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Abstract: The effect of organic sulfonic acids as catalysts during phenol liquefaction of Pinus radiata bark 
was investigated using five organic sulfonic acids [benzenesulfonic acid (BSA), methanesulfonic acid (MSA), 
1,5-naphthalenedisulfonic acid (NDSA), 1-naphthalenesulfonic acid (NSA), and p-toluenesulfonic acid 
(PTSA)] and sulfuric acid (SA) as a reference. All five organic sulfonic acids were very effective catalysts for 
phenol liquefaction of the bark, with almost complete liquefaction being achieved. PTSA was even effective 
for liquefaction at a liquor ratio (phenol/bark) as low as 2. The average molecular weights of the liquefied 
materials obtained from phenol-SA and phenol-PTSA systems were very similar at the same liquefaction time. 
IR spectroscopy confirmed that the residue remaining after acid-catalyzed phenol liquefaction of the bark was 
very similar to cellulose. The crystallinity of the residue when using PTSA as catalyst was slightly lower that 
that when using SA. The combined phenol content was higher using SA than using PTSA at the same 
liquefaction yield. The results demonstrate that these organic sulfonic acids play an important role in retarding 
the condensation reaction between phenol and bark components during the acid-catalyzed phenol liquefaction. 

Keywords: phenol liquefaction, Pinus radiata bark, organic sulfonic acids, sulfuric acid, lignocellulosic 
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Introduction
1)

  In recent years, it has been found that lignocellulosic 
biomass can be liquefied to give products with many 
useful potential applications, such as the preparation of 
polyurethane foams, moldings, and wood adhesives [1- 
15]. Among the various liquefying reagents that have 
been reported, phenol is well-known and very effective 
for liquefying lignocellulosic biomass, including those 
with a high lignin or polyphenol content, such as a 
softwood bark in the presence of an acid catalyst 
[1,2,16]. The liquefied products could be used as resins 
for molding, which have satisfactory mechanical pro-
perties, and for wood adhesives [3,4]. 
  Pine wood is commonly used for producing mechanical 
and chemical pulps as well as medium-density fiberboard 
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(MDF), but all bark is removed before processing due to 
its high lignin or polyphenol content and low carbo-
hydrate content. The bark removed from the logs is 
mostly used as a boiler fuel, instead of heavy oil, or as a 
fertilizer and a mulching material, but a huge surplus of 
bark is still discarded as a waste residue. Pine bark, 
however, is a good source of natural polyphenolic com-
pounds for wood adhesives. Many attempts have been 
made to utilize it as a wood adhesive [17-19], and phenol 
liquefaction was suggested as a promising method [16]. 
However, the polyphenolic compounds and lignin in the 
bark are easily condensed, which renders the liquefaction 
process difficult in the presence of a strong mineral acid 
catalyst [16,20-22]. The acid catalysts mostly used in the 
phenol liquefaction of lignocellulosic biomass are sul-
furic (SA) or hydrochloric acid [1-4,24], while other 
kinds of acid catalyst have seldom been tried. Previously, 
we reported that some organic sulfonic acids are more ef-
fective than mineral acids for phenol-alcohol and phenol- 
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ethylene carbonate liquefaction of pine bark [20,21]. 
Such organic sulfonic acids have been used for syn-
thesizing esters and as hardeners for the preparation of 
phenolic resins. Thus, the objective of this study was to 
evaluate the effectiveness of various organic sulfonic 
acids as catalysts for the phenol liquefaction of Pinus 
radiata bark. 

Experimental

Materials
  Pinus radiata bark, obtained from Stoneyhurst Saw-
milling Co. Ltd., Christchurch, New Zealand, was dried 
at 60 oC for 48 h in a convection oven, ground in a Wiley 
mill to 35～80 mesh size, sealed in a plastic bag, and 
stored at room temperature until use. All chemicals used 
were of reagent grade, obtained from commercial sup-
pliers.

Chemical Composition
  Most of the chemical components of the bark were 
determined according to the TAPPI standard method for 
wood analysis. The content of the bark lignin determined 
by the 72 % SA method is usually overestimated by the 
presence of phenolic acids. Therefore, the bark was 
extracted with hot 1 % NaOH for 1 h to remove the 
phenolic acids, after which time the residue was sub-
jected to Klason lignin determination. The value obtained 
from this procedure is defined as the real lignin. The 
difference between total lignin (Klason + acid-soluble 
lignin) and real lignin content is regarded as the phenolic 
acid content in this experiment.

Phenol Liquefaction
  The liquefaction experiments were performed in a 50- 
mL round-bottom flask. Following addition of appro-
priate chemicals, the flask was immersed in an oil bath 
preheated to the required reaction temperature to dissolve 
them. Then bark (2.5 g, o.d.) was then carefully added to 
the flask using a plastic funnel and the flask was 
immersed in the oil bath again, at which time the reaction 
was considered to have started. At the end of the 
reaction, the resulting mixture was diluted with 70 mL of 
aqueous 80 % 1,4-dioxane (dioxane:water = 80:20, v:v), 
followed by filtration with a 1G4 glass filter to separate 
any residue. The residue was dried overnight in a 
convection oven at 105±1 oC, and then weighed.

  Residue content (%) = Residue (g, o.d.)×100 / Weight 
of bark (g, o.d.)         

  Liquefaction yield (%) = 100-residue content (%) 

Gel Permeation Chromatography (GPC)
  Five milliliters of the diluted solution above was used to 
determine the molecular weight distribution and average 
molecular weight. The solvent was removed by using a 
rotary evaporator at 50 oC. The the sample was then 
diluted with 5 mL of 100 % tetrahydrofuran (THF) and 
filtered through a 0.45-µm membrane. The filtrate was 
analyzed through high performance liquid chromato- 
graphy (HPLC) using an SP 8800 ternary HPLC pump 
equipped with a Spectra 100 variable wavelength detec-
tor and a Shodex GPC KF-802.5 column (8 × 300 mm). 
Measurements were conducted at 30 oC, 280 nm, and a 
flow rate of 0.5 mL/min using 100 % THF as a mobile 
phase. The average molecular weight of the samples was 
calculated by using a calibration curve of monodisperse 
polystyrene standards (Mw = 114,000, 15,000, 3,600, 
2,350) and phenol (Mw = 94.11). The peak on the GPC 
curve corresponding to the phenol that was used for the 
liquefaction was excluded in the calculation of the 
average molecular weight.

Determination of Combined Phenol Content
  For this study, the required liquefaction experiments 
were repeated, and the liquefied materials were adjusted 
to 250 mL using an aqueous solution of 80 % 1,4- 
dioxane. Eugenol was used as an internal standard. The 
free phenol in the liquefied material was analyzed using a 
Shimadzu GC-17A (Japan) instrument equipped with a 
flame ionization detector (FID) and separated using an 
HP 1 (Methyl Silicone Gum) instrument test column (5 
m × 0.53 mm ID; film thickness, 2.65 µm). The oven 
temperature was elevated from 100 to 150 oC at a rate of 
5 oC/min. The injector and detector ports were set at 250  
and 270 oC, respectively. The carrier gas was helium, the 
flow rate was 6 mL/min, and the spilt ratio was 30. One 
microliter of sample was injected. The combined phenol 
content was calculated by the difference between the 
phenol used and the free phenol determined from the 
liquefied material. 

Analytical Methods
  The liquefaction residues were analyzed using a Fourier 
transform infrared (FT-IR) spectrophotometer (FTIR- 
8201 PC, Shimadzu, Japan). The transmittance measure-
ments were conducted using the KBr pellet method. An 
X-ray diffractometer (XRD 6000, Shimadzu, Japan) was 
used to measure the crystallinity by employing Cu 
filtered radiation and a monochromator.

Results and Discussion

Chemical Composition of Pinus radiata Bark
  Table 1 shows the results for the chemical composition 
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Table 1. Chemical Composition of Pinus radiata Bark
Bark component %
 Extractives

Cold water
Hot water
Alcohol-benzene
1 % NaOH

21.3
31.7
13.5
65.3

 Lignin
Klason lignin
Acid-soluble lignin
Total lignin
Real lignin

67.5
2.01
69.5
14.8

 Phenolic acids 54.7
 Ash 1.08
Total lignin = Klason lignin + acid-soluble lignin.
Phenolic acids = total lignin - real lignin.

of Pinus radiata bark. The bark had a high extractives 
content, especially for 1 % NaOH extraction, where the 
extract was 65.3 %. This finding means that Pinus 
radiata bark contains large quantities of phenolic com-
pounds, sugars, and pigments compared to a general 
temperate wood. The total lignin content, including 
Klason and acid-soluble lignins, was 67.5 %, which was 
almost twice that of pine wood. In general, barks contain 
a significant quantity of material that is soluble in dilute 
aqueous alkaline solutions. A considerable portion of this 
material, if not removed by an alkaline pre-extraction, is 
insolubilized and overestimated as a lignin under treat-
ment with mineral acids according to the Klason and 
similar methods. The alkali-soluble substances are phe-
nolic acids in nature, contain carboxyl groups, and have 
low methoxyl content. It was reported that the bark 
phenolic acids can be largely removed from the bark by 
treatment with 1 % NaOH at 90～100 oC [23]. Therefore, 
the real lignin content in the bark was determined by 
analyzing the total lignin of the residue obtained from 1 
% NaOH extraction of the bark. The real lignin content 
after the extraction was only 14.8 %, as shown in Table 
1, indicating a phenolic acid content in Pinus radiata 
bark of 54.7 %, which is remarkably higher than that of 
Pinus densiflora bark [22]. This finding confirms the 
potential of the Pinus radiata bark to be a good source of 
phenolic compounds, which is a great advantage for the 
preparation of phenolic resins. 

Effect of Organic Sulfonic Acid Type 
  Figure 1 shows the effect of five organic sulfonic acids, 
commonly used as hardeners for the preparation of 
cold-setting wood adhesives, on the liquefaction yield. 
The amounts of each catalyst used were adjusted to give 
the same hydrogen ion concentration. Thus, in the case 
of benzenesulfonic acid (BSA), methanesulfonic acid 
(MSA), 1-naphthalenesulfonic acid (NSA), and p-tolu-
enesulfonic acid (PTSA), the amount of catalyst used 

Figure 1. Effect of catalyst type on phenol liquefaction of 
Pinus radiata bark. BSA: benzenesulfonic acid; NSA: 1-naph-
thalenesulfonic acid; MSA: methanesulfonic acid; NDSA: 
1,5-naphthalenedisulfonic acid; PTSA: p-toluenesulfonic acid; 
SA: sulfuric acid. Liquefaction conditions: liquefaction tem-
perature: 150 oC; liquefaction time: 60 min; liquor ratio (phe-
nol/bark): 3; bark: 2.5 g (o.d.); phenol: 7.5 g.

Figure 2. Effect of catalyst amount on phenol liquefaction of 
Pinus radiata bark. Liquefaction conditions: liquefaction 
temperature: 150 oC; liquefaction time: 60 min; bark: 2.5 g 
(o.d.); phenol: 7.5 g.

was 4 mmol, but only 2 mmol of 1,5-naphthalene-
disulfonic acid (NDSA) and SA was used because of 
their divalency. All of the organic sulfonic acids used 
were very effective for bark liquefaction under the given 
liquefaction conditions; the liquefaction yields were in 
the range from 96 to 99 % (Figure 1). However, the yield 
for the reference SA did not exceed 94 %. This result 
indicates that these organic sulfonic acids were better 
catalysts than was the strong mineral acid SA during the 
phenol liquefaction of the bark. 

Effect of Organic Sulfonic Acid Concentration
  To investigate the optimal amount of organic sulfonic 
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Figure 3. Liquefaction yield as a function of liquefaction time 
during phenol liquefaction of Pinus radiata bark at liquor ratio 
of 2. Liquefaction conditions: liquefaction temperature: 150 oC; 
bark: 2.5 g (o.d.); phenol: 5 g; SA: 1.33 mmol; PTSA: 2.67 
mmol.

acid needed for phenol liquefaction, the liquefaction was 
performed at 150 oC for 1 h with a liquor ratio (phenol/ 
bark, w/w) of 3. PTSA, which was used as a catalyst for 
the phenol-alcohol and the phenol-ethylene carbonate 
liquefaction of Pinus densiflora bark [20,21], was select-
ed from among the five organic sulfonic acids. Figure 2 
shows the effect of the amount of catalyst on the lique-
faction yield. The liquefaction yield increased linearly 
from 86 to 97 % as the amount of PTSA catalyst was 
increased from 1 to 4 mmol, respectively. As the result, 
the liquefaction yield increased remarkably. It is clear 
that the more than 4 mmol of the catalyst is not needed 
for almost complete liquefaction of the bark. 

Effect of Organic Sulfonic Acid at the Liquor Ratio of 2
  The use of phenol as a liquefying reagent is associated 
with a number of drawbacks, including the difficulty of 
recovering the phenol from the liquefied materials and 
the problem of toxicity. Because minimizing the amount 
of phenol used might be desirable to reduce these disad-
vantages, the liquefaction was performed at a liquor ratio 
as low as 2. 
  Figure 3 presents the liquefaction yield as a function of 
the liquefaction time during phenol liquefaction of the 
bark. The liquefaction yields in both systems of phenol- 
PTSA and phenol-SA increased rapidly during the first 
30 min, followed by a slower rate of increase; this 
slowdown was sharper for the SA system. In the case of 
the phenol- PTSA system, 85 % of the bark was liquefied 
within the first 10 min of the liquefaction and a 
liquefaction yield of more than 95 % was achieved at 120 
min. However, the liquefaction yields in the phenol-SA 
system were lower than those of the phenol-PTSA sys-
tem throughout the entire liquefaction period. Although 

Figure 4. Effect of liquefaction temperature on phenol lique-
faction of Pinus radiata bark at liquor ratio of 2. Liquefaction 
conditions: liquefaction time: 60 min; bark: 2.5 g (o.d.); 
phenol: 5 g; SA: 1.33 mmol; PTSA: 2.67 mmol.

SA is well known as an effective catalyst for the phenol 
liquefaction of lignocellulosic biomass, it was not effec-
tive for liquefaction at lower liquor ratios, compared to 
the organic sulfonic acid catalysts. 
  Figure 4 presents the liquefaction yield as a function of 
the liquefaction temperature. The liquefaction yields of 
both systems increased with increasing liquefaction tem-
perature up to 150 oC, after which point the yield de-
creased slightly at 160 oC for the PTSA system and more 
sharply for the SA system. The liquefaction yield of the 
phenol-PTSA system was always higher than that of the 
phenol-SA system. Thus, we considered that a certain 
condensation reaction occurred at this temperature during 
the phenol-SA liquefaction. 

Molecular Weight Distribution and Combined Phenol 
Content
  From the liquefaction results described above, the effec-
tiveness of the organic sulfonic acids used may be 
attributed to their ability to prevent condensation reac-
tions during liquefaction. Therefore, to confirm this as-
sumption we decided to conduct some further analytical 
studies, such as the determination of the molecular 
weights and combined phenol contents of the liquefied 
materials. To this end, the bark liquefaction was repeated 
at 150 oC for 1 h at a liquor ratio of 2 and then the 
liquefied materials were subjected to analyses by GPC 
and of their combined phenol content.
  The GPC curves are shown in Figure 5. The molecular 
weight distributions were very similar between the 
phenol-PTSA and phenol-SA systems. Excluding unre-
acted free phenol on the GPC curves, the weights and 
number-average molecular weights were calculated, 
along with the polydispersity. As shown in Table 2, the 
differences in the average molecular weight and polydis-
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Table 2. Average Molecular Weights and Combined Phenol Contents of Liquefied Materials for Pinus radiata Bark

Catalyst Liquefaction
time (min)

Liquefaction
yield (%) Mw Mn Mw / Mn CPh (%)

SA   30
120

86.2
90.8

2,900
2,700

570
560

5.2
4.9

68.8
78.6

PTSA   30
120

91.8
97.8

2,800
2,700

580
550

4.8
4.9

78.8
95.5

Bark = 2.5 g (o.d); Phenol: 5 g; SA: sulfuric acid; PTSA: p-toluenesulfonic acid; liquefaction temperature: 150 oC; CPh: combined phenol 
content.

Figure 5. Gel permeation chromatography (GPC) curves of 
liquefied materials for Pinus radiata bark. Liquefaction 
conditions: liquefaction temperature: 150 oC; liquefaction time: 
60 min; bark: 2.5 g (o.d.); phenol: 5 g; SA: 1.33 mmol; PTSA: 
2.67 mmol.

Figure 6. Combined phenol content as a function of liq-
uefaction yield during phenol liquefaction of Pinus radiata 
bark. Liquefaction conditions were the same as those in Figure 
5, except for the liquefaction time.

persity between the two acid catalysts were negligible, 
although 6～7 % differences in the liquefaction yield 
were observed at the same liquefaction time.
  Figure 6 shows that a strongly positive, linear corre-
lation exists between the combined phenol content and 

Table 3. Crystallinity of Liquefaction Residues from Pinus 
radiata Bark

Catalyst Liquefaction 
time (min)

Residue
(%)

Crystallinity
(%)

SA   30
120

13.8
  9.2

50.2
51.4

PTSA   30
120

  8.2
  2.2

45.2
46.2

Crystallinity of cellulose = 83.0 %.
Liquefaction conditions were the same as those in Figure 5.

Figure 7. IR spectra of cellulose and liquefaction residues from 
Pinus radiata bark. Liquefaction conditions were the same as 
those in Figure 5.

liquefaction yield in both catalyst systems during the 
phenol liquefaction. However, the phenol content of the 
phenol-SA system was higher than that of the phenol- 
PTSA system across the complete range of liquefaction 
yields. This result confirmed that the higher combined 
phenol content for the phenol-SA system was due to con-
densation reactions between phenol and the bark 
components, and that the liquefaction was retarded by 
these condensation reactions. We, therefore, conclude 
that the effect of the organic sulfonic acids used may be 
attributed to their ability to prevent a certain con-
densation reaction from occurring during the phenol 
liquefaction of Pinus radiata bark.
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IR Spectra and Crystallinity of Liquefaction Residues
  The IR spectra of cellulose and the residues obtained 
from the bark liquefaction using SA or PTSA catalyst are 
shown in Figure 7. Despite the use of the different 
catalyst types, the IR spectra of the residues were similar 
to each other and to that of cellulose, indicating that 
cellulose was the major component of the residue after 
phenol liquefaction. On the other hand, it is difficult for 
any chemical reaction to proceed in the crystalline area 
of cellulose. As shown in Table 3, an increase in the 
liquefaction time significantly decreased the liquefaction 
residue, but the crystallinity of these residues remained 
constant in the range from 45 to 51 %. These results 
suggest that the residue remaining after acid-catalyzed 
liquefaction of the pine bark was mostly derived from the 
difficult-to-access region in the cellulose, indicating that 
cellulose in the bark resists liquefaction by phenol in the 
presence of these acid catalysts. On the other hand, the 
percentage of crystallinity of the residues when using 
PTSA was slightly lower than that when using SA. This 
lower crystallinity confirmed that the organic sulfonic 
acid PTSA has a better affinity for cellulose than do the 
commercially used mineral acids, such as SA and hydro-
chloric acid, and may have caused the good liquefaction 
of the pine bark. 

Conclusions 

  To evaluate the effectiveness of organic sulfonic acids 
during phenol liquefaction of Pinus radiata bark, the 
possible reaction variables were investigated. The Pinus 
radiata bark used for this liquefaction comprised about 
55 % phenolic acids, which makes this bark a good raw 
material for the preparation of phenolic resins. All five 
organic sulfonic acids used were very effective for the 
phenol liquefaction of the bark compared with the 
standard mineral acid SA. The organic sulfonic acids 
used remained effective even during liquefaction at a 
liquor ratio (phenol/bark) as low as 2, whereas the SA 
catalyst was less effective at lower liquor ratios, which 
rendered difficult the raising of the liquefaction yield 
above 90 %. The GPC results of the liquefied materials 
for the acid catalysts used were similar, but the combined 
phenol content was higher with the phenol-SA system 
than with the phenol-PTSA system at the same lique-
faction yield. The result confirmed that the organic sul-
fonic acids play an important role in reducing the con-
densation reactions during the phenol liquefaction. The 
IR spectra of the liquefaction residues were very similar 
to that of cellulose, and the crystallinity of the residue 
when using PTSA was lower than that obtained when 
using SA. We assume that the improved effect of the 
organic sulfonic acids during the phenol liquefaction of 

Pinus radiata bark was due to their better affinity for 
cellulose in the bark.
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