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Formic acid/acetone-organosolv pulping of
white-rotted Pinus radiata softwood †
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Abstract: Organosolv pulping of fungally pretreated samples of Pinus radiata was evaluated. A

screening study using ®ve white-rot fungi indicated that Ceriporiopsis subvermisopora and

Punctularia artropurpurascens were the most selective ones for lignin degradation. These fungi were

further cultured in bioreactors containing 2.5kg of wood chips. Fungally-pretreated samples were

deligni®ed by formic acid/acetone (7:3) at 150°C. Pulping kinetics and strength properties of the

resulting unbleached pulps were evaluated. Deligni®cation rates and xylan solubilization rates were

higher for the decayed samples than for the undecayed control, except for the sample biotreated with P

artropurpurascens for 30 days. C subvermispora proved appropriate for treating the wood samples

before organosolv pulping, since pretreatment with this fungus resulted in faster wood deligni®cation

and pulps with lower residual lignin. Increases in tensile index ranging from 3% to 22% were observed

for most pulps prepared from biotreated samples, independently both of the fungal species used in the

pretreatment and of the extent of the wood biodegradation expressed as wood weight loss. However,

tear and burst indexes and brightness were lower than or similar to those of pulps prepared from the

undecayed control.
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1 INTRODUCTION
Pulp production by organosolv processes has been

evaluated using several wood species and a broad

range of organic solvents in acid or alkaline media.

Detailed descriptions of the various organosolv pro-

cesses have been published in several review articles

and book chapters.1±3 In spite of the high deligni®ca-

tion ef®ciency of several organic solvent systems, the

acidic conditions can also result in carbohydrate

degradation. As a consequence, pulps with low

papermaking quality are obtained.

Acid-organosolv pulps have limited papermaking

properties, especially when compared with kraft pulps

prepared from the same wood species.3,4 The way the

chemical composition affects the papermaking proper-

ties of the pulp is not completely understood, pricipally

in the case of organosolv pulps.4 However, low kappa

numbers are obtained only in conditions where high

amounts of polyoses are hydrolyzed.3,5,6 The low

content of polyoses may be one of the factors related to
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the inferior papermaking quality of organosolv

pulps.4,7 Furthermore, at elevated temperatures and

high acid concentrations, cellulose also can be partially

depolymerized. The degree of polymerization of

cellulose has been shown to diminish as a function of

the cooking time in organosolv processes.8,9 Low

cooking severity (severity here is considered as the

product of time, temperature and acid concentration)

avoids carbohydrate degradation; however, deligni®-

cation ef®ciency is diminished, because lignin depoly-

merization is not effective.2 The use of a wood

pretreatment that provides lignin depolymerization

through the cleavages of b-O-aryl-ether and carbon±

carbon linkages is very desirable in order to retain mild

conditions in organosolv pulping. Lignin biodegrada-

tion occurs mainly through the cleavage of Ca±Cb and

b-O-aryl-ether linkages in the lignin macromolecule.10

This indicates that white-rot fungi should be useful for

the treatment of wood chips prior to organosolv

pulping. In fact, it has been demonstrated that
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Organosolv pulping of white-rotted Pinus radiata
white-rot decay pretreatment provides higher deligni-

®cation rates in organosolv deligni®cation.11±14 Bio-

pulping has also proved an ef®cient way to reduce

electrical energy consumption in mechanical pulping

and chemical loads in processes such as kraft and

sul®te.

Among the acid-organosolv processes, the ones

using acetic acid and formic acid as pulping agents

have been extensively studied.9,15,16 More recently,

the use of a formic acid/acetone mixture has also

received attention. The formic acid/acetone process

usually provides pulps with tensile and burst strengths

approaching those of the corresponding Acetosolv and

Alcell pulps.3,9,16 However, low tear strength is often

observed and is probably related to the very low

residual polyoses content of these pulps (3±4%) and to

the occurrence of formyl side groups in the cellulose

chain.14,16

This paper reports results of the use of white-rot

decay as a pretreatment for formic acid/acetone

pulping of P radiata softwood. Screening of a suitable

white-rot fungus for the pretreatment of this wood

species and evaluation of chemical and mechanical

properties of prepared organosolv pulps are also

discussed.
2 EXPERIMENTAL
2.1 Wood preparation
Freshly cut chips (approximately 2.5�1.5�0.2cm) of

25-year-old trees of P radiata were kindly furnished by

a Chilean pulp mill. Wet chips were air-dried to a ®nal

humidity of 8±10% and stored in dry conditions until

utilization. Before incubation, wood chips were

sterilized as previously described.12 The chemical

composition (w/w) of sterilized wood chips (deter-

mined as described in Section 2.4) was 43.3�0.1%

glucan, 18.7�0.1% polyoses, 1.1�0.1% arabinosyl

groups, 1.3�0.1% acetyl groups and 27.1�0.1%

total lignin.

2.2 Fungi, inoculum preparation and wood
biodegradation
The white-rot fungi used in this work were Punctularia
artropurpurascens and Ceriporiopsis subvermispora kindly

furnished by Prof L Bettucci and Prof M Speranza

from Universidad de la Republica de Montevideo

(UY), Trametes versicolor from the culture collection of

the Department of Biotechnology, Lorena, SP, Mer-
rulius tremellosus ATCC 48745 and Poria medula-panis
ATCC 42463.

For ¯ask-scale biodegradation experiments the

fungi were grown for 7±10 days in 2dm3 Erlenmeyer

¯asks containing 200cm3 of 2% (w/v) malt-extract

solid medium. After fungal growth on the medium

surface, 50g of sterilized wood chips were added to the

cultures and hand-shaken for 1min. Cultures were

maintained unagitated at 27°C for periods varying

between 30 and 90 days. After these periods the

mycelium was washed off the surface of the wood
J Chem Technol Biotechnol 75:1190±1196 (2000)
chips. Decayed chips were air-dried at 27°C and

weighed. After weighing, the humidity of the wood

chips was determined. Initial and ®nal dry weights

were used to determine weight losses. Weight loss

owing to the sterilization procedure (2.1%) was

subtracted from each weight loss value of biodegraded

samples. Duplicate cultures for each biodegradation

period were performed. A set of uninoculated ster-

ilized wood chips served as a control wood sample.

For scaled-up biodegradation experiments, two

¯asks each containing 50g of 1 month-cultured wood

chips were used to inoculate 2.5kg of sterilized wood

chips. The mixture of fresh and cultured wood chips

was hand-shaken for 1min inside a previously

sterilized 25dm3 polypropylene bioreactor. The

inoculated bioreactor was then constantly ¯uxed at

0.2±0.3dm3 of humidi®ed and sterilized air per

minute. After 30 or 60 days of biodegradation the

wood chips were recovered, washed with water, air-

dried and stored under dry conditions until used.

Estimation of weight losses in these scaled-up bio-

degradation experiments were less accurate than the

¯ask-scale ones owing to the inef®cient washing of

wood chips' surface.

2.3 Organosolv delignification
Pulping kinetic studies were performed using stainless-

steel reaction vessels of 80cm3. Wood chips were

cooked using a wood/liquor ratio of 1:10 (w/v). The

solvent system was 98% formic acid/acetone (70/30

v/v). The cooking process was performed at 150°C for

reaction times varying from 5 to 100min. Reaction

vessels were heated in a silicone oil bath preheated to

the nominal temperature of 150°C. After heating for a

de®ned reaction time, the reaction vessel was cooled in

water. The residual unscreened pulp was vacuum-

®ltered and washed once with 2dm3 of water. Washed

material was disintegrated with 2dm3 of water in a

TAPPI standard de®brillator by 3000 revolutions

(TAPPI T 205). Disintegrated material was vacuum

®ltered and washed again three times with 200cm3 of

acetone/water (9:1 v/v). The ®nal ®brous material was

dried at 100°C until constant weight. Initial and ®nal

dry weights were used to determine the unscreened

pulp yield.

Scaled up pulping experiments were performed in a

5dm3 stainless-steel reactor equipped with an elec-

trical heating device and an engine for orbital move-

ment. The internal temperature of the reactor was

measured with a thermocouple. Wood chips (500g on

dry basis) were cooked using a wood/liquor ratio of 1:6

(w/v). The solvent system was the same as that

described above and the cooking process was per-

formed at 150°C for de®ned reaction times. The

system took 40min to heat up to 150°C and 35min to

cool down to 100°C. The residual unscreened pulp

was centrifuged for liquor release and suspended in

2dm3 of acetone/water (9:1 v/v). Then, it was

centrifuged again, washed three more times with

0.5dm3 of acetone/water (9:1 v/v) and exhaustively
1191
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washed with ¯owing water. The washed material was

disintegrated (®ve portions with approximately 50g

each) with 2dm3 of water in a TAPPI standard

disintegrator by 6000 revolutions (TAPPI T 205).

The disintegrated material was washed again with

¯owing water and centrifuged. The washed

unscreened pulp was then screened in a valley

laboratory ¯at screen (VOITH). Rejects were col-

lected and dried at 100°C until constant weight. The

screened pulp was centrifuged and stored humid until

utilization. A sample of humid screened pulp was used

for humidity determination. The amounts of screened

pulp yield and the amount of rejects were determined

on the basis of initial and ®nal dry weights.

The H-factor (a factor that includes time and tem-

perature dependence)17 values were used to correct

the heating-up time necessary to reach 150°C, occa-

sional ¯uctuation of the reactor temperature and the

cooling down time. Data were expressed as the

equivalent periods of time at maximal cooking

temperature (150°C). The reaction H-factor was

estimated based on plots of relative reaction rate as a

function of cooking time. The area under these plots

for each reaction furnished the reaction H-factor.

Relative reaction rates were calculated based on the

Arrenhius equation using an average activation energy

of 80kJ molÿ1 for the organosolv deligni®cation.18

The relative reaction rate was assumed to be equal to

one for the temperature of 100°C.17

2.4 Chemical analysis of wood and pulp samples
Wood and pulp samples were milled in a knife mill to

pass through a 0.5mm screen. Milled wood was

extracted with 95% ethanol for 6h in a Soxhlet

apparatus to remove extractives. Pulps were not

previously extracted. Extracted wood or pulp

samples were hydrolyzed with 72% (w/w) sulfuric

acid at 30°C as described elsewhere.12,19 Insoluble
Table 1. Weight and component losses
of Pinus radiata wood chips
biodegraded by white-rot fungi

Fungal species

Biodeg

T versicolor

P artropurpurascens

P medula-panis

M tremellosus

C subvermispora

a Deviation values relate to the expe

1192
lignin, soluble lignin, monomeric sugars, acetic acid

and formic acid were determined as previously

published.12,19 Reported chemical composition values

were the average of duplicate hydrolysis experiments.

Deviation between duplicates was lower than 3% of

the average value.

2.5 Determination of strength properties
Screened pulps were re®ned in a PFI mill (TAPPI T

248) for 500, 1000, 2000 and 3000 revolutions. A

Schopper Reigler test17 was performed to measure the

drainage rate of re®ned pulps. Handsheets prepared

from these pulps (TAPPI T 205) were analyzed for

their tensile (TAPPI T 494), tear (TAPPI T 414) and

burst (TAPPI T 403) indexes. Brightness was

measured following TAPPI T 525.
3 RESULTS AND DISCUSSION
3.1 Evaluation of different fungal species on the
wood biodegradation pretreatment
Five white-rot fungi were evaluated for P radiata
biodegradation pretreatment. Wood weight and com-

ponent losses of decayed samples are shown in Table

1. The fungal species that presented the highest

degradative capacity was T versicolor, providing 25%

weight loss after 90 days of biodegradation. Despite

the high degradative capacity of this species, selective

lignin degradation was not achieved, since high glucan

losses were also observed. P medula-panis and M
tremellosus were selective for lignin degradation provid-

ing lignin losses higher than the glucan losses. Never-

theless, for both species a signi®cant glucan loss was

observed. P artropurpurascens and C subvermispora were

the most selective species for lignin degradation, since

the removal of this component was not followed by

glucan losses. However, C subvermispora was more

ef®cient in degrading lignin, since lignin loss reached
radation time

(days)

Weight and component losses (% w/w) a

Weight Glucan Polyoses Lignin

30 7.7�0.6 2�2 11�2 9�2

45 10.8�0.8 4.4�0.9 11.3�0.8 15.3�0.8

90 25.2�0.1 16.8�0.1 29.1�0.1 31.1�0.1

30 0.4�0.1 0�4 0�2 0.0�0.9

45 0.7�0.2 0�5 0.2�0.2 5.3�0.2

90 5.7�0.7 0�3 5�6 9.7�0.7

30 1.0�0.2 0�4 2.0�0.2 0.6�0.2

45 4.6�0.3 1.0�0.3 8.6�0.3 7.0�0.3

90 15�1 10�1 15�1 18�1

30 6.9�0.2 0.0�0.5 11.3�0.2 9.2�0.2

45 14�2 7�2 18�2 20�2

90 17.2�0.9 7�1 18.5�0.9 27.6�0.8

30 6�1 0�5 11�1 21.6�0.9

45 9.9�0.3 0.0�0.3 16.5�0.3 21.8�0.3

90 17.2�0.8 0.0�0.2 22.0�0.8 31.1�0.7

rimental value subtracted from the average value from duplicate cultures.

J Chem Technol Biotechnol 75:1190±1196 (2000)



Figure 1. Formic acid/acetone (7:3 v/v) cooking of Pinus radiata at 150°C. (A) Undecayed wood control; (B) wood chips pretreated by Ceriporiopsis
subvermispora for 60 days. -*-, pulp yield; -*-, lignin; -~-, polyoses; -&- glucan.

Organosolv pulping of white-rotted Pinus radiata
31% after 90 days of biodegradation while, for the

same period, P artropurpurascens promoted only 10%

lignin loss. In all the white-rot pretreatments polyoses

and lignin were degraded almost simultaneously.

Although the extent of lignin degradation is not

directly related to the bene®ts found in biomechanical

pulping20 and in fungal-organosolv pulping,12 selec-

tive lignin degradation is essential to a combined

biological±chemical pulping method. Fungal species

should be selected based on their ability to degrade

lignin, but minimal cellulose degradation is also

necessary. Cellulose degradation in the fungal pre-

treatment means yield loss and pulp quality depletion

in the subsequent chemical processing. Based on these

considerations, C subvermispora and P artropurpuras-
cens were selected for further pretreatments.

3.2 Biodegradation scale-up and organosolv
pulping of pretreated samples
Scaled-up biodegradation experiments using 2.5kg of

wood chips were carried out in aerated bioreactors.

Weight losses were: 5% and 9.6% for pretreatment

with C subvermispora for 30 and 60 days, respectively;

and 3.7% and 3.9% for pretreatment with P artropur-
purascens for the same biodegradation periods of time.

Kinetic studies of formic acid/acetone pulping of the

white-rotted P radiata were performed using a similar

procedure as reported in one of our previous papers.12

Figure 1 illustrates the wood solubilization behavior of
Table 2. Kinetic parameters for the bulk phase of
formic acid/acetone pulping of undecayed and
fungally-pretreated Pinus radiata wood samples

Pretreated sample

Undecayed control

C subvermispora

P artropurpurascens

J Chem Technol Biotechnol 75:1190±1196 (2000)
the undecayed control (Fig 1(A)) and of a sample

pretreated with C subvermispora for 60 days (Fig 1(B)).

Wood solubilization shows two consecutive and

distinct phases as a function of cooking time. The

®rst phase is characterized by a fast solubilization of

wood chips following a nonlinear decay of the pulp

yield as cooking time increases (bulk phase). In the

second phase, the solubilization rate decreases sig-

ni®cantly and pulp yield approximates to a limit value

(residual phase). This solubilization behavior is similar

to other reported kinetics for several organosolv

processes.3,9,12,18 Pseudo-®rst order kinetic

models11,12 permitted a graphic prediction of solubi-

lization rates for all the experiments (Table 2).

Deligni®cation rates and xylan solubilization rates

were higher in decayed samples as compared with the

undecayed control, except for the sample biotreated

with P artropurpurascens for 30 days. These data

corroborate our previous reports showing that white-

rot pretreatment provides easier deligni®cation in

organosolv pulping processes.12 However, earlier

studies on fungal pretreatment of E grandis with T
versicolor, P chrysosporium and P artropurpurascens
combined with methanol/water-organosolv pulping,

show that at the ®nal deligni®cation phase the amount

of residual lignin decreased slowly from 8 to 6%

(w/w% on wood basis) in the sound and in most

decayed wood samples. Only some heavily decayed

samples (for example, the sample decayed by T
Biodegradation time

(days)

Deligni®cation

rate constant

(10ÿ2minÿ1)

Polyoses removal

rate constant

(10ÿ2minÿ1)

0 3.7 6.7

30 5.7 9.5

60 4.3 6.5

30 3.3 7.7

60 5.0 6.6
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Table 3. Pulp yield and chemical composition of formic acid/acetone pulps obtained from white-rotted wood samples cooked at 150°C for 34–37mina

Pretreated sample

Biodegradation

time (days)

Screened pulp

yield (%)

Rejects

(%)

Total pulp

yield (%)

Glucan

(%)

Polyoses

(%)

Total lignin

(%)

Formyl groups

(%)

Undecayed control 0 44 8 52 74.5 4.2 11.7 5.8

C subvermispora 30 46 7 53 75.0 3.5 10.8 5.6

60 47 6 53 76.7 3.4 10.5 4.3

P artropurpurascens 30 41 9 50 75.6 3.6 11.7 5.8

60 44 7 51 75.5 3.7 11.2 5.7

a H-factor was used to correct heating and cooling time and eventual ¯uctuation of maximal temperature.

A Ferraz et al
versicolor for 4.5 months) provided residual lignin

contents as low as 3% (w/w% on wood basis). On the

other hand, the results presented in Fig 1 indicate that

in addition to the increase in the deligni®cation rate,

the residual lignin in the pulp was signi®cantly lower in

samples pretreated with C subvermispora. At the end of

the cooking, the fungal-pretreated sample yielded a

pulp with 2.0% residual lignin (w/w% on wood basis).

At the same cooking time the residual lignin in the

undecayed control was 6.2% (w/w% on wood basis).

Therefore, C subvermispora seems to be one of the most

appropriate fungi for wood pretreatment for subse-

quent organosolv pulping, since pretreatment with this

fungus provided both faster deligni®cation and lower

residual lignin in organosolv pulps.

Further evaluation of the fungal pretreatment

combined with organosolv pulping was performed by

scaling up pulping experiments and comparing che-

mical and mechanical properties of the pulps obtained.

Pulp yield and chemical composition of the pulps

obtained after 34±37min of cooking at 150°C are

shown in Table 3. Strength properties of the same

pulps are shown in Table 4.

The samples pretreated by C subvermispora provided

screened pulp yields 2±3% higher than the undecayed

control. This increase was proportional to the diminu-

tion of the amount of screen rejects (1±2%), which

indicates that C subvermispora-biodegraded samples

were de®brated more easily than the undecayed

control, probably owing to the faster lignin removal
Table 4. Mechanical and optical properties of formic acid/acetone pulps obtained f

Pretreated sample

Biodegradation

time (days)

Tensile index

(Nmgÿ1)

Tear in

(mNm2g

Cooking time 34±37min a

Undecayed control 0 59 4.8

C subvermispora 30 61 (�3%) 3.8 (ÿ2

60 69 (�17%) 3.8 (ÿ2

P artropurpurascens 30 72 (�22%) 3.3 (ÿ3

60 65 (�10%) 3.7 (ÿ2

Cooking time 46±49min a

Undecayed control 0 60 3.3

C subvermispora 60 69 (�13%) 3.3 (0%

a H-factor was used to correct heating and cooling time and eventual ¯uctuation o
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achieved in the biotreated sample. Pretreatment by P
artropurpurascens provided similar results only after a

long biodegradation period (60 days) (Table 3). The

chemical composition of the pulps shows that

decreased lignin and increased glucan contents were

obtained in samples biotreated by C subvermispora.

The polyoses content, which is critical for tear

strength,4 also decreased in pulps prepared from

decayed samples (4.2% in the undecayed control and

3.4±3.7% in decayed samples), as a consequence of

the high removal rate of polyoses (Table 2).

Tensile index increased in most pulps prepared

from biotreated samples (Table 4). This strength

increase ranged from 3% to 22% and was directly

correlated neither to the fungal species used in the

pretreatment, nor to the extent of the wood biodegra-

dation measured as wood weight loss. However, tear

and burst indexes and brightness were lower than or

similar to those of pulps prepared from the undecayed

control.

A second set of pulping experiments was performed

for extended cooking times (46±49min) using the

undecayed control and the sample decayed by C
subvermispora for 60 days (Table 4). In this case, the

decayed sample gave use to pulps with 29% less

residual lignin than the undecayed control. Extended

cooking times in acid-organosolv pulping processes are

known to cause the pulps to have increased residual

lignin contents due to lignin-condensation reactions.2

This phenomenon was con®rmed in the formic acid/
rom white-rotted wood samples cooked at 150°C (Pulps with 40°SR)

dex
ÿ1)

Burst index

(kPa m2gÿ1)

Brightness

(% ISO)

Residual lignin

(% w/w on pulp basis)

3.7 21.3 11.7

1%) 3.8 (�3%) 19.9 (ÿ7%) 10.8 (ÿ8%)

1%) 3.2 (ÿ13%) 20.6 (ÿ3%) 10.5 (ÿ10%)

1%) 3.2 (ÿ13%) 19.8 (ÿ7%) 11.7 (0%)

3%) 3.6 (ÿ3%) 19.4 (ÿ9%) 11.2 (ÿ4%)

3.0 17.4 12.9

) 3.2 (�7%) 19.4 (�11%) 9.2 (ÿ29%)

f maximal temperature.

J Chem Technol Biotechnol 75:1190±1196 (2000)
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acetone pulping of the undecayed control, since the

residual lignin content in the pulp increased from

11.7% to 12.9% (w/w on pulp basis) when the cooking

time was increased from 37 to 46min (Tables 3 and 4).

This problem can, however, be minimized by using a

fungal pretreatment, since the sample pretreated by C
subvermispora for 60 days provided pulps with residual

lignin contents of 10.5% and 9.2% (w/w on pulp basis)

when cooked for 34 and 49min, respectively (Tables 3

and 4). Strength properties of these pulps con®rmed

that tensile index is increased in the biotreated samples

(Table 4). Tear and the burst indexes were lower than

the ones obtained from pulps prepared at a shorter

cooking time (Table 4). However, contrary to the

results observed for pulping lasting 34±37min (Table

4), pulps from the pretreated sample had the same tear

index and slightly higher burst index and brightness

than the pulps prepared from the undecayed control.

A third set of cooking experiments was conducted

using a short cooking time to obtain high-yield

chemical pulps (yields from 55% to 65%). A 20-min

cooking of the sample pretreated with C subvermispora
for 60 days provided 38% screened pulp and 19%

rejects (total yield=57%). The contents of residual

lignin and polyoses in the screened pulp were 14.3%

and 4.2% (w/w on pulp basis), respectively. Under

similar conditions, the undecayed control yielded 65%

of almost only rejects. The pulps obtained from the

biotreated sample presented tensile, tear and burst

indexes of 60N mgÿ1, 4.0m Nm2gÿ1 and 3.0kPa

m2gÿ1 respectively. These strength properties were

similar to those reported for the undecayed control

cooked for twice the time (34±37min) (Table 4) and

approximates those of similar yields of acid-sul®te

semichemical pulps obtained from P radiata.21
4 CONCLUSIONS
The kinetic studies have shown that fungal pre-

treatment results in faster wood deligni®cation during

formic acid/acetone pulping and, in some cases, in

signi®cantly lower residual lignin contents. The

polyoses removal rate also increased in biotreated

samples, the contents of residual polyoses in these

pulps becoming very low. This may have in¯uenced

tear and burst strengths, since they were also

diminished. Actually, only tensile strength was im-

proved by the fungal pretreatment. Better results

could probably be expected if: (a) the samples were

cooked under very low severity (short cooking times)

in order to prepare semichemical or chemimechanical

pulps or; (b) the process were re-directed to prepare

dissolving pulps where low contents of residual

polyoses are desired.22 The results obtained for the

pulp prepared from the 60-day C subvermispora
pretreated sample cooked for 20min at 150°C
con®rmed that semichemical pulps produced by

biopulping combined with a high yield process should

be suitable to increase the pulp mills throughput or to

provide energy savings.
J Chem Technol Biotechnol 75:1190±1196 (2000)
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