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This study investigated carbohydrate dissolution during tetrahydrofurfuryl
alcohol/hydrochloric acid (THFA/HCI) pulping of rice straw, and reaction
kinetics equations were derived. For both cellulose and hemicellulose
fractions, dissolution during pulping could be separated into two phases.
In the initial stage, or phase I, of cellulose dissolution, small amounts
were solubilized. In phase Il, when delignification reached a level of
approximately 85%, along with increases in HCl concentration and
cooking temperature, cellulose dissolution accelerated. The dissolution
rate of hemicellulose also accelerated. However, the phase | dissolution
rate was faster than the phase Il rate. From the dissolution rates of
carbohydrates (i.e., cellulose and hemicellulose), the activation energies
and frequency factors were then calculated, and the reaction kinetic
equations were derived. Comparing the experimental data with the
predicted data, the pulp compositions, regardless of the contents of
lignin, hemicellulose, or cellulose, all showed a high degree of correlation
(R2 > 0.99), thus proving that the derived kinetic equations were
applicable to the process rationalization of THFA/HCI pulping of rice
straw and in the control of pulp chemical compositions.
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INTRODUCTION

Cellulose is a renewable resource in nature and is a vital part of the proper
utilization of renewable resources. Natural plant cellulose is used as a raw material for
making paper. For decades, people have tried using organic solvents to digest plant
materials and produce pulps, i.e., organosolv processes (Johansson et al. 1987).
Organosolv pulping could potentially overcome the pollution problems caused by kraft
pulping and provide the means for isolating the main products of pulping (i.e., cellulose,
hemicellulose, and lignin), thus producing bioenergy (such as ethanol) or other higher
value-added chemicals. In an era of elevating energy costs, organosolv pulping processes
could be a promising path for the further progress of biomass energy and materials
(Hergert 1998; Hammett et al. 2001; Yaser et al. 2007; Tu et al. 2008).

Among organosolv pulping processes of lignocellulosic material, tetrahydro-
furfuryl alcohol (THFA) pulping can be conducted under atmospheric pressure, having
the advantages of low energy consumption, low equipment requirements, and a low
investment cost. Bogomolov et al. (1979a-c), Johnsson et al. (1987), and Aaltonen et al.
(1990) have reported on the delignification reactions of THFA pulping of birch and pine,
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as well as the pulping of birch, spruce, and Eucalyptus. These studies have focused on
both softwood and hardwood species. Only two studies of THFA pulping of agricultural
waste, such as rice straw, have been reported. In a first report, THFA pulping of rice
straw with an HCI catalyst was investigated (Ho et al. 2009). Digestion was conducted at
120 °C under atmospheric pressure for 4 h at 30 min time increments. The pulping
characteristics, chemical properties of the resulting pulp, and the handsheets’ physical
properties were evaluated. Pulp yields were generally 15 to 20% higher than those from
soda-AQ (Bhardwaj et al. 2005), kraft (Rodriguez et al. 2008), and soda (Rodriguez et al.
2008) pulping processes. In the initial pulping stage, delignification was found to proceed
at an extremely high rate, while the dissolution of carbohydrate fractions was relatively
low. In addition, a greater proportion of hemicellulose dissolved compared to cellulose.
As a consequence of hemicellulose losses, the resulting pulps tended to have poorer
physical properties than those obtained using the kraft process.

In a second report (Ho et al. 2011), the delignification kinetics of atmospheric
pressure pulping of rice straw using the THFA/HCI organosolv pulping process was
investigated. The effects of independent variables on the rate constants, delignification
activation energy, and various frequency factors were discussed, and delignification
reaction Kinetic equations for phase | and phase Il were derived. In phase I, delignifi-
cation was the main reaction with minimal dissolution of carbohydrate fractions.
Consequently, the yield loss was low. In phase Il, however, when the residual lignin
content was less than approximately 5%, dissolution of carbohydrates was greater than
lignin removal, causing a marked reduction in pulp yield. Both phases exhibited fairly
low activation energies of 26.5 and 32.2 kJ mol™, respectively. Huang and Shi (1986)
applied soda-AQ pulping to rice straw and found the activation energy to be 49.7 kJ mol™.
Abdul-Karim et al. (1995) used the kraft process to cook wheat straw and obtained an
activation energy of 131 kJ mol™, while Gonzalo et al. (1998) applied soda and kraft
pulping to wheat straw and found the activation energy to be 93 kJ mol™. From these
results, it can be noted that the THFA/HCI pulping of rice straw generated an activation
energy that was much lower than those of chemical pulping, revealing the superiority of
the pulping method.

A lack of understanding persists about the behaviors of carbohydrate dissolution
during THFA/HCI pulping, particularly with regard to the possible dissolution of
cellulose and hemicellulose under different pulping conditions. Therefore, in this study,
the carbohydrate dissolution Kkinetics of rice straw during THFA/HCI pulping process
were studied. Various influential factors, such as catalyst dosage, cooking temperature,
and pulping time were investigated. Their effects on carbohydrate dissolution rates and
activation energies were obtained to derive a set of carbohydrate dissolution Kinetic
equations. The aim was to understand the effects of individual factors to:

1) Provide a basis for control of the pulping process as a way to predict the pulp
composition, and

2) Allow manipulation of the cellulosic or hemicellulosic contents of pulp for
optimal bioenergy feedstock pretreatment or raw material for manufacturing
certain specialty papers.
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EXPERIMENTAL

Materials

Rice (Oryza sativa) straw was obtained from commercial rice straw ropes, which
were cut into segments of approximately 3 cm. The material was air dried before use.
Chemical analysis of the material indicated contents of 50.2 + 1.1% cellulose, 18.0 +
0.8% hemicellulose, 20.1 + 0.8% lignin, 12.6 £ 0.5% ash, and 2.6 £+ 0.2% extractives.

THFA/HCI Pulping of Rice Straw at Atmospheric Pressure

The pulping method was conducted according to Ho et al. (2009, 2011). One
hundred grams of the 3 cm segments of rice straw were placed in a round-bottom flask
with a 9.7 mol L™ aqueous solution of THFA and various amounts of HCI catalyst (0.010,
0.015, and 0.020 mol L™). The liquor-to-material ratio was adjusted to 10:1 (L kg™). The
digestion of the rice straw at atmospheric pressure was carried out, respectively, at 110,
120, 130, and 140 °C, and one sample was taken every 30 min interval for a total
digestion time of 300 min. The samples obtained were washed with sufficient amounts of
water and 2% NaOH solution at 70 °C (Johansson et al. 1987; Bogomolov et al. 1979a,
b), and the air-dried pulp was then analyzed for further study.

Evaluation of the Chemical Properties of the Pulps

The starting material and the obtained products were characterized according to
the following standard methods: TAPPI T236 (kappa number), TAPPI T211 (ash),
TAPPI T204 (ethanol/benzene-soluble extractives), TAPPI T222 (lignin), and for
holocellulose a modified Wise method was used, based on the Japanese Wood
Association (1983). Upon obtaining the holocellulose fraction, it was extracted with
17.5% NaOH to isolate hemicellulose at 15 °C for 2 h. The residue, after ash content
correction, was also taken to be cellulose.

RESULTS AND DISCUSSION

Investigation of the Phase Distinctions During Cooking

A 9.7 mol L™ THFA water solution was added to 0.010, 0.015, and 0.020 mol L™
HCI catalyst, and digested at temperatures 110, 120, 130, and 140 °C for 300 min. After
30 min, the digestion unit was stopped and the resulting pulp composition was analyzed.
The results are shown in Fig. 1a and 1b.

In Fig. 1a, the delignification and dissolution of carbohydrates obtained at a time
series of different cooking temperatures and catalyst dosages indicated that when the
delignification increased from 0% to 85%, the main thrust of the pulping reaction was
delignification, with minimal amounts of dissolved carbohydrates. Whereas when the
delignification was > 85%, the carbohydrate dissolution accelerated and the rate tended to
increase with increasing catalyst dosage and digestion temperature. The sooner the pulp
reached delignification greater than 85%, the faster the inflection point in carbohydrate
dissolution occurred.

However, at the highest catalyst charge of 0.020 mol L™ and at a temperature
> 130 °C, carbohydrate dissolution was extremely rapid, leading to drastically reduced
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Fig. 1. a. Variation of carbohydrate dissolution with the degree of delignification; b. Graphs of
chemical composition for rice straw pulped with THFA/HCI methods

Note: The pulping conditions were THFA: 9.7 mol LY, liquor-to-solids ratio: 10 (L kg'l), pulping
time: 0 to 300 min, pulping temperature 110 °C, 120 °C, 130 °C, 140 °C, HCI: (a) 0.010 mol L™ (b)
0.015 mol L™, (c) 0.020 mol L™

pulp yields (Fig. 2c). Thus, the more severe the cooking conditions were (e.g., higher
temperatures), the lower the pulp yield. This study inferred that at delignification less
than 85%, the chemicals mainly acted on lignin, leading to mild yield decreases. Whereas
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at delignification greater than 85%, the chemicals acted on carbohydrates and led to a far
greater carbohydrate loss rate than lignin, causing drastic reductions in pulp yields. The
probable reason for this phenomenon is that grasses of Poaceae have lignin contents as a
percentage of total lignin in the middle lamella, and cell corner regions are much higher
than wood fibers (Zhai and Lee 1989). In addition, Huang et al. (2007) noted that rice
straw is an intrinsically more porous structure than woody plants. Thus, in the initial
stage of pulping, delignification proceeded briskly. Aaltonen et al. (1990) cooked
Japanese cedar using the THFA/HCI process and noted that the chemicals tended to act
on lignin in the middle lamella layers. Hence, when rice straw was cooked with
THFA/HCI, the liquor penetrated the porous structure rapidly and acted on the lignin in
the middle lamella immediately, causing a rapid delignification in the bulk phase. As for
the carbohydrate fractions, Zhai and Lee (1989) proffered that the carbohydrates of
Poaceae grasses begin to dissolve more quickly after delignification has removed 90% of
the lignin. Thus, in congruency with their observation, when THFA/HCI pulping of rice
straw was conducted at a temperature greater than 130 °C, the transition points for rapid
carbohydrate dissolution occurred sooner.

To understand the changes occurring to the cellulosic and hemicellulosic fractions
of the residual carbohydrate in the pulp, Fig. 1b was plotted. The plot shows that at
different temperatures and catalyst dosages, there was a relatively smaller quantity of
cellulose dissolution than hemicellulose in the initial stage of cooking. At this time,
delignification proceeded rapidly. However, in the later stages of digestion, when residual
lignin content reached about 5%, the amount of dissolved cellulose exceeded that in the
initial stage.

To further illustrate the changes in residual hemicellulose and cellulose contents
in the THFA/HCI pulping time series at different temperatures and catalyst dosages,
natural logarithms of the hemicellulose and cellulose values were taken and plotted in Fig.
2 and 3, respectively. Concerning the hemicellulose shown in Fig. 2, even for different
catalyst dosages and cooking temperatures, the dissolution of hemicellulose in each time
series can be clearly defined in two phases. Those having high cooking temperatures and
high catalyst dosages are more distinctively discerned. Thus, two slope values were
designated, such that the initial cooking stage with a steeper slope is attributed to phase |
(solid line), and the line with a milder slope at the mid to later stage of cooking is phase 1l
(dotted line). During the phase | reaction, THFA/HCI caused a rapid dissolution of
hemicellulose, and the rate increased with increasing temperatures and catalyst dosages.

The dissolution behavior of cellulose during pulping is shown in Fig. 3. Under
different catalyst dosages and digestion temperatures, the results showed that although
there were two distinguishable phases in the dissolution of cellulose during digestion, in
phase | there was a minimal dissolution of cellulose. Therefore, there was a rather flat
slope of only 1.8 x 10* to 1.6 x 10° In phase Il, however, the dissolution rates
accelerated rapidly, which differed depending on the cooking temperature and catalyst
dosage. The slopes were steeper with values ranging from 1.7 x 10 to 6.3 x 107,

The dissolution of carbohydrate fractions during THFA/HCI pulping showed the
dissolution of hemicellulose starting early, while cellulose had an accelerated dissolution
rate in only phase Il. The phenomena are most likely caused by their respective DP,
chemical structures, and morphological distributions. The DP of hemicellulose is lower
compared to that of cellulose. In addition, cellulose is a long chain homopolymer of
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glucose units with interspersed crystalline regions, while hemicelluloses are amorphous
polysaccharides.
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Note: The pulping conditions were THFA: 9.7 mol LY, liquor-to-solids ratio: 10 (L kg'l), pulping
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Fig. 3. Kinetics of tetrahydrofurfuryl alcohol cellulose dissolution of rice straw

Note: The pulping conditions were THFA: 9.7 mol LY, liquor-to-solids ratio: 10 (L kg'l), pulping
time: 0 ~ 300 min, pulping temperature: 110 °C, 120 °C, 130 °C, 140 °C, HCI: a. 0.010 mol L™, b.
0.015 mol L*, ¢. 0.020 mol L™
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Cellulose is a structural member of plants and is often surrounded by matrices of
other structural polymers, such as lignin and hemicelluloses. Thus, during a pulping
reaction, the amorphous hemicellulose can be easily degraded and become soluble. In
THFA/HCI pulping, hemicellulose is acid hydrolyzed and dissolved. Therefore, hemi-
cellulose has a clear tendency to dissolve when digestion temperature and catalyst dosage
are increased in phase I. By contrast, cellulose, being quasi-crystalline and more
inaccessible, was dissolved only to a minor extent in phase I. After most of the encrusting
lignin and hemicellulose matrices were removed, or at a later stage when delignification
reached a level of approximately 85%, it started to dissolve en masse. This is in
agreement with Zhai and Lee (1989), who noted that rapid cellulose loss occurred only
after delignification reached 90%.

Kinetic Study of Cellulose and Hemicellulose Dissolutions Reaction

It is assumed that the rates of cellulose and hemicellulose dissolutions are propor-
tional to the amounts of remaining cellulose and hemicellulose in the resulting pulp and
the concentration of chemicals in liquor, provided the temperature is kept constant. Their
rates of reaction during THFA/HCI pulping can be represented by the following
equations,

-dC/dt = K[HCI]" C (1)
-dH/dt = Ku[HCI]" H @)

where -dC/dt is the dissolution rate of cellulose, -dH/dt is the dissolution rate of
hemicellulose, C is the cellulose content (% of oven-dried rice straw), H is the
hemicellulose content (% of oven-dried rice straw), t is the reaction time, K¢ is the
dissolution rate constant of cellulose, Ky is the dissolution rate constant of hemicellulose,
n is the reaction order, and [HCI] is the catalyst concentration of the cooking liquor.

According to studies of several researchers, when catalyzed by an acidic solution,
the pulping reaction is assumed to be first-order (Saeman 1945; Basedow et al. 1978;
McParland and Grethlein 1982; Maloney et al. 1985; Abatzoglou et al. 1992; Malester et
al. 1992; Mok et al. 1992; Parajo et al. 1995; Camacho et al. 1996; Lavarack et al. 2002;
Bustos et al. 2003; Xu et al. 2008).

Reaction kinetics of cellulose dissolution
As noted above, the THFA/HCI digestion of cellulose was separated into two

phases. Thus, the discussion of the cellulose reaction kinetics is also divided into two
phases. First, at a particular HCI concentration and under pulping conditions of constant
liquor composition and temperature, Equation 1 takes the form:

-dC/dt = K,C (3)
Equation 4 is the integrated form of Equation 3,

INC=-Ko,C+1InCy (4)

where Cg is the initial cellulose content.
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According to Eq. 3, a plot of the logarithm of cellulose yield versus cooking time
should appear as a straight line, the slope of which can serve as a measure of the cellulose
dissolution rate valid for the particular cooking conditions applied. Typical plots of such
data are shown in Fig. 3 for the three respective HCI concentrations. For each cooking
temperature investigated, the experimental points were fitted by two straight lines with
different slopes, suggesting the existence of two first-order reactions with different rate
constants. The initial line with the flat slope is related to phase | and the latter to phase II.
The rate constants calculated for phase | and phase Il of rice straw are presented in Table
1. The results show that during phase | digestion, of the cellulose dissolution rate
constants, only those corresponding to an HCI concentration of 0.020 mol L™ and
cooking temperatures of 130 and 140 °C exhibited a rapidly increasing rate. This shows
that the THFA/HCI pulping entailed a weak dissolution of cellulose in the initial stage of
pulping, which differed from the typical cellulose dissolution patterns during kraft
pulping.

In phase Il, along with increases in the catalyst HCI concentration and cooking
temperature, cellulose dissolution accelerated. The shift in rates coincided with a
delignification level of ca. 85 to 90%. During the phase Il cellulose dissolution reaction,
at a constant cooking temperature but with a doubled catalyst HCI concentration, the
reaction rate constant also doubled. According to the Arrhenius equation,

K=A - e(-Ea/RT) (5)

where A is an experimental constant, E, is the activation energy for cellulose dissolution,
R is the gas constant, or 8.314 kJ mol™, and T is the absolute temperature (K).
The logarithmic form of the Arrhenius equation appears as:

InK =In A - (E/R)(LT) (6)

According to Equation 6, the phase Il cellulose dissolution activation energies at
different catalyst concentrations are presented as reaction rate constants Kjig, Kizo, Kiso,
and Ky4o for different digestion temperatures. In other words, these are plots of natural
logarithms of the slopes In[K] against 1/T, obtaining the slope of the linear regression.
Thus, with catalyst HCI dosages of 0.010, 0.015, and 0.020 mol L™, the THFA-digested
rice straw pulp exhibited cellulose dissolution reaction activation energies of 21.4, 38.5,
and 20.7 kJ mol™?, respectively. The catalyst dosage of 0.020 mol L™ exhibited the lowest
phase Il activation energy.

In comparison with the K. values corresponding to the three HCI concentrations
used, the cellulose dissolution rates in Equation 1 were expected to change with
variations in [HCI]. In this case, the slopes (S) of the straight lines in Fig. 3 and Table 1
could be used to calculate the independent reaction rates K, through the application of
the following equation:

S =K [HCI] (7)

The S values are plotted against [HCI]. The slopes of these straight lines should
depend on temperature and reflect K.
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Table 1. Rate Constants of Cellulose (K¢) and Hemicellulose (Ky) Dissolution for
THFA/HCI Pulping of Rice Straw

Cellulose (C) Hemicellulose (H)
Phase HCI Temp. Time? 2) Time 3)
(mol L™ (°C) K™ Ki®
tt t t (min™) tt t (min™)
Phase | 0.01 110 0 240 1.8x 10™ 0 270 3.8x 107
120 0 240 1.9x 10" 0 240 4.2x 107
130 0 210 2.0x 10 0 240 4.7x 107
140 0 210 2.1x 10™ 0 210 5.1x 107
0.015 110 0 240 2.9x 10™ 0 240 4.3x 10°
120 0 210 3.0x 10™ 0 210 4.8x 107
130 0 210 3.1x 10* 0 210 5.8x 10
140 0 210 3.2x 10™ 0 180 7.2x 107
0.02 110 0 240 3.8x 10™ 0 210 5.5x 107
120 0 210 4.0x 10* 0 180 6.5x 10
130 0 120 1.1x 10 0 150 1.6x 10
140 0 120 1.6x 10 0 150 1.8x 10
Phase I 0.01 110 240300 1.7x 107 270 300 1.4x 1073
120 240 300 2.4x 10 240 300 2.4x 107
130 210300 2.5x 103 240 300 2.5x 10
140 210300 2.9x 103 210 300 3.0x 10°®
0.015 110 240300 1.9x 107 240 300 1.6x 107
120 210300 3.2x 107 210 300 2.8x 107
130 210300 3.4x 103 210 300 3.0x 10°
140 210300 5.0x 10° 180 300 3.2x 10°®
0.02 110 240 300 3.9x 107 210 300 1.8x 107
120 210300 4.7x10° 180 300 3.3x10°
130 120240 5.5x 107 150 240 5.5x 10°
140 120 210 6.3x 103 150 210 7.1x 107

Y to, Starting time (min) of the phase | pulping
t;, Elapsed time (min) of the ending of phase | pulping and the starting of phase Il pulping
t, Elapsed time (min) to the termination of phase Il pulping

2 K¢, Rate constants of cellulose dissolution

3 Ky, Rate constants of hemicellulose dissolution
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When the natural logarithm of the calculated K. was plotted against 1/RT and the
slope of the resulting linear regression taken, a reaction activation energy of 61.2 kJ mol™
for this phase was found. Its intercept was the frequency factor in the logarithm, which
equals 4.24 x 10°. Thus, the phase | kinetic equation was,

-dCy/dt = 4.24 x 10° x e*+?RTx [HCI] x Co, (8)

where Co; is the cellulose content at initial of phase I.

As for the activation energy of phase Il cellulose dissolution reaction, in
accordance with Eqgs. 1 and 3 to 7, a 24.6 kJ mol™ value was obtained; its frequency
factor was found to be 4.38 x 10°. The overall phase | cellulose dissolution kinetic
equation became,

-dC,/dt = 4.38 x 10° x e**9RT x [HCI] x Cqp (9)
where Cy, is the initial cellulose content in phase II.

Reaction kinetics of hemicellulose dissolution

As noted above, the dissolution of hemicellulose in a THFA/HCI digestion
process can also be distinguished as two separate phases. Dissolution of hemicellulose
during THFA/HCI pulping tended to increase with increasing HCI concentration and
cooking temperature. The phase | dissolution was always faster than during phase Il. This
indicated that in the initial stage, acid hydrolysis tended to increase hemicellulose
dissolution, while in the phase Il reaction, the trend of reaction rate constant was the
same as phase I. In other words, it was related to catalyst concentration and cooking
temperature.

As for the activation energies of hemicellulose dissolution during phases | and 11,
the values were 52.5 and 54.8 kJ mol™, respectively. The logarithmic intercepts as the
frequency factors were 4.12 x 10° and 3.33 x 10°, respectively. The phase | and II
reaction kinetic equations were as follows:

phase | : -dHy/dt = 4.12 x 10° x e®**RT x [HCI] x Hy, (10)
phase 11 : -dH,/dt = 3.33 x 10° x e**¥RT x [HCI] x Hy, (11)

where Hp; is the initial hemicellulose content in phase I, and Hp, is the initial
hemicellulose content of phase II.

Analysis of Carbohydrate and Lignin Degradation During Pulping

Delignification of a typical THFA/HCI pulping system is shown in Fig. 4. When
9.7 mol L™ of THFA with 0.020 mol L™ HCI catalyst was used to digest rice straw,
delignification mainly occurred during the first 120 min when cooking was conducted at
110 and 120 °C. At the higher cooking temperatures of 130 and 140 °C, delignification
mostly occurred within the first 90 min. Therefore, delignification efficiency increased
along with an extension of digestion time. For digestion at 140 °C for 90 min, the
maximum delignification rate reached 87.1%.
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Fig. 4. Kinetics of tetrahydrofurfuryl alcohol delignification of rice straw
Note: The pulping conditions were THFA: 9.7 mol L™, liquor-to-solids ratio: 10 (L kg™), Pulping
time: 0 ~ 300 min, pulping temperature: 110 °C, 120 °C, 130 °C, 140 °C, HCI: 0.020 mol L’

To illustrate more fully the relationship of delignification reactions on the
dissolution of carbohydrate fractions in the THFA/HCI pulping system for rice straw,
both the hemicellulose-to-lignin ratio, H., which equals H/L x 10 for the dissolved
hemicellulose and lignin in liquor, and the corresponding C_ ratio were calculated.
Figures 5 and 6 show the changes in the ratios over time. In Fig. 5, at cooking
temperatures of 110 and 120 °C, and 130 and 140 °C, the value of H, tended to increase
within the intervals of 0 to 150 and 0 to 180 min, respectively. However, in the 180 to
300 min interval, the ratio flattened. The figure indicates that in the initial stage, hemi-
cellulose dissolution increased with increasing time. In the latter stage, however, the H.
ratio only fluctuated due to the fact that most of the hemicellulose already had been
dissolved. Also, the delignification of the THFA/HCI pulping gradually reached a
maximum. Nevertheless, significant differences in H_ were apparent at different cooking
temperatures.
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Fig. 5. Ratios of dissolved hemicellulose and lignin content during cooking

Note: 1. H = H/L x 10; H: dissolved hemicellulose content (%); L: dissolved lignin content (%)

2. The pulping conditions were THFA: 9.7 mol L™, liquor-to-solids ratio: 10 (L kg™), pulping time:
0 to 300 min, pulping temperature: 110 °C, 120 °C, 130 °C, 140 °C, HCI: 0.020 mol L™
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In the initial stage, the H_ of cooking temperatures 130 and 140 °C were much
greater than those obtained at 110 and 120 °C. The results indicated that at a higher
temperature (> 130 °C), dissolution of hemicellulose was much faster than at a lower
temperature (< 120 °C) in the initial stage. Thus, to prevent excessive dissolution of
hemicellulose (which causes poor paper strength), low temperature digestion is
recommended.

Figure 6 shows the relationship between rice straw cellulose dissolution, delig-
nification rates, and cooking time in a THFA/HCI pulping system. Figure 6 shows that at
cooking temperatures of 110 and 120 °C, the C, ratios changed little in the initial stage (0
to 180 min), indicating a scarce amount of cellulose dissolution, with a comparably fair
amount of residual lignin. In the latter stage (180 to 300 min), however, the C_ ratios
gradually increased because after 180 min, the THFA/HCI pulping system’s ability to
remove lignin had peaked. Thus, the increase in C, ratios indicated accelerating cellulose
dissolution.

These conditions led to decreased pulp yield and compromised the mechanical
strength of cellulosic polymer, causing poor paper strength. Furthermore, the C, ratios of
the liquor from cooking at 130 and 140 °C were much higher than those at lower cooking
temperatures.

Deducing from the above results, in a THFA/HCI pulping system of rice straw,
when using the liquor conditions of 9.7 mol L™ THFA and 0.020 mol L™ HCI catalyst,
cooking temperatures higher than 130 °C can be expected to cause excessive dissolution
of cellulose and hemicellulose, leading to low pulp yield and poor paper strength.
However, when using a lower cooking temperature, though excessive dissolution of
carbohydrate fractions could be prevented, the amount of residual lignin in pulp became a
concern. In the following section, optimizing the digestion conditions for pulping with
desirable properties is discussed.
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Fig. 6. Ratios of dissolved cellulose and lignin content during cooking

Note: 1. C = C/L x 10; C: dissolved cellulose content (%); L: dissolved lignin content (%)

2. The pulping conditions were THFA: 9.7 mol L™ liquor-to-solids ratio: 10 (L kg'l), Pulping time: O
~ 300 min, pulping temperature: 110 °C, 120 °C, 130 °C, 140 °C, HCI: 0.020 mol L
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Optimizing the THFA/HCI Pulping Conditions

The main purpose for studying pulping kinetics is to enable the review of pulping
engineering, to rationalize pulping process control, and to comprehend the optimal
operational conditions. Thus, pulping can be conducted to achieve the objectives at low
chemical charge, short digestion time, high pulp quality, and high yield, as demanded by
economic and operational convenience (Wilson and Kerr 1976). Using the THFA/HCI
pulping process, the optimal conditions required to produce bleachable grades (kappa
numbers 20) for manufacturing liner boards (kappa numbers 40) and corrugated media
(kappa numbers 60) are as follows:

Firstly, referring to Eq. 12, which was reported in previous research (Ho et al.
2011), to make pulps with kappa numbers 20, 40, and 60 (lignin content of 3.0%, 6.0%,
and 9.0%), the required reaction times were calculated according to:

t= In(L01/L02)/ (K1 - Kz) (12)

where Kj is the delignification rate constant of phase I, K, is the delignification rate
constant of phase Il, Lo; is the initial lignin content of phase I, Lo, is the pseudo-initial
lignin content of phase 11, and t is the reaction time (min).

The time was then put into Eq. 8 to 11 to calculate the hemicellulose and cellulose
contents at kappa numbers 20, 40, and 60. The results are shown in Fig. 7.

Predicted V.S. Measured

80 r mLignin (%) & Lignin (%)
HHemicellulose (%) O Hemicellulose (%)
70 E E OCellulose (%) Cellulose (%)
TN EE g, .
~ 50 | EH O EH L 5 S 8
S i O A e
E I f—g—v
@ 40 |
)
c
[}
0 30 L
20 |
10
0
Pulping time (min)| 60 49 38 34 92 75 59 52 227 | 146 | 124 | 107
Pulping temp. (‘C) | 110 | 120 | 130 | 140 | 110 | 120 | 130 | 140 | 110 | 120 | 130 | 140
Kappa no. 60 40 20

Fig. 7. Comparisons of the predicted and measured yields and composition of resulting pulps of
THFA rice straw pulping

Note: Pulping conditions: THFA: 9.7 mol L™, HCI: 0.020 mol L™

Ash and extractive contents are not included.
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The figure indicates that the time to reach target kappa numbers of 20, 40, and 60
became shorter as the cooking temperature increased. However, at higher temperatures (>
130 °C), the extent of cellulose, and particularly hemicellulose, dissolutions were also
higher. When digestions were performed at lower temperatures (< 120 °C), at the
corresponding kappa number, the dissolutions of hemicellulose and cellulose were much
milder. Thus, to produce rice straw pulps of kappa numbers 40 and 60, using a THFA
charge of 9.7 mol L™, an HCI catalyst dosage of 0.020 mol L™, and cooking temperature
of 120 °C, the necessary cooking times were 75 and 49 min, respectively. If, however, a
pulp with a kappa number of 20 is desired, then the necessary cooking time needed is 146
min, under the same conditions.

In addition, to compare the measurement results with the calculated time
requirements, digestions were conducted for the above times. The measured lignin,
cellulose, and hemicellulose contents of the resulting pulps were compared with the
predicted values. The results are shown in Fig. 8. In particular, the two sets of values
match closely (R? > 0.99). Therefore, this work claims that the derived equations reflect
the actual results and can be used to control THFA/HCI pulping processes.
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Fig. 8. A comparison of measured and predicted data on chemical composition of resulting pulps
at kappa numbers 20, 40, 60 from THFA pulping

Note: Pulping conditions: THFA: 9.7 mol L™, HCI: 0.020 mol L™

Pulping temp. and pulping time are as shown in Fig. 7.

CONCLUSIONS

1. The dissolutions of rice straw cellulose and hemicellulose during THFA/HCI pulping
were separated into two phases. Hemicellulose dissolved rapidly at the initial stage of
pulping, while cellulose dissolution was initially slow but increased at a later stage.

2. In the phase | dissolution reaction of cellulose, a scarce amount of cellulose was
removed. In phase I, when delignification reached a level of 85 to 90%, cellulose
dissolution tended to increase. The activation energy for phase 1l was 24.6 kJ mol™;
and the frequency factor was 4.38 x 10°.
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3. The dissolution of hemicellulose also increased with increasing temperature and
catalyst concentration. The dissolution rate in phase | was faster than in phase Il. The
activation energies for phase | and Il were 52.5 and 54.8 kJ mol™, respectively;
frequency factors were 4.12 x 10° and 3.33 x 10°, respectively.

4. In addition, from analysis of the relationship between delignification and
carbohydrate dissolution in a THFA/HCI pulp system, it was found that at cooking
temperatures exceeding 130 °C, excessive dissolution of cellulose and hemicellulose
tended to occur, causing reductions in pulp yield and paper strength.

5. To produce bleachable, liner, and corrugated media grade pulps, Kinetic equations at a
particular temperature could provide the time requirement for reaching kappa
numbers 20, 40, and 60. Hence, a THFA charge of 9.7 mol L™, HCI of 0.020 mol L™,
cooking temperature of 120 °C, and optimal cooking times of 146, 75, and 49 min,
respectively, are required to reach the target kappa numbers. Actual cooking was
conducted, verifying the above conditions. Hence, the derived equations are deemed
suitable for use as a basis for process control.

6. The derived equations are deemed suitable for use as a basis for process control.
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