the same morphological indices, indicating their
ability to collapse easily and to form good fiber-to-fiber
bonding which is important for paper strength. The Runkel
index for both fiber types was less than 1.0 which indicated
they were suitable for papermaking. The flexibility index was
63.9 and 64.3 (2nd category of the Istas classification 1965)
which is positively correlated to the tensile strength and burst
factor. Although there is still controversy in accepting the
morphological data in predicating the properties of pulp the
multi-regression technique seems undoubtedly valuable in
showing which morphological characters are important in the
pulp properties (Dinwoodie, 1965). Since the bark and core of
the millet stalk had the same morphological indices, there was
no need to separate the fibers, which is also more attractive
and economical.

The ash contents of the core and whole millet stalks
were rather high (4.8% and 5.6%, respectively) but typical for
tropical non-woody plants (Table 3). The silica content was
high in both raw materials which is usual for such agricultural

Table 1.  Pulping conditions of millet stalks.

Cooking conditions Soda Soda-AQ ASAM
Active alkali charge as Na,O % 15.4 13.4 12.9
NaOH: Na,SO;ratio - - 70:30
Anthraquinone, % 0 0.1 0.1
Methanol added as % to white liquor 0 0 15
Liquor to millet ratio, 4 4 4
Maximum temperature, °C 160 160 165
Time to maximum temperature, min 60 60 65
Time at maximum temperature, min 90 90 90

Abbreviations: Na,O, sodium oxide; NaOH, sodium hydroxide; Na,SOs, sodium sulfite.
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Table 2.  Fiber dimensions and morphological indices of millet stalks.
Fiber dimensions Measured value of bark SD Measured value of core +SD
Fiber length, mm 0.52 0.8 0.39 0.7
Fiber width, um 28.3 0.8 27.2 0.6
Lumen width, um 18.2 0.9 17.4 0.9
Wall thickness, um 5.1 N.A 49 N.A
Morphological indices - - - -
Runkel index 0.56 - 0.56 -
Wall fraction 36 - 36 -
Flexibility coefficient, % 64.3 - 63.9 -
Rigidity coefficient, % 18.02 - 18.01 -
Felting power (slenderness) 18.4 - 14.3 -
Abbreviations: SD, standard deviation
**N.A= not available
Table 3. Chemical components with bark and without bark of millet stalks.
Chemical composition, % Whole millet Core
Ash 5.6 4.8
Total silica 3.6 3.9
Solubility in
Hot water 7.4 6.2
Cold water 7.6 6.9
Alcohol (Ethanol) 2.7 2.6
Ethanol: cyclohexane (1:2) 0.7 0.8
1% NaOH 37.1 31.2
Kurschner-Hoffer cellulose 474 451
Alfa-cellulose 422 40.4
Holocellulose 64.3 62.0
Pentosans 17.0 16.2
Lignin 21.1 22.3
Total extractives 8.1 7.3
Cellulose to lignin ratio 2.25 2.02

residues. The lignin was rather low predicting low to moderate
chemical consumption. However, the hot water, cold water,
1% NaOH soluble, and total extractives were rather high,
while cyclohexane, alcohol, and ethanol soluble extractives
were low to moderate which suggested low to moderate
chemical consumption (Table 3). The cellulose (Kushner-
Hoffer) was 45.1% and 47.4% for core and whole millet
stalks, respectively, which meant good pulp yields. The
presence of water-soluble hemicelluloses in pulp fibers
increases their swelling tendency and water absorption during
beating, thus the fiber-to fiber bonding improves, which leads
to further considerable increase in most properties, especially
the tensile strength, these reflected by good pentosan and
holocellulose contents for both raw materials (Khristova,
Bentcheva, & Karar, 1998; Khristova, Bentcheva, & Khider,
1998). Cellulose-to-lignin ratio was higher than 2 and
predicted normal pulping with the alkaline methods.

AQ is a powerful redox-catalyst in alkaline pulping
especially when agricultural residues are cooked (Shakhes,
Zeinaly, Marandi, & Saghafi, 2011). The results of alkaline
sulfite and AQ with methanol (ASAM [MS5 and MS6]), and
soda with (MS3 and MS4) and without (MS1 and MS2) the
addition of AQ are shown in Table 4. The use of a higher
temperature in ASAM pulping (165 °C) compared with soda-
AQ and soda cooking (160 °C) was because of the methanol
in ASAM cooking. The use of 0.1% AQ substantially

enhanced the delignification in both processes due to the
stabilizing effect of AQ on the carbohydrates (Table 1). It also
gave higher screened vyields at lower active alkali (12.9—
13.4%), and better viscosities than the soda pulping with
15.4% active alkali charge. With 12.9% active alkali charge,
ASAM (MS5 whole millet) gave pulp with good screened
yield and initial I1SO brightness but with a higher Kappa
number and higher viscosity compared to soda-AQ pulps
(MS3 and MS4) (Table 1). According to Gierer (1982), the
intermediate formation of quinonemethide is preceded by
cleavage of PB-ether aryl-ether bonds. Subsequently, sulfo-
nation occurs at the electrophilic B-carbon, followed by a
sulfolytic cleavage of pB-aryl ether bonds. The most distinctive
advantage of ASAM cooking compared to soda-AQ cooking
was the much higher initial 1SO brightness of pulps and the
more intensive delignification at higher total yield. The
viscosity values indicated that cellulose degradation had the
lowest MS5 (ASAM whole millet) and the highest cellulose
degradation occurred during ASAM cooking of core (MS6)
could be attributed to weakening of the fiber of core because
it’s chemical constituents, especially carbohydrates (Table 4)
compared to whole millet pulps. However, the overall
evaluation of pulping results showed the cooking of millet
stalks as a whole will give better yields, kappa humbers, and
viscosities. Therefore, it is economically beneficial to reduce
the separation cost during the cooking pretreatment of millet.
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Table 4. Pulping results of millet stalks.
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Pulping process Soda

Soda-AQ

ASAM

cooking code whole millet MS1 Core MS2 whole millet MS3 Core MS4 whole millet MS5 Core MS6
Total yield,% 34.7 42.7 37.3 454 47.3 48.2
Screened yield,% 33.6 421 35.2 43.9 47.2 47.3
Reject, % 11 0.6 2.1 15 0.1 0.9
Kappa number 26.1 27.5 22.4 21.9 24.1 20.5
Viscosity, ml g* 545 525 552 533 563 520
1SO brightness,% 21 23 23 22 40 42

Abbrevistions: AQ, anthraquinone; ASAM, alkaline sulfite-anthraquinone-methanol; MS, millet stalks.

The pulp properties for soda and ASAM for both
core and whole millet are reflected in Figures 1-5. The
superiority of ASAM pulps was obvious compared to soda
pulps in weight (Figure 1), grammage (Figure 2), and
thickness (Figure 3). The ASAM bark had very thick pulps
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Figure 1. Histogram average weight (grams) vs beating time, min for
soda and ASAM pulps.
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Figure 2. Histogram of grammage (g/m2) vs beating time, min for
soda and ASAM pulps.
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due to the fact that ASAM cooking of millet stalks bark had
more inter-fiber bonding and therefore a more condensed and
compact sheet. On the other hand, the tensile strength of soda
pulps was higher than the ASAM (Figure 4) pulps which was
supported further by the high viscosity and the same pattern
for burst (Figure 5) when comparing the different properties
versus beating time. It was also found that the pulp properties
of bamboo subjected to the ASAM pulping process were
significantly affected by the cooking conditions (P<0.05)
(Paridah, et al. 2018). The pulp at 18% NaOH and 90 min
cooking time gave low pulp yield and tear index of 41.24%
and 18.64 mN.m?/g, respectively. The pulp made with 16%
NaOH and 90 min cooking time presented the best properties,
pulp yield, Kappa number, tensile strength, tear and burst
indices with values of 49.06%, 14.2, 20.86 Nm/g, 22
mN.m?/g, and 10.05 kPa.m?/g, respectively (Paridah, et al.
2018). The overall strength properties of whole and core pulps
indicated no need to separate the fiber core from the bark as it
seemed more or less similar in morphological and chemical
properties.
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Figure 4. Tensile index (Nm/g) vs beating time (min) for soda and
ASAM pulps.
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Figure 3. Histogram of thickness (um) vs beating time (min) for
soda and ASAM pulps.

Figure 5. Burst index (k Pa m?/g) vs beating time (min) for soda and
ASAM pulps.
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Figure 6. Digester and instruments used for cooking and chemical characterization.

4. Conclusions

The fiber characteristics and morphological indices
of the pearl millet stalks were typical of non-woody plants and
agricultural residues. The wide fiber lumen diameters with
high flexibility coefficient and favorable Runkel ratio
indicated good paper properties of the corresponding pulps.
The chemical composition of millet stalks showed resem-
blance to the tropical species. However, ash content, high
silica, good carbohydrates, and cellulose/lignin ratio were
favorable for alkaline pulping with acceptable charge and pulp
yields as would be expected. Pulping with ASAM, and soda
with and without AQ as reference, confirmed the beneficial
effect of AQ-addition, especially a dose of 0.1% AQ. The use
of whole millet stalks without separation of core and bark
gives pulps with good quality. It seems possible to avoid the
high cost of separation, which would represent a problem for
industrialization of this agricultural residue.

Acknowledgements

The authors are grateful for the Cellulose Chemistry
and Technology Research Unit at the National Centre for

Research (NCR), Khartoum, Sudan for the use of their
research facilities. Thanks also for the lab work done by
students, Muntassir Omer Ahmed, Shimaa Emad Aldeen, and
Ismail Abdalla Abdrhman.

References

Abdelsamad, A. A., Ahmed, U. M., Ahmed, A. R., El Tinay,
A. H., & lbrahim, K. A. (2009). Physicochemical
characterization of traditionally extracted pearl
millet starch (Jir). Journal of Applied Sciences
Research, 5(11), 2016-2027.

Abuelgasim, E. H. (2011). Pearl millet, pennisetum glaucum,
production and improvement in the Sudan.
Sudanese Encyclopedia of Agricultural Sciences.
Retrieved from  http://www.erails.net/SD/nectar
forum/senassudan/research-and-studies/pearl-millet-
pennisetum-glaucum-production-and-improvement-
in-the-sudan/

Almeida, D., & Gomide, J. L. (2015). Soda pulping with
additives. Proceeding of the 7! International Collo-
quium on Eucalyptus Pulp, May 26-29, Vitoria,
Espirito Santo, Brazil.



122 O. T. Elzaki et al. / Songklanakarin J. Sci. Technol. 42 (1), 117-122, 2020

Ayanwale, A. B., Adekunle, A. A., & Akinola A. A. (2013).
Economic impacts of integrated agricultural
research for development (IAR4D) in the Sudan
Savanna of Nigeria. African Development Review,
25(1), 30-41.

Babiker, S.A M., Khair, M.A., & Tahir, I. S. A. (2014).
Exploitation of forage attribute-based variations in
Sudan pearl millet [Pennisetum glaucum (L.) R. Br.]
Collections. Plant Genetic Resources, 12(1), 83-90.
doi:10.1017/S1479262113000312

Chaudhari, R. P., Patel, P. M., Patel, B. M., Kumar, U., Darj,
S. S., & Patel, S. J. (2018). Performance of summer
pearl millet (Pennisetum glaucum L.) hybrids under
North Gujarat conditions. International Journal of
Current Microbiology and Applied Sciences, 7(1),
637-644. doi:10.20546/ijcmas.2018.701.077

Dinwoodie, J. M. (1965). The relationship between fiber
morphology and paper properties: a review of
literature. TAPPI Journal, 48, 440-447.

Dulermo, T., Coze, F., Virolle, M. -J., Méchin, V., Baum-
berger, S., & Froissard, M. (2016). Bioconversion of
agricultural lignocellulosic residues into branched-
chain fatty acids using Streptomyces lividans.
Oilseeds and Fats, Crops and Lipids, 23(2), 1-8.
doi:10.1051/0cl/2015052

Elzaki, O. T., Khider, T. O., & Omer, S. H. (2012). Pulp and
papermaking characteristics of Cajanus cajan stems
from Sudan. American-Eurasian Journal of Agricul-
tural and Environmental Sciences, 12(2), 159-163.

Gierer, J. (1982). The chemistry of delignification, general
concept, Part 1. Holzforschung, 36, 43-51.

Gierer, J. (1982). The chemistry of delignification, general
concept Part 2. Holzforschung, 36, 55-64.
Harinarayana, G., Melkania, N., Reddy, B., Gupta, S., Rai, K.
N., & Kumar, P. S. (2005). “Forage potential of
sorghum and pearl millet, ”in: Biofortified Crops for
Human Nutrition (pp. 292-321). West Lafayette, IN.

Holton, H. (1977). Soda additives softwood pulping a major
new process. Pulp Paper Canada, 78, T218-T223.

Horn, R. (1978). Morphology of pulp fiber from hardwoods
and influence on paper strength. Forest Products
Laboratory Report, 312.

Issa, T. O., Mohamed, Y. S., Yagi, S., Ahmed, R. H., Najeeb,

T. M., Makhawi, A. M., & Khider, T. O. (2018).

Ethnobotanical investigation on medicinal plants in

Algoz area (South Kordofan), Sudan. Journal of

Ethnobiology and Ethnomedicine, 14(1), 31 doi:10.

1186/s13002-018-0230-y

R. (1965). Pulp from Congolese fibrous raw

materials. Conference on pulp and paper develop-

ment in Africa and Near East. Rome, Italy: Food
and Agriculture Organization.

Jaiswal, S., Antala, T., Mandavia, M. K., Chopra, M., Jasrotia,
R., Tomar, R., . . . Kumar, D. (2018). Transcrip-
tomic signature of drought response in pearl millet
(Pennisetum glaucum (L.) and development of web-
genomic resources. Scientific Reports, 8(3382).
doi:10.1038/s41598-018-21560-1

Khider, T. O., Omer, S., & Taha, O. (2012). Alkaline pulping
of Typha domingensis from Sudan. World Applied
Sciences Journal, 16(3), 331-336.

Istas, J.

Khristova, P., Gabir, S., Bentcheva, S., & Khider, T. (1998).
Soda-AQ pulping of four Acacias from Sudan.
Cellulose Chemistry and Technology, 32(3-4), 299-
307.

Khristova, P., Bentcheva, S., & Karar, I. (1998). Soda-AQ
pulp blends from kenaf and sunflower stalks.
Bioresource Technology, 66, 99-103.

Kirci, H. (2006). Pulping industry. KTU Faculty of Forest
Press, No: 86, Trabzon.

Kordsachia, O., Wandianger, B., & Patt, R. (1992). Some
Investigation on ASAM pulping and chlorine free
bleaching of Eucalyptus from Spain. Holz Roh.
Werkst, 50, 85- 91

Lamers, J. (1993). The many uses of millet residues. P Feil -
ILEA Newsletter, metafro.be

Michels, K., Sivakumar, M. V. K., & Allison. B. E. (1995).
Wind erosion control using crop residue Il. Effects
on millet establishment and vyields. Field Crops
Research.

Obolenskaya, A. V., Tshegolov, G. I., Akim, N. C., Kossoviz,
N. L., & Emelyannova, I. Z. (1965). Practitcheshie
Raboti po Himii Drevesinii Tzellulozi. Moscow,
Lesporm. (In Russian)

Paridah, M. T., Moradbak, A., Mohamed, A. Z., Abdulwahab
F., Owolabi, T., Asniza, M., & Abdul Khalil, H. P.
(2018). Alkaline Sulfite Anthraquinone and
Methanol (ASAM) pulping process of tropical
bamboo (Gigantochloa scortechinii). doi:10.5772/
intechopen.76806

Rajaram, V., Nepolean, T., Senthilvel, S., Varshney, R.,
Vadez, V., Srivastava, R., . . . Hash, C.T. (2013),
Pearl millet (Pennisetum glaucum (L.) R. Br]
Consensus linkage map constructed using four RIL
mapping populations and newly developed EST-
SSRs. Genomics 14:159. Retrieved from http://
www.biomedcentral.com/1471-2164/14/159

Rebafka, F.P., Hebel, A., Bationo, A., & Stahr, K. (1994).
Short-and long-term effects of crop residues and of
phosphorus fertilization on pearl millet yield on an
acid sandy soil in Niger, West Africa. Field Crops
Research.

Saeed, H. A. M., Liu, Y., Lucian, L. A., & Chen, H.
(2017). Sudanese agro-residue as a novel furnish for
pulp and paper manufacturing. BioRes, 12(2), 4166-
4176.

Shakhes, J., Zeinaly, F., Marandi, M., & Saghafi, T. (2011).
The effect of processing variables on the Soda and
Soda-AQ pulping of Kenaf Bast Fibers. Bio
Resources, 6(4), 4626-4639.

Stich, B., Haussmann, B.G., Pasam, R., Bhosale, S., Hash, T.,
Melchinger, A. E., & Parzies, H. K. (2010). Patterns
of molecular and phenotypic diversity in pearl millet
(Pennisetum glaucum (L.) R. Br. from West and
Central Africa and their relation to geographical and
environmental parameters. Plant Biology, 10, 216.
Retrieved from  http://www.biomedcentral.com/
1471-2229/10/216

TAPP1 (2002). Standards and suggested methods. New York,
NY: Author.



