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ABSTRACT: As cellulose triacetate is prepared from low-grade hardwood dissolving
pulp, a considerable amount of the insoluble residue was present in the acetylation
medium of the acetic acid/acetic anhydride/sulfuric acid system. The characterization
of this residue indicated that the insoluble residue is composed of cellulose triacetate
and xylan diacetate, retaining a fiber structure of swollen form. To reduce the insoluble
residues, reaction conditions for acetylation were investigated. As one of the remedies
of reducing the insoluble residues, 17 different solvents were selected to add to the
acetylation medium, and among these, dichloroacetic acid was found to be very effective
for its reduction. The obtained cellulose triacetate could then reveal good thermal
properties similar to that from high-grade dissolving pulps. Therefore, acetylation sys-
tems with an addition of an appropriate solvent can have a potential to industrially
manufacture a high-quality cellulose triacetate from even low-grade hardwood-dissolv-
ing pulps, as observed in low-grade softwood-dissolving pulps. q 1998 John Wiley & Sons,
Inc. J Appl Polym Sci 67: 289–297, 1998
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INTRODUCTION economically and technically for low-grade dis-
solving pulps to be used as raw materials for cellu-
lose acetate production. Therefore, in previousCellulose acetate is one of the most important cel-

lulose derivatives in the fiber and textile indus- work, cellulose triacetate (CTA) was prepared
from low-grade sulfite softwood dissolving pulptries and is usually manufactured from cotton

linters or high-quality wood dissolving pulps.1 in an acetic acid/acetic anhydride/sulfuric acid
system. However, a substantial amount of insolu-This is because low-grade dissolving pulps contain

hemicelluloses; and hemicellulose acetates be- ble residues was found to be present in its system;
have differently in the solution, resulting in in- and through a characterization of the insoluble
dustrial problems such as filterability, turbidity, residue,11 it was found to be composed of CTA and
and false viscosity.2–10 glucomannan triacetate (GTA) in aggregate with

In spite of these problems, it is still beneficial each other in the acetylation medium by their
compatible nature.

Therefore, some trials were made to reduceCorrespondence to: S. Saka.
Contract grant sponsor: Grant-in-Aid for Scientific Rese- such residues. As one of the trials, the pretreat-

rach (Ministry of Education, Science, Sports, and Culture, Ja- ment of the low-grade dissolving pulps with mix-
pan); contract grant number: 07556102.

tures of acetic acid and sulfuric acid was found
Journal of Applied Polymer Science, Vol. 67, 289–297 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/020289-09 to reduce the amount of insoluble residues, due

289

4687/ 8e07$$4687 11-03-97 18:31:36 polaa W: Poly Applied



290 SAKA AND TAKANASHI

Table I Chemical Compositions of Original Hardwood Prehydrolyzed Kraft
Pulps Used for Acetylation

a-Cellulose Chemical Compositions (mol %)
Contentsa

Pulps (wt %) Glucose Mannose Xylose

High grade 99.3 98.5 0.3 1.2
Medium grade 96.5 97.3 0.3 2.4
Low grade 86.2 78.8 0.2 21.0

a Determined by 18% NaOH aqueous solution.

perhaps to selective degradation by hydrolysis or tios [solvent/acetic acid (v/v)] being 0/10, 1/9, 3/
7, and 5/5 (totally 160 parts) for 20 min at 407C.acidolysis of glucomannan without degrading cel-

lulose. Furthermore, the use of the higher amount Subsequently, the activated pulps were acetyl-
ated with acetic anhydride (7 parts) and sulfuricof sulfuric acid as a catalyst was also found to

reduce the insoluble residues formed.12 As an- acid (0.1 part) for 3 h at 407C, followed by stirring
overnight at 207C. The solvents used in this reac-other trial, the effect of the addition of a solvent

to the acetylation medium on the reduction of the tion system are given in Table II.
The reaction solution obtained was then spuninsoluble residues was studied. As a result, some

solvents such as nitromethane, nitroethane, and in a centrifuge at 7000 rpm for 30 min to separate
the soluble portion and insoluble residue. The su-dichloroacetic acid were found to be effective in

reducing the insoluble residues,13 and their opti- pernatants were pipetted away, and the precipi-
tated substances were washed repeatedly withmum conditions of the addition of a solvent to the

acetylation medium were studied.14 fresh acetic acid by centrifugation to obtain the
insoluble portions. All supernatants collected were,These previous works are all CTA from low-

grade sulfite softwood-dissolving pulp, and gen- on the other hand, concentrated, and poured into
deionized water to precipitate the soluble por-eral basic information could have been achieved.

In this study, therefore, hardwood-dissolving
pulps were selected as raw materials to prepare

Table II Solvents Used in Acetylation MediumsCTA, and the obtained results were compared
and Resultant Insoluble Residue Contentswith those from previous works from softwood

pulps. Futhermore, the acetylation medium with
Solubility Insolublea solvent added was evaluated to prepare the CTA
Parameter Residuefrom hardwood pulps in reducing the insoluble

Solvents (MPa1/2) (%)residues.

1. n-Butyl chloride 16.6 42.6
2. p-Chlorotoluene 18.0 68.3

EXPERIMENTAL 3. 1,2-Dichloroethane 18.2 35.0
4. Methylcellosolve acetate 18.8 43.1

Materials and Methods 5. Chloroform 19.0 40.0
6. Ethylbromide 19.6 48.7CTA was prepared from three kinds of hardwood 7. Methylene chloride 19.8 46.4

prehydrolyzed kraft pulps (high-grade pulp, Ace- 8. 2-Nitropropane 20.3 24.8
takraft, a-cellulose content 99.3%; medium-grade 9. Bromobenzene 20.3 25.6
pulp, Viscokraft, 96.5%; low-grade pulp, Croix, 10. Nitrobenzene 20.5 20.2
86.2%) as shown in Table I. The sample (1 part) 11. Acetic acid (control) 20.7 23.8

12. 1-Nitropropane 21.1 24.5of these well-defibered pulps was acetylated with
13. Methylbenzoate 21.5 33.3a solution of acetic acid (160 parts), acetic anhy-
14. 1-Bromonaphthalene 21.7 31.5dride (7 parts), and sulfuric acid (0.1 parts) for
15. Dimethyl phthalate 21.9 31.13 h at 407C, and then stirred overnight at 207C.
16. Dichloroacetic acid 22.5 4.5For low-grade hardwood pulps, one part of the
17. Nitroethane 22.7 19.9pulps was first activated by stirring with a mix-
18. Nitromethane 26.0 10.3ture of acetic acid and a solvent with varying ra-
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tions. The soluble and insoluble portions were ples were annealed at 2207C19,20 for 20 min under
a vacuum and nonoriented samples on a glasswashed with saturated NaCl solution three times

for stabilization, and the remaining NaCl was plate were prepared to obtain X-ray diffraction
patterns by a Rigaku RINT 2000V (Cu-Ka, lwashed away thoroughly with deionized water.

These were successively washed with ethanol, Å 1.542 Å) at 40 kV and 30 mA.
For investigating thermal properties, the driedand dried under a vacuum for more than 12 h.

To isolate xylan, a low-grade hardwood prehy- samples were studied by a differential scanning
calorimetry (DSC) and thermogravimetry (TG)drolyzed kraft pulp was extracted under a nitro-

gen atmosphere with 24% KOH. Four volumes of with Shimadzu DSC-50 and TGA-50 instruments
with a flow of nitrogen gas, 30 mL/min. The tem-ethanol containing excess of acetic acid to neutral-

ize the base were added to the extracted portion perature was raised from 350 K (777C) to 600 K
(3277C) at a heating rate of 5 K/min (57C/min).for precipitating xylan.6 The obtained xylan was

subsequently acetylated to prepare xylan diace-
tate (XDA).

Cellulose triacetate I (CTA-I) and cellulose tri- RESULTS AND DISCUSSION
acetate II (CTA-II) were prepared for studying
the crystallographic nature and thermal proper- Insoluble Residue of Acetylated Low-Grade
ties of the insoluble residue. CTA-I was prepared Hardwood Prehydrolyzed Kraft Pulp
by a general fibrous process,16 while CTA-II by
dissolving the CTA-I in a CH2Cl2/MeOH (9:1) sol- The light microscopic observations of the pulps dur-

ing acetylation revealed that the high-grade hard-vent mixture and precipitating it in MeOH.17 The
degree of substitution (DS) of acetate samples wood-prehydrolyzed kraft pulp fibers dissolved al-

most completely at the end of acetylation. However,was determined by a titration method.18

To study neutral sugar compositions, the sam- some of the low-grade pulp fibers remained in the
swollen state with fiber structure (Fig. 1). A com-ples were hydrolyzed by 72% H2SO4 at 1107C for

3 h and neutralized by barium carbonate, after parison with the nonacetylated original hardwood
pulp fibers can show the degree of fiber swelling ofribose was added. Filtrating by filter paper and

diluting it by superpure water in 10 volumes, neu- the insoluble residue after acetylation.
Figure 2 show a relationship between a-cellulosetral sugar compositions were determined with DI-

ONEX ion chromatograph (DX-AQ1120) to which contents of original hardwood pulps and the
amounts of insoluble residues after acetylayion. ItCarboPac PA1 was attached. DX-AQ1120 was op-

erated with a flow of 20 mM NaOH as a carrier is surprising that low-grade hardwood pulp resulted
in the insoluble substances more than over 100solvent at 10 mL/min.

To study the crystallographic nature, the sam- times that of high-grade hardwood pulp. Therefore,

Figure 1 Light micrographs of the low-grade hardwood pulp fibers in which a vessel
element is present (a) and insoluble-fiber residue after acetylation (b).

4687/ 8e07$$4687 11-03-97 18:31:36 polaa W: Poly Applied



292 SAKA AND TAKANASHI

separately for their characterization. Table III
shows the obtained DS and chemical compositions
of these fractions. On chemical compositions, the
xylose content of the insoluble residue was found
to be much greater than that of the soluble por-
tion. The values in parentheses were calculated
from the data of soluble and insoluble portions
with known weight fractions. These results are
close enough to the values for the original pulp
as well as the whole CTA (whole Å Sol. / Ins.) .
Therefore, the large content of xylose for insoluble
residue must be valid. Because of the presence of
xylan acetate, the DS of the insoluble residue
must be less than 3, even if it was fully acetylated.
The caluculated value of the DS for the insoluble
residue, as it was fully acetylated, is thereforeFigure 2 A relationship between cellulose content of
2.35 [Å 3.00 (0.348 / 0.004) / 2.00 1 0.648]. Inthe original hardwood dissolving pulp and the amounts
fact, the DS of the insoluble residue was 2.22 soof the insoluble residue in acetylation medium.
that the insoluble residue must be fairly ace-
tylated and rich in xylan diacetate (XDA). Thisthe a-cellulose content cannnot be a direct indica-
indicates that its insolubility is not due to a lacktion of the amounts of insoluble residue formed.
of acetylation. Therefore, the residual xylan inThese lines of results, as seen in Figures 1 and
hardwood pulp plays an important role in the for-2, were also observed in a previous study of low-
mation of insoluble-fiber residue during acetyla-grade softwood dissolving pulp. However, the soft-
tion.wood-dissolving pulps contains more galactogluco-

mannan than xylan, while the hardwood dissolving
pulps, in turn, contain more xylan. Therefore, it is X-Ray Diffractometry
of interest to characterize the insoluble residues in

The insoluble residue of low-grade hardwood pulpthe acetylation medium of the low-grade hardwood
was studied by X-ray diffractometry after anneal-dissolving pulps, compared with the previous re-
ing at 2207C. The obtained X-ray diffraction pro-sults from the low-grade softwood pulps.
files are shown in Figure 3. For comparison, CTA-
I, CTA-II, and XDA annealed at the same temper-

Characterization of Soluble Portion ature were included as contorol samples. It is
and Insoluble Residue quite apparent that the diffraction profile from

the soluble portion (Sol.) is very similar to that
Chemical analysis of CTA-II with diffraction peaks appearing at 2u

around 8.5, 10.5, and 13.47. However, the insolu-For acetylated low-grade hardwood pulp, the solu-
ble portion and insoluble residue were collected ble residue (Ins.) does not exhibit any characteris-

Table III DS and Chemical Composition of Soluble and Insoluble Portions in CTA Prepared from
Low-Grade Hardwood Dissolving Pulp

Weight Chemical Compositions (mol %)
Fractions

Samples (%) DS Glucose Mannose Xylose

Pulp 100.0 78.8 0.2 21.0
Wholea 2.78 79.3 0.3 20.4

(2.77)b (80.3) (0.2) (19.5)
Soluble 76.2 2.94 94.5 0.2 5.3
Insoluble 23.8 2.22 34.8 0.4 64.8

a ‘‘Whole’’ refers to the total prior to the separation of soluble and insoluble portion.
b Values in parentheses were calculated from ones of soluble and insoluble portions with their weight fractions.
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Figure 4 DSC (upper) and TG (lower) curves of the
Figure 3 X-ray diffraction profiles of insoluble resi- soluble portion and insoluble residue from hardwood
due (Ins.) and soluble portion (Sol.) in cellulose triace- low-grade dissolving pulp.
tate prepared from the low-grade hardwood dissolving
pulp CTA I; cellulose triacetate I, CTA II; cellulose tri-
acetate II, XDA; xylan diacetate.

residue revealed some weight decrease started
from about 460 K due to its pyrolysis.14 Because
XDA in its pure state is instable against a temper-tic peak derived from either CTA-I or CTA-II, but

resembles XDA in the diffraction profile. Because ature rise as in Figure 5, the observed degradation
of the insoluble residue in Figure 4 would be duethe insoluble residue is rich in XDA, this suggests

that XDA is present without any aggregation with to that of XDA molecules, rich in its residue.
CTA, but that the presence of XDA would prevent
CTA molecules from being crystallized because of
the absence of X-ray diffraction originating from
CTA.

Thermal Analyses

Figure 4 shows the DSC and TG thermograms,
under a flow of nitrogen, of the soluble portion
and insoluble residue of the CTA prepared from
hardwood low-grade dissolving pulp. The DSC
and TG thermograms of pure CTA prepared from
cotton linters and XDA are also shown in Figure
5. From these results, it is clear that the soluble
portion reveals a similar pattern to that of CTA.
Therefore, an exothermic peak at about 475 K and
an endthermic peak at 575 K, respectively, corre-
spond to the peaks of crystallization and melting
of CTA as in the literature,15 whereas the insolu-
ble residue reveals neither of them for the soluble
portion.

For the TG thermograms in Figure 4, the solu- Figure 5 DSC (upper) and TG (lower) curves of cellu-
ble portion was fairly stable against a tempera- lose triacetate from linter (CTA) and xylan diacetate

(XDA).ture rise up to about 580 K, but the insoluble
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the dichloroacetic acid to the acetylation medium
is very effective in reducing insoluble residues.

Table IV shows chemical compositions of the
soluble portions in CTA prepared in dichloroacetic
acid added acetylation medium. Inversely to the
results of the insoluble residues in Figure 6, the
weight fractions of the soluble portions increase.
It is also clear that increasing the amount of di-
chloroacetic acid added, glucose content decreases
and xylose content increases with keeping man-
nose content constant. Furthermore, in 5/5 solu-
tion, xylose content is 20.8%, which is very close
to the value of 21.0% in that of the original low-
grade hardwood pulp (Table I) . These results in-
dicate that XDA present in the insoluble residue
was moved to the soluble portion, with increasing

Figure 6 The insoluble residue contents in dichloro- its solubility.
acetic acid added acetylation mediums.

These soluble portions in Table IV were studied
by X-ray diffractometry after annealing at 2207C.
The obtained X-ray diffraction profiles shown in
Figure 7 reveal a similar pattern to that of CTA-CTA in Dichloroacetic Acid Added
II, with diffraction peaks appearing at 2u aroundAcetylation Medium
8.5, 10.5, and 13.47. Additionally, the diffraction
peak at 2u Å 12.57, shown by an arrow, seems toBased on these results, it may be concluded that
be more intense with an increase of the amountthe presence of XDA leads to the formation of the
of dichloroacetic acid added. Regardless of the ad-insoluble residue in an acetylation system and a
dition of dichloroacetic acid, X-ray diffraction pat-lack of its thermal stability. Therefore, 17 differ-
terns do not change so that CTA would not beent solvents were selected to find one to dissolve
aggregated with XDA in acetylation medium, asthe XDA. The selected solvents could cover a wide
observed in the CTA prepared from softwood dis-range of the solubility parameters as shown in
solving pulps.11,12Table II. As a result, only dichloroacetic acid dis-

solved XDA, and insoluble residue content was
lowest in an acetylation medium with dichloro- Thermal Properties of the Soluble Portion
acetic acid added. This solvent can dissolve CTA

Figure 8 shows DSC and TG thermograms, underas well, so that an acetylation medium with di-
a flow of nitrogen, of the soluble portion in dichlo-chloroacetic acid added was evaluated to reduce
roacetic acid added acetylation mediums. In spitethe insoluble residues in preparing CTA.
of the presence of XDA as in Table IV, these solu-
ble portions are more thermally stable comparedSoluble Portion and Insoluble Residue
with the soluble portion obtained from an acetyla-
tion system without dichloroacetic acid addedFigure 6 shows the relationship between the in-

soluble residue content and the acetylation me- (Fig. 4).
To clarify the reason for this, the extracted xy-dium with an addition of various amounts of di-

chloroacetic acid with volumetric ratios of 0/10, lan from the low-grade hardwood prehydrolyzed
kraft pulps (Croix) was acetylated in an acetyla-1/9, 3/7, and 5/5 to acetic acid (v/v). It is appar-

ent that with an increase of dichloroacetic acid tion system with dichloroacetic acid added with a
volumetric ratio of 5/5 (v/v) to acetic acid. Theadded to the acetylation medium, the insoluble

residue content was decreased. Particularly, 3/7 extracted xylan was, respectively, 95.5, 0.8, and
3.7% in xylose, mannose, and glucose contents inand 5/5 solutions of dichloroacetic acid added sys-

tems revealed a significant decrease in its residue, its chemical composition. The prepared XDA was
then studied by DSC and TG (Fig. 9). As it isand its content of the latter system was equiva-

lent to the acetylation system of CTA without a apparent in Figure 9, the thermal stability was
improved and weight loss was restrained up tosolvent added prepared from high-grade hard-

wood dissolving pulp. Therefore, the addition of the higher temperature with an increase of the
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Table IV Chemical Composition of Soluble Portions Prepared from Dichloroacetic Acid Added
Acetylation Mediums

Chemical Compositions (%)
Weight Fractions

Samples (%) Glucose Mannose Xylose

Sol. [0/10]a 76.2 94.5 0.2 5.3
Sol. [1/9] 79.5 95.7 0.4 4.0
Sol. [3/7] 95.5 89.5 0.4 10.1
Sol. [5/5] 99.0 78.9 0.3 20.8

a Volumetric ratios of dichloroacetic acid to acetic acid in acetylation medium.

amount of dichloroacetic acid added to the ace- poured into water to be precipitated. The collected
precipitates were then studied. The chemical com-tylation system. Additionally, an endothermic

peak in the DSC thermograms by pyrolysis was positions shown in Table V indicate that all these
solvent-treated insolubles are basically the sameweakened and shifted to the higher temperature

accordingly. This result suggests that even if the in the chemical nature. However, these are sig-
nificantly different in their thermal properties aschemical composition of the XDA is the same, its

dissolving state in an acetylation medium will af- seen in DSC and TG thermograms (Fig. 10); com-
pared with the insoluble residue (Ins.) not treatedfect the thermal properties of the XDA.
with a solvent, the insoluble residues could im-
prove their thermal properties in the order of ni-

Properties of Solvent-Treated Insoluble Residue tromethane, chloroform, and dichloroacetic acid.
Because nitromethane and chloroform are only aTo study the effect of the solvent on the properties

of the insoluble residues, three solvents were se- good solvent for CTA, but dichloroacetic acid is
good for both CTA and XDA, the improvement oflected such as dichloroacetic acid, nitromethane,

and chloroform. The insoluble residue formed in the thermal properties in the insoluble residues
requires a complete solubilization in the acetyla-an acetylation medium without a solvent was

treated with these solvent. Subsequently, it was

Figure 8 DSC (upper) and TG (lower) curves of solu-
ble portion in dichloroacetic acid added acetylation me-Figure 7 X-ray diffraction profiles of soluble portion

in dichloroacetic acid added acetylation mediums. diums.
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Figure 9 DSC (upper) and TG (lower) curves of XDA Figure 10 DSC (upper) and TG (lower) curves of in-
prepared from dichloroacetic acid added acetylation soluble residue of the cellulose triacetate prepared from
mediums. the low-grade hardwood pulp after dissolving in dichlo-

roacetic acid, nitromethane, or chloroform.

tion medium. Futhermore, as shown in Figure 11,
insoluble residues treated with dichloroacetic medium, CTA may be improved in its thermal
acid [Ins. (Cl2CHCOOH)] and chloroform [Ins. properties even if a substantial amount of XDA is
(CHCl3)] are both revealing a characteristic dif- contained in the soluble portion. These lines of
fraction peak of CTA-II at 2u Å 8.57 (see an arrow the results, therefore, suggest that the thermally
in Fig. 11), in addition to the diffraction pattern stable CTA may be manufactured even from low-
of XDA. However, such a peak cannot be observed
in either insoluble residue treated with nitro-
methane [Ins.(CH3NO2)] or those not treated
with a solvent (Ins.) . As shown in Figure 1, the
insoluble residues in the acetylation system keep
the fiber structure originated from the pulp fibers.
The thermal properties may be, therefore, im-
proved by deminishing such a fiber structure by
an appropriate solvent added. Therefore, by an
addition of dichloroacetic acid to the acetylation

Table V Chemical Composition of Insoluble
Residue in Acetylation Medium and Its
Dissolved Portion with Dichloroacetic Acid,
Chloroform, or Nitromethane

Chemical Compositions (mol %)

Samples Glucose Mannose Xylose

Ins. 34.8 0.4 64.8
Figure 11 X-ray diffraction profiles of insoluble resi-Ins. (Cl2CHCOOH) 32.9 0.4 66.8
due of the cellulose triacetate prepared from the low-Ins. (CHCl3) 38.3 0.5 61.3
grade hardwood pulp after dissolving in dichloroaceticIns. (CH3NO2) 38.1 0.4 61.5
acid, nitromethane, or chloroform.
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