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ABSTRACT: The structure of the cellulose-brightener complex obtained from the Ace-
tobacter-culture in the presence of a fluorescent brightener was examined from the aspect of mer-
cerization. The cellulose from the culture with the brightener showed characteristic X-ray diffraction
indicating the formation of the crystalline complex with the brightener, regardless of
the strain cell and brightener concentration of the medium. The brightener content in the complex
from the incubated medium with it of below 0.05wt% increased with its concentration. In the
case of more than 0.05wt%, the sites of the complex being able to dye were saturated by the
brightener. The resistance toward alkali of the never-dried complex decreased with decreasing
brightener content, and that of the complex from the incubated medium with the brightener of
about 0.005wt% became minimum. The resistance toward alkali of the dried complex including
the brightener of 0.059 molmol ™! of glucose residue, became higher than that of the never-dried
sample. In contrast, that of the dried complex including the brightener of 0.095 mol, became lower

than that of the never-dried sample.
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Cellulose from the Acetobacter-culture in the
presence of a fluorescent brightener, one of the
direct dyes for cellulose, does not form a fibril,
but a tape. However, this product reforms
cellulose I (Cell I) after dye-extraction. Haigler
et al. reported that this product is in the
noncrystalline state.! We found that the
product from the culture with the brightener
is a crystalline complex of cellulose and the
brightener.?®> In contrast, Haigler et al.
recently refuted from the aspects of electron
microscopy of the product obtained from the
culture with various direct dye, that the dyes
adhered to the surface of a protofibril in a
stack.* More recently, we found that products
from the culture with a congo red and a direct
red 80 showed characteristic X-ray diffraction
diagrams indicating the formation of the

/ Mercerization | Resistance

toward

crystalline complexes, and they reproduced
Cell IV and II after dye-extraction, respec-
tively.>

Examination of the structure of the product
from the Acetobacter-culture in the presence of
adirect dye is essential to clarify the mechanism
of Cell I formation. In this paper, the structure
of the only bacterial cellulose-brightener
complex maintaining Cell I formation-ability
was examined from the aspect of mercerization.

EXPERIMENTAL

Material

Complex Sample: The Acetobacter-culture
(Acetobacter xylinum TFO 13693, ATCC
23769) in the presence of the fluorescent
brightener (4,4’-bis[2-hydroxyethyl)amino-
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Table I. Number of samples
Brightener concentration:wt% 0 0.005 0.01 0.05 0.1
Complex 0 0.005 0.01 0.05 0.1
Alkali-treated sample of the OND  0.005ND 0.01ND 0.05ND 0.IND
never-dried complex
Alkali-treated sample of the 0D 0.005D 0.01D 0.05D 0.1D

dried complex

1,3,5-triazin-2-yliamino]-2,2"-stilbene disulfon-
ic acid) was performed as described in the
previous paper.?-> 60 ml of cell suspension were
added to 140 ml of the complex medium (pH
7.0) with the brightener of a given concentra-
tion (ranging from 0.001 to 0.1 wt%), and this
was incubated at 28.0°C for 24 h. The product
was washed thoroughly with 0.2 wt% aqueous
NaOH solution for 48 h, rinsed with distilled
water until alkali-free, and then dried.

Extracted Sample: The never-dried complex
was extracted by boiling in a solution of
70vol% aqueous ethanol for 18h (aqueous
ethanol was exchanged for fresh every 3 h). The
sample was then purified in a boiling 1wt%
aqueous NaON solution for 10h under an N,
atmosphere.

Alkali-Treated Sample: Alkali-treatment of
the never-dried complex: To the incubated
medium was added dropwise an equal volume
of aqueous NaOH, twice as dense as the given
concentration. After gently stirring a homoge-
neous alkaline solution, it was kept at 20.0°C
for 1 h. The alkali-treated sample was prepared
after dye-extraction as described above.

Alkali-Treatment of the Dried Complex: The
complex described as “Complex sample” was
treated with 10.4% aqueous alkali solution for
1h at 20.0°C.

Amorphous Cellulose: Cellulose being soluble
in the mixed solvent of dimethyl sulfoxide—
diethylamine-SO, was regenerated in water,
and dried. (Sample was supplied from Dr.
Isogai.)

The samples mentioned above were named
as shown in Table 1.
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Measurement of the Brightener content in the

Complex

3—4mg of the complex weighted exactly
were dissolved in a solution of distilled
dimethyl sulfoxide, 20 ml and paraformalde-
hyde, 1 gunder N, atmosphere for 1 h at 130°C.
The brightener content in the complex was
determined from the visible spectroscopy of the
solution. The calibration curve for the
measurement of the brightener content was
obtained by the visible spectroscopy of the dye
solution of the same solvent. This calibration
curve was not influenced by cellulose.

X-Ray Measurements

X-Ray Diffraction Diagram: 4mg of the
sample were compressed to a 2 mm¢ diameter,
I'mm thick isotropic disk. The samples were
fixed on the fiber specimen attachment, and
their X-ray diagrams were made with Ni filtered
CuKuo radiation. The conditions of measure-
ment were as follows: collimator, 1 mmg;
receiving slit, 0.3 mm; scanning speed, 4.0°
min~!; X-ray radiation, 40kV, 250 mA.

Measurement of Crystallinity: The integrated
intensity due to the crystalline component is
obtained by subtracting the area of the
diffraction curve of an amorphous cellulose
from the corresponding area of the sample in
the range of 20=7.5—32.5°, as shown in Fig.
1. The crystallinity of each sample was calculat-
ed from the area of the crystalline component
and the whole area.

Calculation of Cell II Content in the
Alkali-Treated Sample: The Cell II content of
the sample was obtained by Ranby’s method.®
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Figure 1. Integrated areas of amorphous cellulose and
the sample, and the values of I;,;, and [;,g) a,
reproduced Cell I (Cell II content, 0%); b, sample of Cell
II (Cell II content, 60%); c, reproduced Cell II (Cell 1I
content, 100%).

Cell TI (%)=(Ryx— Ry x 100/(R;— R))

In this expression, Ry is 2/(;5. 1)/(21 15,1+
I, 4.4)) of the sample. R; and R;; are Ry of the
bacterial cellulose (Cell I) and the mercerized
bacterial cellulose (Cell II), respectively. ;5 j,
and [;4g) are the values shown in Figure 1.
The integrated intensity of the diffraction curve
of each sample in the range of 20="7.5—32.5°
was standardized to be always constant.

RESULTS AND DISCUSSION

When A. xylinum is cultured, the medium
pH lowers gradually. The brightener is
precipitated at pH 6.6. The medium pH
becomes 6.6 after about 45h from the
beginning of incubation, althqugh this differs
from the metabolism of a bacterium.” Accord-
ingly, the product is obtained from the
incubation for 24h without the precipitation
of the brightener.

All products from the culture with the
brightener show the characteristic X-ray
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Figure 2. X-Ray diffraction diagrams of the products
from the incubated medium with the brightener. Sample
No. ATCC 23769: a, 0.1; b, 0.005. Sample No. IFO 13693:
c, 0.1; d, 0.005; e, 0.

diffraction indicating the crystalline complex
of cellulose and the brightener regardless of the
strain cell and brightener concentration, as
reported by previous paper®? (Figure 2). In
our previous paper, we considered that the
sample, after washing with 0.2wt% aqueous
NaOH solution and then 70vol% aqueous
ethanol at room temperature, is still a complex.
However, it became clear from this experiment
that washing with aqueous ethanol extracts the
brightener from the complex. In the case of
washing with 0.2wt% aqueous NaOH solu-
tion, the X-ray diagram of the complex does
not change even after washing for 2 weeks.
The crystallinity of the extracted sample is
45% (the sample shown in Figure 1a), while
that of the conventional bacterial cellulose is
65%. Although the brightener complex does
not lose the Cell I formation-ability, the
crystallinity of the reproduced Cell I drops.
The brightener content in the complex
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Figure 3. Brightener content in the complex (mol mol ™!
of glucose residue). Sample No. 0.1, 0.095; 0.05, 0.095;
0.01, 0.083; 0.005, 0.059.

produced increases with increasing brightener
concentration of the medium, and the values
of both 0.05 and 0.1 samples are 0.095 mol per
mol of glucose residue, as shown in Figure 3.

The monolayer of the brightener is included
between the cellulose sheets corresponding to
the (170) plane of the complex.? The
cross-section of a microfibril of bacterial
cellulose is about 40 x 40 A2.8-° This assumes
that the surfaces of the microfibril correspond
to the (110) and the (110) planes. Since the
space of the (170) and the (110) plane is 6.1 A
and 5.4A, respectively, the microfibril is
organized of about seven leaves of a cellulose
sheet composing about eight chains. On the
other hand, the brightener molecule length is
30.4A and, 13.4A and thickness, 4—SA.
When the site of the (110) plane being able to
dye and the surface of the complex are
saturated by the brightener, 32 molecules are
included in the cross-section. Since the
molecular length of a brightener is equal to the
glucose residue length of six, the brightener
content is 0.095 mol per 1 mol of the glucose
residue. Accordingly, in 0.05 and 0.1 samples,
their sites being able to dye must be saturated
by the brightener. In contrast to these samples,
the sites in the complex of the lower brightener
content must be partially occupied by the
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Figure 4. X-Ray diffraction diagrams of the never-dried
complexes after alkali-treatment with 10.4% aqueous
NaOH for 1 hat 20.0°C. Sample No. a, 0.1 ND; b, 0.05ND;
¢, 0.01 ND; d, 0.005ND; e, OND.
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Figure 5. Cell II content in the alkali-treated samples
shown in Figure 4.

brightener.

The X-ray diffraction diagrams of the
never-dried complexes after the alkali-treat-
ment with 10.4 wt% aqueous NaOH solution
are shown in Figure 4. Their Cell II contents
are shown in Figure 5.

The structure of 0 ND sample is not changed
by alkali-treatment of 10.4% NaOH solution.
As compared with 0 ND sample, the resistance

Polym. J., Vol. 22, No. 11, 1990
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toward alkali of both 0.05ND and 0.1 ND
samples is reduced, and Cell II yields about
30% in both samples. However, their resistance
toward alkali is higher than those of 0.01 ND
and 0.005 ND samples. The Cell II content of
the alkali-treated sample increases with drop
in the brightener content. The Cell II contents
of 0.01 ND and 0.005 ND samples are 61 and
81%, respectively.

The brightener becomes insoluble in aqueous
alkaline solution of more than a few percent.
As a result, the brightener included in the
complex may behave as a cross-linking agent
for the cellulose sheets. Therefore, the re-
sistance toward alkali of 0.1 ND and 0.05ND
samples must be higher than those of the other
samples. In the case of the lower brightener
content samples, judging from the decline in
their resistance, it is suggested that a number
of the cross-linking points between cellulose
sheets by brightener decreases, and that the
brightener continues to prevent mutual bond-
ing of sheets in the wet state. As a result, it is
suggested that the invasion of alkali into the
complex of the lower brightener content is easy
as compared with that of the higher content.

The structure of 0.005S ND sample with the
minimum alkali resistance is changed with even
4.3% or 5% alkali-treatment during the course
of soak time, as shown in Figures 6 and 7.

In case of 5% alkali-treatment, Cell II of
this sample is 0% for 1h, 78% for 60 days,
and becomes 90% for 180 days. Even with
4.3% alkali-treatment, Cell I content becomes
56% for 180 days. However, the structure of
this sample never changes with 3.0% alkali-
treatment. These results support the sugges-
tion above that the invasion of alkali into the
samples of the lower brightener content
becomes easy. The structure of conventional
bacterial cellulose, of course, never changes
with 5% alkali-treatment, even for 210 days.

It is reported that the cellulose sheet cor-
responding to the (110) plane of Cell I orig-
inally maintains the structure in even about
20% aqueous alkali solution.!® The reason is
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Figure 6. X-Ray diffraction diagrams of the 0.005ND
samples treated with 3.0, 4.3, and 5.0 wt% aqueous NaOH
for various time at 20.0°C. Samples No. 5.0%: a, 1 h; b,
30 days; c, 70 days; d, 180 days. Sample No. 4.3%: d”,
180 days. Sample No. 3.0%: d’, 180 days.
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Figure 7. Cell II content in the alkali-treated samples
shown in Fig. 6. O, 5.0%; A, 4.3%; O, 3.0%.

said to be due to intermolecular hydrogen
bonding in a sheet. That the change in the
structure of the 0.005 ND sample appears even
in 5% aqueous alkali solution suggests that the
brightener included in the complex puts into
disorder the structure of the sheets, and as a
result decreases the intermolecular interaction.
The results on the 10.4% alkali-treatment of
the dried complexes are very interesting, as
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Figure 8. X-Ray diffraction diagrams of the complexes
treated with 10.4 wt% aqueous NaOH solution for 1h at
20.0°C. Sample NO. a, 0.1D; b, 0.05D; ¢, 0.01D; d,
0.005D.
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Figure 9. Cell II content in the alkali-treated samples
shown in Figure 8.

shown in Figures 8 and 9. The Cell II content
of 0.005 D sample is 54%. This value is about
30% lower than that of 0.005 ND treated with
the same condition. The Cell II content of
0.01 D sample is 65%, and almost the same as
that of 0.01 ND. However, the Cell II contents
of both 0.05 D and 0.1 D samples become about
50%. This value is about 20% more than those
of 0.05ND and 0.1 ND samples.

These results suggest the following: First, in
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the case of 0.1 and 0.05 samples being saturated
by the brightener, it included between the sheets
enlarges the disordering of the structure of the
sheets by drying of the complex. In the presence
of water the strain of the sheets in the complex
must be relaxed due to the plastic effect of
water. Secondly, in the case of 0.005 samples
whose sites being able to dye must be dotted
with the brightener, it is suggested that the
direct bonding between the sheets occurs by
the drying of the complex, and as a result, its
resistance toward alkali increases.

The characteristic behavior of mercerization
of the complex firmly supports our conclusion
in the previous paper?:® that the product from
the culture in the presence of the brightener
has the structure including the brightener
between the (110) planes. If the brightener
adheres to the surface of a protofibril in a stack
as Haigler et al. proposed, the behavior of
mercerization of all products must be almost
independent of the brightener content.

Haigler et al. prepared the samples by
washing the product with aqueous HCI
solution of pH 3. As mentioned above, the
brightener precipitates at pH 6.6. In the case
of washing the product with aqueous solution
of pH 3, the microcrystals of the brightener
must grow. In the X-ray diffraction diagram
of the sample prepared by washing with
aqueous HCI solution of pH 3, diffractions of
the brightener crystals were observed. When
this sample was washed with 0.2% aqueous
NaOH solution, the diffractions of the
brightener crystals disappeared and only those
of cellulose appeared.!?
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