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Abstract 
 
This study investigated soda-anthraquinone (soda-AQ) pulping of Thai Sorghum bicolor residues in two 
forms: whole stalks with leaves and stalks only. Whole stalks with leaves were pulped at NaOH charges 
of 12–24%, whereas stalks only were evaluated at 8–18%, with NaOH charge expressed as Na₂O on an 
oven-dry raw-material basis and AQ maintained at 0.1%. Increasing NaOH charge reduced kappa 
number and screen rejects but also decreased screened pulp yield. At 12% NaOH, whole stalks with 
leaves gave a screened yield of 37.71% and a kappa number of 28.80. For stalks only, increasing NaOH 
to 18% reduced the reject to 0.30%, with a screened yield of 37.54% and a kappa number of 10.44. Ring 
crush values reached 431 N (vs. 296 N for reference eucalyptus handsheets), and corrugating medium 
strength reached 398 N (vs. 384 N). The whole-stalk-with-leaves pulp exhibited a tensile index of 91.1 
N·m/g, approximately 41.9% higher than the 64.2 N·m/g of the eucalyptus reference pulp. These results 
support the technical potential of undepithed sorghum residues as an alternative non-wood fiber source 
for unbleached packaging-paper applications. Further studies are required to establish multi-response 
criteria for selecting pulping conditions and to evaluate industrial, economic, and environmental 
performance. 

 
Keywords: Sorghum bicolor, Soda-Anthraquinone Pulping, Non-Wood Fiber, Agricultural Residues, 
Packaging Paper 
 
 
1. Introduction 

 
The pulp and paper industry relies heavily on lignocellulosic biomass as a raw material for fiber 

production [1–3]. Recent literature emphasizes growing interest in non-wood lignocellulosic resources 
and agricultural residues as complementary fiber sources and as feedstocks for circular biomass 
utilization [11–16,28–30,32]. Sorghum residues generated after grain harvesting consist primarily of 
stalks and leaves and have been investigated as feedstocks for chemical pulp and other bioproducts [4–
6,8,10,17–21,31]. Previous sorghum studies demonstrate that cooking conditions and raw-material 
preparation can influence pulp yield, delignification, fiber characteristics, and paper properties 
[5,6,8,10,17,18,28,29,31]. Soda-anthraquinone (soda-AQ) pulping is a sulfur-free alkaline pulping 
process that is technically distinct from kraft pulping [2,3,7]. Soda and soda-AQ processes are widely 
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discussed for non-wood lignocellulosic materials, although heterogeneous anatomy, ash and mineral 
content, fiber dimensions, raw-material handling, and process integration remain relevant technical 
considerations [11–16,22,30,32]. Sorghum stalks contain fibrous tissue together with parenchymatous 
pith, and depithing or physical fractionation has been investigated before processing [5,9,19]. Recent 
work on sorghum bagasse and other herbaceous residues also demonstrates continuing interest in their 
pulping and papermaking potential [17,18,20–26,28,29,31,32]. However, limited information is 
available on the comparative soda-AQ pulping behavior of undepithed whole stalks with leaves and 
stalks only, particularly with respect to pulping response, fiber morphology, and handsheet properties. 

This study investigated soda-anthraquinone (soda-AQ) pulping of Thai Sorghum bicolor residues 
collected after grain harvesting, using two raw-material fractions defined as whole stalks with leaves 
and stalks only. Both fractions were processed without depithing under different NaOH charges. The 
resulting pulps were evaluated in terms of chemical composition, pulping performance, fiber 
morphology, and handsheet properties, and compared with a eucalyptus reference pulp. The objective 
was to assess the technical potential of undepithed sorghum residues as an alternative non-wood fiber 
source for unbleached packaging-paper applications. 
 
2. Research methodology  
 

The experimental methodology employed a laboratory-scale digester to investigate soda-
anthraquinone (soda-AQ) pulping of two fractions of Thai Sorghum bicolor residues: whole stalks with 
leaves and stalks only. Both fractions were processed without depithing. Unbleached pulp samples were 
produced at different NaOH charges, and the resulting pulps were evaluated for pulping performance, 
fiber morphology, optical properties, and handsheet strength properties. An eucalyptus reference pulp 
from an internal SCGP laboratory experiment was used for comparative evaluation of pulping response, 
fiber characteristics, and handsheet properties. 

 
2.1. Research processes  
 

Unbleached sorghum pulp was prepared from two fractions, whole stalks with leaves and stalks 
only, using the soda-AQ process. The NaOH charge was varied independently for each raw-material 
fraction, while the AQ dosage, liquor-to-raw-material ratio, cooking temperature, and cooking time were 
kept constant. After cooking, the pulps were disintegrated and screened. Selected pulps were 
subsequently refined and formed into laboratory handsheets for optical and strength testing using 
standard TAPPI and ISO methods. The eucalyptus reference used for comparison was obtained from an 
internal SCGP laboratory experiment at 18% NaOH as Na₂O; a 14% NaOH eucalyptus cook was 
excluded from quantitative comparison because of high reject and uncooked chips. 

 
2.2. Raw material collection and preparation 
 

Air-dry stalks of Sorghum bicolor together with attached leaves were collected from the Siam 
Forestry Company in Chonburi, Thailand (Figure 1). The material was manually chopped into 2–5 cm 
lengths for pulp preparation. Two fractions were prepared: whole stalks with leaves (leaves attached; 
Figure 2) and stalks only (leaves removed; Figure 3). For chemical composition analysis, dried samples 
of each fraction were ground into meal and passed through a 200-mesh sieve. 

 
2.3. Chemical composition analysis 
 

Solvent extractives (alcohol-benzene) were determined according to TAPPI T 204 cm-17, and 
acetone extractives were measured following TAPPI T 280 pm-99. Pentosan content was analyzed using 
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TAPPI T 223 cm-23. Ash content was determined by combustion at 525 °C in accordance with TAPPI 
T 211 om-22. Cellulose and lignin contents were not determined in the present study; therefore, 
interpretation of delignification and carbohydrate retention was limited to the measured pulping 
responses and is acknowledged as a limitation of the chemical composition analysis. 

 
2.4. Soda-AQ pulping 
 

For pulp preparation, chopped sorghum residues (2–5 cm) were processed in a six-batch 
laboratory digester equipped with heating and temperature control. Whole stalks with leaves and stalks 
only were processed without depithing. In each cook, 350 g of oven-dry sorghum material was pulped 
with 0.1% soluble anthraquinone based on oven-dry raw material at a liquor-to-raw-material ratio of 4:1. 
Whole stalks with leaves were cooked at 12, 14, 16, 18, 22, and 24% NaOH, whereas stalks only were 
cooked at 8, 10, 12, 14, 16, and 18% NaOH. All NaOH charges were expressed as Na₂O on an oven-dry 
raw-material basis. The material was impregnated with cooking liquor under nitrogen pressure (6.5 
kg/cm²) for 40 min, heated to 165 °C over 60 min, and maintained at 165 °C for 60 min. After cooking, 
the spent cooking liquor (black liquor) was separated from the pulp, which was then disintegrated 
according to TAPPI T 205 sp-02 and screened using a Somerville fractionator equipped with a 0.15-mm 
slotted plate. Screened pulp yield and screen reject were determined on an oven-dry basis. The black 
liquor contained dissolved organic material from the sorghum raw material, including lignin-derived 
material and dissolved or degraded carbohydrates, together with residual inorganic cooking chemicals; 
these components were not quantified separately. A representative black liquor sample was oven-dried, 
and the dry residue was weighed gravimetrically. The black liquor dry-solids load was calculated as the 
mass of oven-dried black liquor solids divided by the oven-dry mass of screened pulp produced from 
the corresponding cook and was expressed as t dry solids/t pulp. This parameter therefore represents 
total black liquor dry solids normalized to screened pulp production and not the quantity of any 
individual dissolved component. 

 
Black liquor dry-solids load (t dry solids/t pulp) = Mass of oven-dried black liquor solids / Mass of 

oven-dry screened pulp 
 

2.5. Pulp property evaluation 
 
Kappa number was measured on the screened pulp according to TAPPI T 236 om-99. Selected 

screened pulps used for handsheet evaluation were refined in a PFI mill following TAPPI T 248 sp-00. 
Pulp freeness was measured according to TAPPI T 227 om-21, and laboratory handsheets were prepared 
according to TAPPI T 205 sp-02. Handsheets used for comparison were prepared at a target freeness of 
300 mL CSF. 
 
The handsheets were conditioned at 27 ± 2 °C and 65 ± 2% relative humidity in accordance with ISO 
187:2022 prior to testing for optical and physical properties. 
 
Handsheet strength properties were evaluated following TAPPI standard methods: 
 
Burst index: TAPPI T 403 om-23 
 
Tear index: TAPPI T 414 om-21 
Tensile properties (tensile index, stretch %, tensile stiffness index): TAPPI T 494 om-22 
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Ring crush: TAPPI T 822 om-22 
 
Corrugating medium test: TAPPI T 809 om-21 
 
Handsheets for optical testing were prepared according to ISO 3688:1999, and pulp brightness was 
measured following ISO 2470-1:2016 (ISO brightness). 
 
2.6. Fiber morphology analysis 
 

Average fiber length and fines content of the selected sorghum pulps were compared with those 
of the eucalyptus reference pulp from SCG Packaging Public Company Limited (SCGP). The eucalyptus 
pulping response used for reference was obtained at 18% NaOH as Na₂O; a 14% NaOH eucalyptus cook 
produced high reject and uncooked chips and was therefore excluded from quantitative comparison. 
These comparisons are used as reference benchmarks rather than as evidence of equivalent pulping 
severity across raw materials. 
 
2.7. Statistical analysis 
 

Pulping experiments and chemical composition analyses were performed in triplicate, and results 
are reported as mean ± standard deviation (n = 3), where replicate measurements were available. No 
inferential statistical test was applied; therefore, differences among treatments and between sorghum 
and eucalyptus are described descriptively and are not interpreted as statistically significant. 

 
3. Results and Discussion  
 

The measured chemical composition of the two sorghum residue fractions is presented in Table 
1. Whole stalks with leaves contained 18.74% alcohol-benzene extractives, 14.49% acetone extractives, 
26.89% pentosans, and 5.74% ash, whereas stalks only contained 23.22%, 15.78%, 28.02%, and 4.57%, 
respectively. The eucalyptus reference contained lower extractives, pentosans, and ash than either 
sorghum fraction. Because no inferential statistical tests were performed, these differences are described 
descriptively rather than as statistically significant. Cellulose and lignin contents were not determined; 
consequently, the chemical-composition data cannot be used to quantify delignification or carbohydrate 
retention. 
 

 
 
 
 
 

 
 
 
 
 
 

Figure 1. Sorghum bicolor plantation in Chonburi, Thailand (Siam Forestry Company). 
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Figure 2. Whole stalks with leaves used as sorghum raw material. 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3. Stalks only used as sorghum raw material. 
                       
         

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4. (A) Sorghum residues in the laboratory digester and (B) pulp after cooking before washing. 
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Figure 5. Fiber Quality Analyzer (FQA model 360). 

Table 1. Chemical composition (%, oven-dry basis) of whole stalks with leaves, stalks only, and 
eucalyptus reference woodchips. Values are mean ± standard deviation (n = 3). 

 
Test item, % oven-dry raw 
material 

Whole stalks 
with leaves 

Stalks only Eucalyptus reference 
woodchips 

Solvent extractive (alcohol-
benzene) 

18.74+0.05 23.22+0.05 1.80+0.06 

Solvent extractive (Acetone) 14.49+0.05 15.78+0.05 0.93+0.04 

Pentosans 26.89+0.20 28.02+0.10 12.30+0.25 

Ash content at 525 °C 5.74+0.5 4.57+0.30 0.30+0.05 

 
The sorghum fractions contained higher measured solvent extractives than the eucalyptus 

reference. Alcohol-benzene extractives were 18.74% for whole stalks with leaves and 23.22% for stalks 
only, compared with 1.80% for eucalyptus; acetone extractives were 14.49%, 15.78%, and 0.93%, 
respectively. These compositional differences may influence pulping and downstream liquor handling; 
however, their specific effects were not evaluated in the present study, and the contribution of individual 
plant fractions was not separately determined. 

Pentosan contents were 26.89% for whole stalks with leaves and 28.02% for stalks only, compared 
with 12.30% for the eucalyptus reference. Hemicelluloses can contribute to fiber swelling, inter-fiber 
bonding, and paper-strength development [1–3,14,22,23]; nevertheless, the present data do not isolate 
the contribution of pentosans to the measured handsheet properties. 

Ash contents were 5.74% for whole stalks with leaves and 4.57% for stalks only, compared with 
0.30% for the eucalyptus reference. Higher mineral contents are commonly reported for many non-wood 
and agricultural-residue feedstocks and represent an additional consideration in their processing [11–
16,22]. However, silica was not measured separately in the present study. Accordingly, no conclusion 
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is made regarding the specific contribution of leaves to silica content or the magnitude of potential 
recovery-system impacts. 

Overall, the measured extractives, pentosans, and ash demonstrate compositional differences 
between the sorghum fractions and the eucalyptus reference. Because cellulose and lignin were not 
analyzed, interpretation of delignification and carbohydrate retention is restricted to the observed 
pulping responses, including screened yield, reject content, and kappa number. 

 
Table 2. Soda-AQ pulping results for whole stalks with leaves at NaOH charges of 12–24% (expressed 

as Na₂O on oven-dry sorghum residues) and 0.1% AQ. 
 

Batch 1 2 3 4 5 6 

NaOH charge, % as 
Na₂O on oven-dry raw 
material 

12 14 16 18 22 24 

Screened pulp 
yield, % 

37.71+0.21 35.92+0.20 35.62+0.30 34.90+0.22 31.90+0.11 30.82+0.12 

Reject, % 1.70+0.10 0.60+0.05 0.50+0.06 0.20+0.05 0.10+0.03 0.10+0.03 

Kappa number 28.80+0.50 16.05+0.41 11.30+0.30 10.35+0.41 9.50+0.20 9.30+0.22 

Black liquor dry-
solids load, t dry 
solids/t pulp 

1.10+0.01 1.41+0.01 1.63+0.02 1.76+0.02 1.85+0.02 2.29+0.05 

Note: Values are presented as mean ± standard deviation of triplicate experiments (n = 3). Black liquor dry-solids 
load (t dry solids/t pulp) was calculated as the mass of oven-dried black liquor solids divided by the oven-dry mass 
of screened pulp produced from the corresponding cook. 

 
Table 3. Soda-AQ pulping results for stalks only at NaOH charges of 8–18% (expressed as Na₂O on 

oven-dry sorghum residues) and 0.1% AQ. 
 

Batch 1 2 3 4 5 6 

NaOH charge, % as 
Na₂O on oven-dry raw 
material 

8 10 12 14 16 18 

Screened pulp yield, % 52.70+0.50 45.71+0.42 40.00+0.52 38.03+0.30 37.92+0.41 37.54+0.22 

Reject, % 19.60+0.40 13.00+0.40 3.90+0.10 2.30+0.12 0.50+0.02 0.30+0.01 

Kappa number 52.71+0.60 45.70+0.40 40.02+0.50 31.62+0.50 16.01+0.20 10.44+0.40 

Black liquor dry-solids 
load, t dry solids/t pulp 

1.11+0.01 1.10+0.03 1.15+0.08 1.24+0.07 1.33+0.02 1.50+0.05 

Note: Values are presented as mean ± standard deviation of triplicate experiments (n = 3). Black liquor dry-solids 
load (t dry solids/t pulp) was calculated as the mass of oven-dried black liquor solids divided by the oven-dry mass 
of screened pulp produced from the corresponding cook. 
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Table 4. Fiber morphology of selected sorghum pulps compared with the eucalyptus reference pulp. 
 

Test items Whole stalks with 
leaves 

Stalks only Eucalyptus 
reference 

Fiber length, mm 0.86 1.04 0.58 
Fines, % 17.4 10.5 2.7 

 
Table 5. Optical and handsheet strength properties of selected sorghum pulps and the eucalyptus 

reference pulp. 
 

Property Whole stalks with leaves Stalks only Eucalyptus reference 

Brightness, % ISO 21.5 19.5 24.9 

Burst index, 
kPa·m²/g 

7.38 4.34 4.22 

Tear index, 
mN·m²/g 

8 7.5 9.4 

Tensile index, 
N·m/g 

91.1 56.1 64.2 

Stretch, % 3.04 2.84 3.09 

Tensile stiffness 
index, N·m/g 

4379 3203 – 

Ring crush, N 431 349 296 

Corrugating 
medium test, N 

398 393 384 

Note: Brightness and handsheet strength values are comparative laboratory measurements for the selected 
sorghum pulps and eucalyptus reference pulp at the stated test conditions. Inferential statistical significance was 
not evaluated. 

The effects of NaOH charge on soda-AQ pulping were evaluated separately for the two sorghum 
fractions. Whole stalks with leaves were cooked at 12, 14, 16, 18, 22, and 24% NaOH, whereas stalks 
only were cooked at 8, 10, 12, 14, 16, and 18% NaOH; all charges were expressed as Na₂O on an oven-
dry raw-material basis, with AQ fixed at 0.1%. For whole stalks with leaves, increasing NaOH charge 
from 12 to 24% decreased kappa number from 28.80 to 9.30 and screened yield from 37.71 to 30.82%, 
while reject decreased from 1.70 to 0.10%. These trends indicate greater delignification and lower 
screening losses at higher NaOH charge, accompanied by lower screened pulp yield. Because cellulose 
and lignin contents were not measured, the yield reduction cannot be quantitatively assigned to 
carbohydrate degradation. 

For whole stalks with leaves, the black liquor dry-solids load increased from 1.10 ± 0.01 t dry 
solids/t pulp at 12% NaOH to 2.29 ± 0.05 t dry solids/t pulp at 24% NaOH (Table 2). This parameter 
represents black liquor dry solids normalized to pulp production and should be distinguished from black 
liquor solids content expressed as wt.%. The increasing dry-solids load with NaOH charge was 
interpreted as an experimental pulping response rather than direct evidence of differences in recovery 
energy or operating cost. 
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The observed decrease in kappa number and screened yield with increasing alkali charge is 
consistent with alkaline pulping responses reported for non-wood lignocellulosic materials, where 
stronger cooking conditions promote delignification but may also increase dissolution of carbohydrate-
derived material [13,17,18,23,28,29,31,32]. In the present experiments, however, cellulose, lignin, and 
individual dissolved-organic components were not quantified; therefore, the screened-yield decrease 
and higher black-liquor dry-solids load are interpreted only as overall pulping responses rather than 
direct measurements of specific degradation mechanisms. 

The internal SCGP eucalyptus laboratory experiment at 18% NaOH as Na₂O produced a screened 
pulp yield of 46.38%, reject of 0.15%, kappa number of 26.04, and black liquor dry-solids load of 1.40 
t dry solids/t pulp (Table 6). A 14% NaOH eucalyptus cook was also evaluated, but it produced high 
reject and substantial uncooked chips that could not be reliably separated from the fiber fraction; 
consequently, the 14% condition was excluded from quantitative comparison. Relative to the 18% 
eucalyptus reference, the selected sorghum conditions used lower NaOH charges, although the 
comparison is interpreted descriptively because the raw materials exhibited different cooking responses. 

Comparison at the common NaOH charge of 12% showed different pulping responses between 
the two fractions. Whole stalks with leaves gave a screened yield of 37.71%, reject of 1.70%, and kappa 
number of 28.80, whereas stalks only gave 40.00%, 3.90%, and 40.02, respectively. The lower kappa 
number of whole stalks with leaves indicates a greater extent of delignification under this common 
cooking condition. However, because the leaves and stalk tissues were not characterized separately for 
lignin, cellulose, or anatomical accessibility, the mechanism responsible for this difference cannot be 
established from the present data. The effect of leaves on liquor penetration and delignification should 
therefore be regarded as a hypothesis requiring further investigation. 

For whole stalks with leaves, 12% NaOH provided the highest screened yield within the tested 
range (37.71%) with a kappa number of 28.80 and a reject level of 1.70%. Increasing the charge to 14% 
reduced kappa number markedly to 16.05, with a screened yield of 35.92%. For stalks only, 14% NaOH 
gave a screened yield of 38.03%, reject of 2.30%, and kappa number of 31.62, while 18% NaOH further 
reduced reject and kappa number to 0.30% and 10.44, respectively, with a screened yield of 37.54%. 
These results demonstrate trade-offs among screened yield, reject content, and delignification. 
Accordingly, the 12% NaOH whole-stalk-with-leaves condition and the 14% NaOH stalks-only 
condition were selected for comparative handsheet evaluation; no formal multi-response optimization 
was performed. 

Table 6 provides a direct comparison of the selected sorghum conditions with the internal SCGP 
eucalyptus reference. Whole stalks with leaves at 12% NaOH gave a screened yield of 37.71%, reject 
of 1.70%, kappa number of 28.80, and black liquor dry-solids load of 1.10 t dry solids/t pulp. Stalks 
only at 14% NaOH gave corresponding values of 38.03%, 2.30%, 31.62, and 1.24 t dry solids/t pulp. 
The eucalyptus reference at 18% NaOH gave a screened yield of 46.38%, reject of 0.15%, kappa number 
of 26.04, and black liquor dry-solids load of 1.40 t dry solids/t pulp. These data demonstrate different 
trade-offs among chemical charge, screened yield, reject, delignification, and dry-solids generation. 
They do not establish differences in industrial chemical cost, recovery-energy demand, or operating cost 
by themselves. 

The brightness values of the selected sorghum pulps were 21.5% ISO for whole stalks with leaves 
and 19.5% ISO for stalks only, compared with 24.9% ISO for the eucalyptus reference (Table 5; Table 
6; Figure 6). Fiber morphology and handsheet properties are therefore presented as comparative 
laboratory benchmarks. Although Table 6 also includes pulping data from the internal SCGP eucalyptus 
experiment, differences among the three materials should be interpreted descriptively because the 
selected conditions were not established at equivalent cooking severity. 
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Figure 6. (A) Eucalyptus reference pulp handsheet, (B) stalks-only sorghum pulp handsheet, and (C) 
whole-stalk-with-leaves sorghum pulp handsheet. 

Fiber quality analysis showed average fiber lengths of 0.86 mm for whole-stalk-with-leaves pulp 
and 1.04 mm for stalks-only pulp, compared with 0.58 mm for the eucalyptus reference (Table 4). Fines 
contents were 17.4, 10.5, and 2.7%, respectively. The higher fines contents of the sorghum pulps are 
consistent with the presence of heterogeneous fibrous and parenchymatous tissues reported for sorghum 
and other herbaceous non-wood feedstocks [5,8,9,17,23]. Recent studies also emphasize that fiber 
morphology, fines generation, refining, and fiber-network consolidation can influence laboratory-sheet 
properties [22–24,27,30,32]. However, this study did not experimentally isolate pith-derived fines or 
determine their causal contribution to handsheet properties. The observed fines contents should therefore 
be regarded as associated fiber-morphology characteristics rather than a demonstrated mechanism for 
the measured strength differences. At higher fines levels, drainage, retention, and sheet formation may 
also be affected; these effects require direct evaluation before industrial conclusions can be drawn. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Tensile index of sorghum pulp handsheets compared with the eucalyptus reference pulp 
handsheet. 
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Table 5 compares optical and handsheet strength properties of the selected sorghum pulps with 
the eucalyptus reference at a target freeness of 300 mL CSF. Whole-stalk-with-leaves pulp gave a tensile 
index of 91.1 N·m/g, compared with 56.1 N·m/g for stalks only and 64.2 N·m/g for eucalyptus. Thus, 
the tensile index of the whole-stalk-with-leaves pulp was approximately 41.9% higher than that of the 
eucalyptus reference. Ring crush values were 431, 349, and 296 N, and corrugating medium test values 
were 398, 393, and 384 N for whole stalks with leaves, stalks only, and eucalyptus, respectively. Recent 
investigations of non-wood pulps likewise show that fiber morphology, refining, and sheet consolidation 
can support strong paper-related properties, although performance remains strongly feedstock- and 
process-dependent [22–24,27]. These comparisons therefore indicate promising laboratory handsheet 
performance of the sorghum pulps but do not establish compliance with commercial packaging 
specifications or demonstrate a causal relationship between fines content and compression-related 
properties. 

Taken together, the fiber morphology and handsheet data indicate that undepithed sorghum soda-
AQ pulps have technical potential for unbleached packaging-paper applications. However, the present 
results are based on laboratory handsheets and should not be interpreted as a demonstration of industrial 
paper-machine performance. Additional studies should evaluate drainage, retention, formation, refining 
response, blend ratios with wood pulp, and performance under pilot- or mill-scale papermaking 
conditions. 

For concise comparison, Table 6 summarizes the selected sorghum pulping conditions and the 
eucalyptus reference condition obtained from an internal SCG Packaging Public Company Limited 
(SCGP) laboratory experiment. The eucalyptus reference was cooked at 18% NaOH, expressed as Na₂O, 
and produced a screened pulp yield of 46.38%, reject of 0.15%, kappa number of 26.04, and black liquor 
dry-solids load of 1.40 t dry solids/t pulp. A 14% NaOH eucalyptus cook was also examined; however, 
the cook produced high reject and a substantial amount of uncooked chips that could not be reliably 
separated from the fiber fraction. Therefore, the 14% eucalyptus condition was excluded from 
quantitative comparison. 

 
Table 6. Comparison of selected sorghum soda-AQ pulps with the eucalyptus reference pulp. 

Property Whole stalks with 
leaves 

Stalks only Eucalyptus reference 

NaOH charge, % as 
Na₂O 

12 14 18 

Screened pulp yield, % 37.71 38.03 46.38 
Reject, % 1.70 2.30 0.15 
Kappa number 28.80 31.62 26.04 
Black liquor dry-solids 
load, t dry solids/t pulp 

1.10 1.24 1.40 

Brightness, % ISO 21.5 19.5 24.9 
Fiber length, mm 0.86 1.04 0.58 
Fines, % 17.4 10.5 2.7 
Burst index, kPa·m²/g 7.38 4.34 4.22 
Tear index, mN·m²/g 8.0 7.5 9.4 
Tensile index, N·m/g 91.1 56.1 64.2 
Ring crush, N 431 349 296 
Corrugating medium 
test, N 

398 393 384 
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Note: Sorghum values correspond to the 12% NaOH whole-stalk-with-leaves condition and the 14% 
NaOH stalks-only condition used for comparative discussion and handsheet evaluation. Eucalyptus 
pulping values were obtained from an internal SCGP laboratory experiment at 18% NaOH as Na₂O. 
The 14% NaOH eucalyptus cook was excluded from quantitative comparison because of high reject 
and uncooked chips that could not be reliably separated from the fiber fraction. Handsheet and fiber-
morphology values are reported for the eucalyptus reference pulp under the stated laboratory 
comparison conditions. 

4. Conclusion 
 

This study demonstrated that undepithed Thai Sorghum bicolor residues can be converted to 
unbleached pulp by soda-AQ pulping. For whole stalks with leaves, 12% NaOH provided the highest 
screened pulp yield within the tested range (37.71%) with a kappa number of 28.80, while increasing 
NaOH charge enhanced delignification but reduced screened pulp yield. Stalks only also responded to 
increasing NaOH charge; at 18% NaOH, reject was reduced to 0.30%, with a screened pulp yield of 
37.54% and a kappa number of 10.44. The results therefore indicate trade-offs among screened yield, 
reject content, kappa number, and black liquor dry-solids load. The 12% NaOH whole-stalk-with-leaves 
condition and 14% NaOH stalks-only condition were selected for comparative handsheet evaluation 
rather than identified as formally optimized cooking conditions. The internal SCGP eucalyptus reference 
at 18% NaOH produced a screened yield of 46.38%, reject of 0.15%, kappa number of 26.04, and black 
liquor dry-solids load of 1.40 t dry solids/t pulp; these values are used as a descriptive reference because 
the raw materials exhibited different cooking responses. Under the laboratory handsheet conditions used, 
the whole-stalk-with-leaves pulp exhibited a tensile index of 91.1 N·m/g, approximately 41.9% higher 
than the eucalyptus reference value of 64.2 N·m/g, together with ring crush and corrugating medium 
test values of 431 and 398 N, respectively. The higher fines content of the sorghum pulps was associated 
with differences in handsheet properties, but its causal contribution to compression strength was not 
established. Overall, the results demonstrate the technical potential of undepithed sorghum soda-AQ 
pulp as an alternative non-wood fiber source for unbleached packaging-paper applications. Further work 
should establish defined multi-response criteria for selecting cooking conditions and evaluate refining 
response, drainage, formation, wood-pulp blending, chemical recovery, process economics, and 
environmental performance at pilot or industrial scale. 
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