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ABSTRACT: The present study investigated oxidation of
pulverized Japanese cedar with O2 in hot-compressed alkaline
water, employing a newly developed flow-through fixed-bed reactor
(percolator). It allowed us to determine the rate of the primary
extraction that was free from the secondary reactions of extract in
the aqueous phase and those over the residual solid, solubility of
extractable matter, and mass transport processes. Quantitative
kinetic analysis revealed that the cedar consisted of three kinetic
components (C1−C3) that underwent extraction in parallel
following first-order kinetics with different rate constants. Further
analysis revealed the chemical compositions of the kinetic
components, which were mixtures of carbohydrates and lignin. C1
was converted most rapidly by nonoxidative reactions such as alkali-
catalyzed hydrolysis, while C2 was converted by oxidative degradation. The product distributions from C1 and C2 (CO2, lower
organic acids, oligosaccharides, acid-soluble, and acid-insoluble lignins) were steady throughout their conversion. Both C1 and C2
thus behaved as single reactants; nevertheless, those were lignin/carbohydrates mixtures. It was also demonstrated that the extraction
rate of C2 was proportional to the concentration of dissolved O2. C3 was the most refractory component, consisting mainly of glucan
and very minimally of the lignin, xylan, mannan, galactan, and arabinan.

1. INTRODUCTION
Lignocellulosic biomass is the most available and sustainable
feedstock, a substantial part of which can be saccharified and
transformed to biofuels and chemicals, but not readily digested
because of the presence of lignin.1−4 As a cost-effective and
green oxidant, O2, has widely been used for delignification.
The electron transfer between molecular O2 and lignin can
derive active species (radicals) that attack lignin molecules, and
break interaromatic unit linkages and also aromatic rings,
thereby increasing the solubility.5 The oxidation of biomass
with O2 in alkaline water is promising for the delignification
before production of monosaccharides or bioethanol, if the
delignification is selective.6,7 The oxidation with O2 removed
30−70% of the lignin and also 10−80% of hemicellulose at
160−200 °C under 0.6−1.4 MPa O2, improving the
accessibility of the solid to enzyme and other properties
relevant to enzymatic saccharization.8−10 In those previous
studies, however, little attention was paid to the kinetics and
mechanism of the oxidation and delignification.
It is believed that the oxidation involves primary and

secondary reactions. The primary reaction is represented by
intrasolid degradation. Its rate is equivalent to that of
extraction unless it is limited by the solubility of the extractable
matter formed. The secondary reactions consist of a
homogeneous reaction of the extracted matter in the aqueous
(aq) phase and a heterogeneous reaction over the solid being

extracted. Understanding of the kinetics and mechanism of the
oxidation requires distinguishing those sequential reactions
from each other, which can hardly be achieved by adopting
conventional batch reactors. Another issue of batch reactors is
accumulation of extract with time, in other words, difficulty in
defining and maintaining conditions of the aqueous phase.
Kraft pulping has been investigated in detail. It is generally

accepted that the pulping process consists of three stages:
initial, bulk, and residual stages.11,12 These are largely
influenced by the chemical nature of feedstock, in particular,
the reactivity of lignin.13,14 Most of the previous studies were
performed by employing batch reactors with main focus on
delignification. Very little information was thus available on the
primary and secondary reactions involved in the delignification.
The secondary reaction of the lignin- and carbohydrate-derived
extracts seemed to occur extensively during delignifica-
tion.15−17 Shi et al.18 recovered a hemicellulose-derived extract
from the yellow liquor from a batch Kraft pulping process and
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found that the recovery was as small as 1.8% of the
hemicellulose of the feedstock. This could be due to the
secondary degradation of the primary extract. Moreover, the
lignin-derived extract could undergo depolymerization or
retrogressive condensation in the liquid phase.19

Jafari et al.14,20 studied the kinetics of the delignification in a
Kraft pulping applying a continuous flow-through reactor, but
they did not focus on the degradation products, the
information of which was essential for understanding the
mechanism of oxidative degradation and extraction of lignin
and carbohydrates. It is known that the oxidative degradation
of hemicellulose and that of lignin occur simultaneously.21 To
the best of our knowledge, no systematic information has so far
been shown on the primary reaction and extraction in oxidative
degradation of either woody biomass or herbaceous and other
types of biomass.
The authors of this study designed and employed a flow-

through fixed-bed reactor, i.e., percolator, to study the primary
degradation and extraction of lignin and carbohydrates from a
Japanese cedar during its treatment with hot and compressed
alkaline water dissolving O2, referencing reactor systems
adopted to the hydrothermal degradation of cellulose and
the hydrothermal degradation of lignite.22,23 The percolator
allowed us to quench the primary extract and analyze its
chemical composition. The continuous supply of O2-saturated
alkaline water to the percolator at a sufficiently high rate
successfully made the conditions of the alkaline water steady
and eliminated mass transfer effects on the kinetics of
extraction.14,24

2. RESULTS AND DISCUSSION

2.1. Kinetic Analysis and the Primary Reaction Rate.
In every run of the oxidative extraction, O2 was fed into the
percolator at a steady rate. As expected, the rate of O2 supply
was an important factor for the rate of extraction, and this will
be discussed later in detail. Charging a sufficiently small
amount of the cedar was necessary to avoid the limitation of
the rate of extraction by the rate of O2 supply. Figure 1 shows
changes in 1 − X with t for different combinations of the initial
mass of cedar (m0) and flow rate of NaOH aq (v). The
extraction rate was maximized and independent of both m0 and

v, when m0 ≤ 0.2 g and v ≥ 5.0 mL min−1. It was thus
demonstrated that the percolator allowed us to determine the
rate of the primary extraction as a function of t. The secondary
reaction of the primary extract over the solid was, if any,
unlikely to influence the “net” rate of extraction at m0 ≤ 0.5 g
and v ≥ 5.0 mL min−1. The secondary reaction of the primary
extract in the aqueous phase will be discussed later.
Figure 2 shows the change in 1 − X with t for m0 = 0.1 g and

v = 5.0 mL min−1. 1 − X by the primary extraction decreases in

an exponential manner to ca. 0.25 in 120 min and further
decreases afterward but very slowly. This indicates the
presence of at least two kinetic components in the cedar.
The first emphasis in the kinetic analysis is put on the late-
stage extraction. 1 − X at t ≥ 150 min is described well by the
following kinetic equation

− = −X t1 0.26 exp( 0.000162 ) (1)

The amount of solid residue after 260 min extraction was
insufficient for the analysis of chemical composition, but from
a white color of the solid, it seemed that it consisted mainly of
cellulose but probably also very smaller fractions of lignin and
hemicellulose. This was consistent with previous studies that
showed difficulty of complete delignification and also slow
delignification on the final stage.12,25 It is also known that
complexes of lignin and cellulose are refractory, being
inaccessible to oxygen-containing active species.26 The
chemical composition of the solid residue is shown and
discussed quantitatively later.
It was assumed that the cellulose of the cedar consisted of

two different parts, i.e., extractable (oxidatively degradable) and
refractory parts, and that the latter underwent an extremely
slow degradation as expressed by eq 1. The refractory cellulose
was, for convenience, termed component-3 (C3). It was also
assumed that C3 underwent extraction obeying single first-
order kinetics over the range of t.

= − = −F F k t texp( ) 0.26 exp( 0.000162 )C3 C3,0 3 (2)

where FC3,0 and FC3 are the carbon-based fractions of C3 at t =
0 and t, respectively, and k3 is the first-order rate constant in a
unit of min−1. The value of k3 is valid only within the range of
conditions employed in the present study, i.e., at O2
concentration in the NaOH aq at 19.6 mmol O2 L

−1.

Figure 1. Changes in (1 − X) with t for conditions with different
combinations of the initial sample mass (m0 = 0.1, 0.2, 0.5, or 2.0 g-
dry) and flow rate of O2-saturated 0.1 N NaOH aq (v = 5.0 or 8.0 mL
min−1). X is the overall carbon-based conversion.

Figure 2. Change in 1 − X with t for m0 = 0.1 g and v = 5.0 mL min−1

and extended period of extraction up to t = 260 min.
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It was further assumed that the cedar consisted of two
kinetic components: C3 and the other (temporarily denoted
by C1-2) that underwent extraction simultaneously with C3.

+ = =−F F t1 ( 0)C1 2,0 C3,0 (3)

+ = − =−F F X t t1 ( )C1 2 C3 (4)

FC1‑2, defined as the carbon-based fraction of C1-2, was
calculated as a function of t from the measured 1 − X using eqs
2−4, and is shown in Figure 3. FC1‑2 seems to decrease with t

roughly following first-order kinetics with FC1‑2,0 = 0.74 (=1 −
FC3,0) and k1‑2 = 0.034 min−1. The overall rate of the primary
extraction is expressed as

− = − + −

≈ − + −
− −X F k t F k t

t t

1 exp( ) exp( )

0.74 exp( 0.034 ) 0.26 exp( 0.000162 )

C1 2,0 1 2 C3,0 3

(5)

Kinetic analysis was performed for some other conditions
with combinations of m0/v = 0.5/5.0, 0.2/5.0, and 0.1/8.0 g/
mL min−1, which gave the rate of the primary extraction. The
analysis was done with fixed FC1‑2,0 and FC3,0 at 0.74 and 0.26,
respectively. The result is shown in Table 1. k1‑2 falls in a
narrow range of 0.034−0.035 min−1, indicating the validity of
the kinetic analysis.

2.2. Further Consideration of Kinetic Components.
Extraction was also carried out under conditions of m0 = 2.0 g
and v = 1.0−7.0 mL min−1, where the rate of extraction was
limited by that of O2 supply due to increased m0. Those
conditions were not applicable to the determination of the
primary reaction rate but found to be useful for a deeper
understanding of the chemical kinetics and mechanism of the

conversion of C1-2. Figure 4 shows the results of kinetic
analysis for two conditions as examples. Note that the vertical
axes indicate FC1‑2, which can be given by 1 − FC3. FC1‑2
decreases linearly with t of 60−160 or 10−90 min for v = 1.0
or 5.0 mL min−1, respectively, apparently following zeroth-
order kinetics. The pH of the effluent was almost steady
around 13 in those periods. Such linearity is attributed to that
the rate of extraction was controlled by the steady rate of O2
supply. In the case of v = 5.0 mL min−1 and at t > 90 min, FC1‑2
decreases exponentially with t. This is reasonable because the
residual amount of FC1‑2 became sufficiently small that the rate
of extraction was controlled chemically rather than by the rate
of O2 supply. In fact, as seen in Figure 6, the change in FC1‑2 at
t > 90 min was described well by first-order kinetics with
respect to FC1‑2 with an apparent k2 of 0.037 min−1. It was very
similar to k1‑2 determined for m0 ≤ 0.5 g and v ≥ 5.0 mL
min−1, i.e., 0.034−0.035 min−1 (see Table 1).
It is also noted in Figure 4 that the decreases in FC1‑2 for the

initial 60 min (v = 1.0 mL min−1) or 10 min (v = 5.0 mL
min−1) are clearly faster than those later. This trend indicates
that FC1‑2 consisted of at least two kinetic components. Then,
by assuming the presence of two such components (C1 and
C2) in C1-2, the kinetic analysis was done in more detail. The
C1 was extracted quickly and completely in the initial 60 min
(v = 1.0 mL min−1) or 10 min (v = 5.0 mL min−1). FC2 was
determined from the linear relationship of FC2 vs t after
complete extraction of C1. The initial fraction of C2 was
estimated reasonably by extrapolating the linear relationship
between FC2 and t to t = 0. As shown in Figure 5, the Y-
intercept was almost independent of v over the entire range of
v. The average value of the Y-intercepts was 0.635 and then
defined as the initial fraction of a subcomponent of FC1‑2 (C2),
i.e., FC2,0. The initial fraction of the other subcomponent (C1),
FC1,0, was automatically given as 0.104 according to FC1‑2,0 =
FC1,0 + FC2,0.
The extraction of the cedar requires consumption of O2;

therefore, it is necessary to understand the primary reactions
and optimize the process. It is, however, very difficult or even
impossible to measure the O2 consumption in a batch reactor
due to the secondary oxidative degradation of the extracts. It is
worth measuring the O2 consumption accurately by applying a
percolator. Figure 6 plots the apparent rate of C2 extraction
that was determined directly from the linear relationship
between FC1‑2 and t, against the rate of O2 supply. Note that
the extraction rate is expressed in mmol C min−1. The rate of
extraction is linearly correlated with each other at up to 0.1
mmol min−1 O2 supply. This means that the O2 dissolved in
the NaOH aq was consumed completely or near-completely
while passing through the fixed bed and that the O2
contributed to the degradation and extraction of C2 at an
efficiency of 4.7 mol C (mol O2)

−1, unless the liquid-phase
secondary reaction occurred to a significant degree.
Here, we consider the behavior of C1 that was extracted

most rapidly and completely in the early period. It is
reasonable to consider that C1 was converted and extracted
by particular reactions such as ion exchange (e.g., −COOH +
NaOH = −COONa + H2O) and base-catalyzed hydrolysis of
ether/ester bonds, which required no O2 supply. This idea is
consistent with a previous report by Kim et al.11 who
compared the delignification of corn stover under oxidative
and nonoxidative conditions and found that a portion of lignin
was removed rapidly without oxidation in the initial stage of
delignification. In another report, Kataria et al.27 removed part

Figure 3. Change in the fraction of C1-2 (FC1‑2) with t for m0 = 0.1 g
and v = 5.0 mL min−1.

Table 1. k1‑2 Estimated for Different Conditionsa

m0/v, g/mL min−1 k1‑2, min−1 R2 for fitting

0.5/5.0 0.0346 0.995
0.2/5.0 0.0350 0.998
0.1/5.0 0.0342 0.996
0.1/8.0 0.0347 0.985

aFC1‑2,0, FC3,0, and k3 were fixed at 0.74, 0.26, and 0.000162 min−1,
respectively.
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of lignin and hemicellulose from a grass biomass using 0.5−
2.0% NaOH without oxidation. Figure 7 shows the changes in
FC1 with t. For v = 3.0 mL min−1, FC1 is described well by

assuming first-order kinetics with an apparent rate constant
(k1) of 0.078 min−1. This is consistent with that the pH of the
effluent was roughly steady (see Figure S2). On the other
hand, for v = 1.0 mL min−1, the apparent rate constant (i.e., the
slope of the line) increased with t. This was explained by
significant change in pH for t = 0−60 min. The chemical
reactions as suggested above consumed hydroxide ions
extensively lowering the pH of the aqueous solution
particularly in the early period. The kinetic analysis of FC1
was not easy for v ≥ 5.0 mL min−1 due to so fast reaction that
completed the extraction of C1 within 10 min, but finally,
numerical simulation gave a reasonable value of the rate
constant (k1) of 0.36−0.39 min−1. Thus, to determine k1, it
was necessary to maintain the pH that influenced the rate of
C1 extraction significantly.

2.3. Summary of Kinetic Analysis. The kinetics of the
primary extraction is described by the following rate equations
and eq 2 for the first-order kinetics of the extraction of C3,
under the conditions of temperature, 140 °C; O2 concen-
tration, 19.6 mmol O2 L

−1; and NaOH concentration, 0.1 mol
L−1.

= + +X t k F k F k Fd /d 1 C1 2 C2 3 C3 (6)

Figure 4. Changes in FC1‑2 with t for (a) m0 = 2.0 g and v = 1.0 mL min−1 and (b) m0 = 2.0 g and v = 5.0 mL min−1. FC3,0 was calculated by eq 2
with k3 = 0.26 and 0.000162 min−1 for calculating FC1‑2.

Figure 5. Y-intercepts of the linear relationship between FC1‑2 vs t for
different v’s and fixed m0 at 2.0 g.

Figure 6. Relationship between the rate of extraction of C2 and that
of O2 supply for m0 = 2.0 g and v = 1.0, 3.0, 5.0, or 7.0 mL min−1. The
rate of C2 extraction was determined by the linear relationship
between FC2 and t. The O2 supply was calculated by v and O2
concentration (19.6 mmol O2 L

−1).

Figure 7. Changes with t of the fraction of C1 for m0 = 2.0 g. FC1 =
FC1‑2 − FC2 = 1 − 0.26 exp(−0.000162t) − FC2. FC2 was calculated by
FC2 = −0.00139t + 0.623 for m0 = 2.0 g and v = 1.0 mL min−1 and FC2
= −0.00321t + 0.626 for m0 = 2.0 g and v = 3.0 mL min−1.
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= − ≈ −F F k t texp( ) 0.10 exp( 0.36 )C1 C1,0 1 (7)

= − ≈ −F F k t texp( ) 0.64 exp( 0.034 )C2 C2,0 2 (8)

k1 = 0.36 was obtained by the kinetic analysis of the data for m0

= 2.0 g and v = 5.0 mL min−1. k2 is a linear function of O2

concentration. Equation 6 shows that the three components
(C1−C3) underwent extraction obeying the first-order kinetics

Table 2. Chemical Composition of Solid Left after Oxidative Extraction with m0 = 2.0 ga

carbohydrates

experiment t, min lignin glucan xylan galactan mannan arabinan

cedar 49.8 36.5 4.9 1.6 6.3 0.9
3 mL min−1 160 26.9 65.5 3.4 0.5 3.3 0.6
5 mL min−1 140 6.6 88.9 2.5 0.5 0.7 0.7
7 mL min−1 90 14.3 80.1 3.4 0.6 1.0 0.6

aThe fractions of the chemical components have been normalized on the carbon bases of the individual solid.

Figure 8. Contents of chemical components in solid as a function of 1 − X − FC3 (=FC1 + FC2).
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with respect to their individual fractions. As discussed later,
neither C1 nor C2 corresponded simply to a particular
chemical component (e.g., the amorphous part of cellulose,
lignin, or hemicellulose). In other words, those were mixtures
of two or even more chemical components. Nonetheless, in the
kinetic sense, all of the components behaved as single
reactants. The lignin in cedar is composed of only G units
(99.5%),28 and such a single type of aromatic unit makes the
structure of lignin relatively simple. This could be an important
reason for the invariance of degradation modes.
2.4. Chemical Composition of C3. The chemical

composition of the solid is one of the most important
characteristics of the oxidative extraction. Table 2 shows the
compositions of the solids after extraction with m0 = 2.0 g and
v = 3.0, 5.0, or 7.0 mL min−1. The data shown in this table
allowed us to estimate the chemical composition of C3 as the
most refractory component. Figure 8 displays the contents of
the individual chemical components in the solid as a function
of 1 − X − FC3 (= FC1 + FC2). It is noted that every content is a
linear function of 1 − X − FC3. This means that extrapolating
the straight line to 1 − X − FC3 = 0 gives the content of the
chemical component in C3 as the Y-intercept, assuming that its
chemical composition was steady over the range of conversion.
The contents of glucan, xylan + mannan, galactan, arabinan,
and lignin were 93.9, 2.5, 0.55, 0.66, and 2.41%, respectively. It
was thus possible to prepare a pulp with a residual lignin
content as small as 2.4% on the carbon basis. However, the
complete extraction of C1 and C2 resulted in the yield of solid
(as C3) with a cellulose recovery as low as FC3,0/(glucan
content in the cedar) ≈ 65%.
2.5. Chemical Compositions of C1 and C2. The

quantitative knowledge of the chemical composition of C3
allowed us to determine that of C2. The solids after the
extraction under the conditions of m0 = 2.0 g, v = 1.0−7.0 mL
min−1, and sufficiently long t consisted of C3 and C2, but no
C1. Figure 9 shows the contents of the chemical components
as functions of FC2. Each content was calculated straightfor-

wardly as the difference in that between the solid and C3 (of
the solid). The content of every chemical component of C2 is
a linear function of FC2. This demonstrates that the chemical
composition of FC2 was steady during the oxidative extraction
and also agrees with the behavior of C3 as a single reactant.
The initial contents (at t = 0) determined were as follows:
lignin, 0.36 on the cedar carbon basis (56.7% of C2); glucan,
0.16 (24.7%); xylan + mannan, 0.11 (16.7%); galactan, 0.006
(1.0%); and arabinan, 0.006 (0.9%).
The initial chemical composition of C1 was determined

from those of the cedar, C2, and C3. Table 3 shows the
compositions of C1 together with those of C2 and C3. C1
consisted mainly of lignin, glucan, xylan/mannan, and galactan.
More importantly, the carbohydrates accounted for 2/3 of C1
on the carbon basis. Thus, hot-compressed alkaline water
extracted more carbohydrates than lignin in the absence of O2.
The total fraction of the carbohydrates in C2 was lower than
that in C1, but still more than 40%. On the other hand, the
major portion of lignin, 90%, was involved in C2, indicating
that the oxidation was mandatory for extracting the lignin
extensively.

2.6. Selectivities to Products from C2. The products
from the extraction were lumped into CO2, lower organic acid
(LOA), acid-soluble lignin (AS-L), acid-insoluble lignin (AI-
L), and ethanol-insoluble matter (EI). Among these, AI-L and
AS-L were characterized by size-exclusion chromatography
(SEC). The molecular mass of AS-L ranged 100−2000 Da
(calibrated with polystyrene standards) and clearly differed
from that of AI-L over a range up to 100 000 (see Figure S3).
AS-L consisted of monomers, dimers, and small amounts of
oligomers.29 LOA was represented by formic, acetic, lactic,
glycolic, and oxalic acids (Figure S1), the major portions of
which were derived from the carbohydrates and lignin
(interaromatic linkages and aromatic rings).30−33

The yields of CO2, LOA, AS-L, AI-L, and EI were analyzed
within the ranges of t after complete conversion of C1. Such
ranges of t were ≥60, ≥50, ≥30, and ≥20 min for the

Figure 9. Content of chemical component on the basis of cedar carbon as a function of FC2.

Table 3. Chemical Compositions of C1−C3a

kinetic component lignin glucan xylan + mannan galactan arabinan total

C1 0.032 (30.6) 0.036 (34.3) 0.022 (20.9) 0.011 (10.9) 0.003 (3.3) 0.104 (100)
C2 0.360 (56.7) 0.157 (24.7) 0.106 (16.7) 0.006 (1.0) 0.006 (0.9) 0.635 (100)
C3 0.006 (2.4) 0.245 (93.9) 0.006 (2.5) 0.001 (0.6) 0.002 (0.7) 0.261 (100)

aThe fraction is based on the total carbon involved in cedar. The numbers in parentheses (%) are the carbon-based fractions in C1, C2, or C3.
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conditions of v = 1.0, 3.0, 5.0, and 7.0 mL min−1, respectively,
with a fixed m0 of 2.0 g. In other words, (1 − X − FC3) = FC1 +
FC2 ≈ FC2. Figure 10 plots the yields of CO2, LOA, AS-L, AI-L,

and EI against YC2, which is defined by YC2 = FC2,0 − FC2 ≈
0.635 − FC2. All of the yields increase linearly with YC2 but
with different slopes, which correspond directly to the
selectivities to the corresponding products from C2. This
trend reveals no or very little change in the product selectivity
and agrees well with the steady chemical composition of C2,
strongly supporting the behavior of C2 as a single reactant. It is
known that O2-derived active species can directly attack
electron-rich aromatic and olefinic moieties and also aliphatic
chains connected to aromatic ring systems.34,35 It is therefore
hypothesized that such active species indiscriminately attacked
the lignin as well as associated carbohydrates (hemicellulose
and cellulose), and this resulted in simultaneous and
synchronized extraction from the different chemical compo-
nents of C2. This hypothesis is supported by Yokoyama et al.36

who found that the O2 active species generated by a phenolic
compound (2,4,6-trimethylphenol) attacked a carbohydrate (a
model compound; methyl p-D-glucopyranoside) in an alkaline
environment.
The product selectivities were also determined for v = 3.0,

5.0, and 7.0 mL min−1. The result is shown in Figure 11. The
selectivities are almost steady at v ≥ 3.0 mL min−1, while those
to AS-L and EI decreases and increases at v = 1.0−3.0 mL
min−1, respectively. In addition, the selectivity to LOA slightly
decreases at v = 1.0−3.0 mL min−1. Such influences of v on the
selectivities to AS-L, EI, and LOA can be explained by
chemical bonding between fragments of lignin and carbohy-
drates. EI at v ≥ 3.0 mL min−1 carried lignin fragments (as AS-
L precursor), but it was partly decomposed to EI, AS-L, and
LOA by decreasing v below 3.0 mL min−1 (i.e., by extending
the residence time of the primary product). Such an aqueous-
phase secondary reaction decreased the selectivity to EI while
increasing those to AS-L and LOA. In fact, the decrease in the
selectivity to EI seems to be compensated by the increases in
those to AS-L and LOA at v = 3.0−1.0 mL min−1. The O2
consumption was complete under the conditions of m0 = 2.0 g,
regardless of v. Aqueous-phase base-catalyzed hydrolysis of
carbohydrates,37,38 which did not require O2, would be an

important secondary reaction to change the product
distribution.
Figure 12 contrasts the chemical composition of C2 and

primary product distribution. The sum of the AI-L and AS-L

yields, 0.314, is smaller than, but close to, the lignin content in
C2. Considering that EI contains lignin fragments to be
released by the secondary reaction, the total yields of AI-L and
AS-L are even closer to the lignin content. Their yields for m0
= 2.0 g and v = 1.0 mL min−1 were an example. The
relationship between AI-L plus AS-L yields and lignin content
thus shows that the lignin was converted mainly into AI-L and
AS-L but minimally into LOA and CO2, even though the
degradation of C2 was caused by the oxidation. LOA and CO2
were rather formed from the degradation of the carbohydrates.
It is then hypothesized that the oxidative extraction was caused
by the oxidation of the lignin−carbohydrate complex (LCC)
and the resultant release of lignin fragments together with LOA
and CO2 mainly from the carbohydrate part.39 It was also
estimated that LCC of EI was carbohydrate-rich and therefore
insoluble in ethanol.

2.7. Selectivities to Products from C1. Quantitative
knowledge of the product selectivities for the C2 conversion
allowed us to derive those for C1. FC2 is expressed as a function
of t.

= −F F k tC2 C2,0 2 (9)

Figure 10. Yields of CO2, LOA, AI-L, AS-L, and EI from C2 as
functions of FC2,0 − FC2 for m0 = 2.0 g and v = 1.0 mL min−1. The
numbers indicated in the frame are slopes of the corresponding
straight lines, i.e., selectivities to the products.

Figure 11. Effects of v on selectivities to AI-L, AS-L, LOA, EI, and
CO2 for conversion of C2. m0: 2.0 g.

Figure 12. Contrast between the chemical composition of C2 and
product yields from C2.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c05154
ACS Omega 2021, 6, 4236−4246

4242

https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05154?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05154?ref=pdf


As shown in Figure 10, the individual products from C2 are
expressed as follows

= − =− − − −Y F F S Y S( )i i iC2 C2,0 C2 C2 t C2 C2 (10)

where Yi‑C2, Yt‑C2, and Si‑C2 are the yield of product i, the total
product yield from C2, and selectivity to i from C2,
respectively. The yield of product i from C1 is then given by

= − =− − − −Y Y Y Y Si i i i CC1 C2 t C1 1 (11)

where Yi‑C1 and Yi are the yield of i from C1 and the total yield
of i (from C1 and C2), respectively. Strictly saying, it is
necessary to consider the products from not only C2 but also
C3. But the latter can be ignored due to extremely slow
degradation of C3.
Figure 13 shows the calculated Yi‑C1 as a function of Yt‑C1.

Every Yi‑C1 increases linearly with Yt‑C1. It is thus reasonable to

determine the selectivity, Si‑C1. Table 4 lists the selectivities for
different v’s, showing no or little influence of v on the
selectivities, i.e., no or little progress of the aqueous-phase
secondary reaction of the primary extract from C1. The
selectivity to CO2 was below 0.01, and this was consistent with
that C1 underwent nonoxidative degradation (or just
dissolution). Figure 14 compares the product yields from C1
with its chemical composition. It is believed that LOA as well
as EI was derived from the carbohydrates, according to
previous studies, which showed hydrolytic degradation of
hemicellulose- and cellulose-produced oligosaccharides and
LOA.40,41 More importantly, the sum of AS-L and AI-L yields
is clearly greater than the lignin content of C1. This can be
explained only by that AS-L and/or AI-L chemically
incorporated carbohydrates forming LCC. It was also believed

that the LCC was lignin-rich, and then recovered as a portion
of AS-L, or otherwise, AI-L. Baptista et al.17 reported that the
pine lignin obtained by the conventional kraft cook (NaOH
and Na2S) at 170 °C contains about 4 wt % carbohydrates, and
shortening the residence time can increase the carbohydrate
content. More detailed chemical analysis of AS-L and AI-L is
necessary for clarifying the abundance and chemical structure
of LCC and deeper understanding of the mechanism of C1
degradation in the future work. On the other hand, for the C2
degradation, more analysis of EI is needed for characterization
of LCC that would be abundant in carbohydrate-rich LCC.

3. CONCLUSIONS
The oxidative extraction of the cedar in the flow-through
percolator and the combined analysis of the kinetics of
extraction and chemical compositions of the products have
demonstrated the following within the ranges of experimental
conditions:

(1) A sufficiently small mass of the cedar and large liquid
flow rate (i.e., O2 feeding rate) allowed us to determine
the rate of the primary extraction, eliminating the rate-
limiting physical processes. The primary extract can be
recovered by eliminating its secondary reactions in the
aqueous phase and over the surface of solid being
extracted.

(2) Limiting the rate of O2 supply allows us to derive three
kinetic components, C1−C3, quantitatively.

(3) All of C1, C2, and C3 undergo degradation following
first-order kinetics with respect to their carbon-based
fractions, FC1, FC2, and FC3, respectively. C1 is converted
by nonoxidative reactions such as ion exchange and
base-catalyzed hydrolysis, while C2 and C3 are
converted by oxidation. C3 is much more refractory
than C2 as well as C1.

(4) The chemical analysis of solids at different conversions
allows us to clarify the chemical compositions of the
individual kinetic components.

(5) The individual kinetic components are chemical
mixtures of lignin and carbohydrates, but they behave
as single reactants while maintaining their chemical
compositions. The product selectivities are therefore
steady over the ranges of their conversions. LCC is
abundant in C1 and C2, playing important roles in the
product selectivities.

Figure 13. Yields of CO2, LOA, AI-L, AS-L, and EI from C1 as
functions of FC1,0 − FC1 for m0 = 2.0 g and v = 1.0 mL min−1. The
numbers indicated in the graphs are slopes of the straight lines, i.e.,
selectivities to the individual products.

Table 4. Selectivities to Products from C1

v, mL min−1 CO2 LOA AS-L AI-L EI

1.0 0.0060 0.32 0.33 0.22 0.15
3.0 0.0077 0.31 0.30 0.25 0.16
5.0 0.0053 0.33 0.32 0.20 0.18
average Si‑C1 0.0063 0.32 0.32 0.22 0.16

Figure 14. Contrast between the chemical composition of C1 and
product yields from C1.
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(6) C3 as the refractory component consists of glucan and
other carbohydrates with the total content as high as
98% on the carbon basis, but C3 accounts for only 26%
of the cedar.

4. EXPERIMENTAL SECTION
4.1. Materials. Woodchips of a type of Japanese cedar (

Cryptomeria japonica) trunk, produced in Oita prefecture,
Japan, were pulverized to sizes smaller than 0.85 mm, vacuum-
dried at 60 °C for 12 h, and used as the feedstock. The particle
sizes of the feedstock were well below a critical size of
woodchips (thickness ≈ 4 mm) for eliminating the intrasolid
diffusional effects on the kinetics of extraction.42 The chemical
composition of the cedar was as follows: carbohydrates, 50.2
(glucan, 36.5; xylan, 4.9; galactan, 1.6; mannan, 6.3; arabinan,
0.9); lignin, 49.8, on the carbon basis of the cedar free from
ash, acetyl, extractives, and ash with contents of 1.4, 0.7, and
0.9 wt % on a dry basis, respectively. The following compounds
were purchased from FUJIFILM Wako Pure Chemical Co. or
Tokyo Chemical Industry Co. Ltd.: glucose, xylose, arabinose,
galactose, mannose, acetic acid, formic acid, oxalic acid, lactic
acid, glycolic acid, ethanol, sodium hydroxide (NaOH),
hydrochloric acid (HCl), and sulfuric acid (H2SO4).
4.2. Oxidation in Percolator. Figure 15 shows the

experimental setup for the oxidative extraction. The tubular
percolator (material; SUS316 tubes and Swagelok connectors,
volume; 20.5 mL) was charged with a prescribed mass (0.1−
2.0 g) of the cedar, filled with O2-free 0.1 mol L−1 NaOH aq,
and connected to the tank storing 0.1 mol L−1 NaOH aq
(upstream side) and filter (downstream). The tank (volume, 1
L) was heated at 140 °C and pressurized with 2.0 MPa O2 until
saturation. The O2 concentration in the NaOH aq was
measured and determined as 19.6 mmol O2 L−1, which was
roughly in agreement with that calculated according to a
previous report, 18.1 mmol O2 L

−1.43 The oxidative extraction
was preliminarily investigated at different temperatures, and it
was found that the lignin extraction was very slow at
temperatures below 140 °C. It was then chosen for operating
the oxidative extraction, while minimization of the secondary
reaction was considered.
The percolator was heated to 140 °C, and the temperature

was held for 20 min without supply of O2. Then, the O2-
saturated NaOH aq was fed to the percolator at a steady flow
rate in the range of 1.0−7.0 mL min−1. The start time of the
oxidative extraction was defined as the time at which the liquid
flow occurred by the pump. The effluent liquid was collected in

glass bottles at the downstream of the pump with fixed
intervals of 10 min. The temperature and pressure inside the
percolator were maintained exactly the same as those of the
tank to avoid release of O2 out of the NaOH aq. The liquid
residence time within the cedar fixed bed (2.5 mm thickness in
the case of 0.10 g of initial mass) was 2.5 s when a flow rate of
5.0 mL min−1 was applied. After the run for the prescribed
time, the percolator was cooled down to room temperature.
The solid was taken out of the percolator, washed exhaustively
with pure water (electrical resistance, 18.2 MΩ), and then
dried under vacuum at 60 °C for 12 h prior to weighing and
analyses.

4.3. Product Separation and Analyses. Figure 16 shows
the flowchart of product separation and analyses. Immediately
after the run, the total organic carbon (TOC) and inorganic
carbon (IC) dissolved in the recovered liquid were quantified

Figure 15. Setup of the experimental system.

Figure 16. Scheme of product separation, collection, and analyses.
SEC, size-exclusion chromatography.
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with a Shimadzu TOC-5000A analyzer (Shimadzu Corp.,
Kyoto, Japan). The product gas that consisted solely of CO2
was quantified as IC. A portion of every recovered liquid was
acidified to pH < 2 by adding HCl aq for precipitating and
recovering the AI-L. The acidified liquid after separated from
AI-L was subjected to TOC measurement and quantification of
LOA with a high-performance liquid chromatography (HPLC)
system (Shimadzu, LC-20 Prominence series, Shimadzu Corp.,
Kyoto, Japan) and a type of column (Bio-Rad Aminex HPX-
87H column 300 × 7.8 mm2). The acidified liquid was
neutralized by adding NaOH aq, concentrated by rotary
evaporation, and then adding ethanol. This process caused
precipitation of solid consisting mainly of oligosaccharides,
allowing the organic acid and AS-L to remain dissolved in the
acidic ethanol/water. The chemical composition of the solid
residue was determined by a standard analytical procedure of
NREL via two-stage hydrolysis.44 The carbon-based content of
each chemical component (glucan, xylan, mannan, galactan,
arabinan, and lignin) in the residue was then determined
according to their monomers formula: glucan, [C6H10O5]n
(carbon content of the monomer is 72/162); galactan,
[C6H10O5]n (72/162); mannan, [C6H10O5]n (72/162); xylan,
[C5H8O4]n (60/132); and arabinan, [C5H8O4]n (60/132). In
addition, the lignin in the cedar consisted solely of guaiacyl
units [C10H12O5]n (120/212).

28

The above-mentioned method gave the distribution of
carbon over the range from the solid residue to CO2
quantitatively. The yields of the solid residue, AI-L, ethanol-
insoluble matter (EI), AS-L, LOA, and CO2 are denoted by
YAI‑L, YEI, YAS‑L, YLOA, and YCO2

, respectively. These yields were
defined by

=Y m m/i i t,0

where mi is the carbon-based amount of i and mt,0 is the total
amount of carbon involved in the solid at time (t) = 0. The
overall carbon-based conversion to extract was defined by

= − = + + + +− −X m m Y Y Y Y Y1 /t t,0 AI L AS L EI LOA CO2

4.4. Quantitative Kinetic Analysis. The three kinetic
components in the cedar were represented by C1−C3. C1-2
represents the sum of C1 and C2. X is the overall carbon-based
conversion. FC1‑2 was defined as the carbon-based fraction of
C1-2. FC1, FC2, and FC3 were defined as the carbon-based
fractions of C1, C2, and C3, respectively.
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