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The individual and combined influence on
the bleaching of wool of the concentration
of hydrogen peroxide, temperature and
time of treatment have been studied, using
a rotatable central design of experiments
in which the values of the above variables
covered the values used in industry.
Marhematical treatment of the values of
the optical, chemical and mechanical
parameters has enabled equations to be
derived, from which the value of any
parameter can be computed when the
valiees of the variables are within the range
of the plan of experiments, resulting in a
good agreement being obtained between

experimental and calculated values. Use of

these equations facilitates optimization of
the process of wool bleaching, and

bleaching condirions leading to the whitest
wool have been suggested for an allowable

chemical degradation {alkall solubilities of

25% and 30% ). More severe conditions of
bleaching do not necessarily produce a
whiter wool, but cause greater chemical
and mechanical degradation of the fibre.
An excellent linear correlation has been
found between the chemical parameters
modified by the bleaching operation and
between these and the wet tensile strength
of the fibre.

Introduction

It is well known that the bleaching of
wool with hydrogen peroxide under
industrial conditions is carried out using
very different times, temperatures and
peroxide concentrations. The influence of
each of these variables on the chemical,
mechanical and optical parameters has
been examined in detail by Cegarra,
Gacén and Ribé [1-4], whilst Ziegler [5]
has studied the influence of the above
variables on the chemical parameters.
Since previous research work has been
concerned only with individual variables,
we thought it desirable to study the
combined influence of the three variables,
as well as their interaction, through a
serics of bleaching experiments in which
time, temperature and concentration are
established in accordance with a rotatable
central plan of experiments in such a way
that each variable covers the values used
in industry.

From the values found for the
whiteness index (previously referred to as
whiteness deviation [6] ), atkali solubility,
cysteic acid and cystine—cysteine
content, and wet tensile strength, equa-
tions can be derived from which the value
of any parameter can be determined
provided that the three variables are
within the range covered by the plan of
experiments. Consequently, a limited
number of bleaching tests are sufficient
to provide important information on the
effects produced by bleaching, thus
facilitating a detailed study of the
conditions required for performing this
operation under optimum conditions.

Experimental

DESIGN OF BLEACHING EXPERI-
MENTS
Values for peroxide concentration,
temperature and bleaching time were
established in accordance with a rotatable
central plan of experiments for 3
variables. Full information on this type of
design is available elsewhere [7]. Table 1
shows the experimental conditions of the
20 bleaching tests covered by the rota-
table central plan.

The regression equation for a para-
meter Y corresponds to a second degree
polynomial:

Y = B(] + B]Xl + B2X2 +B3X3 +
B2 Xy X, B3 X1 X3 + ByiXpX; +
B Xt +B;,X3% + B3 X3

where By, B, etc. are constants and X,
X and X; are the variables, viz. time (h),
concentration (vol O, /1) and temperature
(°C), respectively.

The following parameters were
determined on bleached wools: whiteness
index (W), alkali solubility, cystine—
cysteine content, cysteic acid content and
wet tensile strength. Mathematical treat-
ment of the results was carried out with a
Hewlett Packard, System 30 computer.

MATERIAL

Scoured and combed Australian Merino
wool (20.5u fineness) with the following
characteristics was used:

Alkali sclubility 13.1%
Urea—bisulphite solubility 43.1%
Cystine--cysteine 11.4%
Cysteic acid 0.13%
Whiteness index 38.6%
Wet tensile strength 7.5 g/tex
CHEMICALS

Bleaching Agent

The hydrogen peroxide used (200 vol., ca
50% concn) contained phosphoric acid as
stabilizer. 1t was diluted and then
titrated, as described previously {1].

Auxiliary Agents

Stabilizer C (Foret Ltd; a mixture of
sodium pyrosphosphate and sodium
oxalate) was used as a pH-stabilizer, and
Mojante RPD 70% as a wetting agent.

BLEACHING

The wool was bleached in a solution of
hydrogen peroxide (liquor ratio, 40:1)
containing 4 g/l of Stabilizer C (to give
pH ~ 9) and 1 g/l of Mojante RPD 70%.
Table 1 shows the peroxide concentra-
tion, temperature and time of the
different bleaching experiments. After
being bleached, the wool samples were
thoroughly washed with distilled water,
centrifuged and dried at room tempera-
ture.
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TABLE 1

Analyses of Samples of Bleached Wool

Exper Time H,0, Temp. W Alkali  Cystine—  Cysteic Wet tensile
iment (h) (vol. (°C) (%) solubility  cystein acid strength
No. 0,/1) (%) (%) (%) (%)
Expt. Adj. Expt. Adj. Expt. Adj. Expt. Adj. Expt. Adj.
1 275 1.1 40 30.0 29.7 19.1 19.3 11.1 11.0 0.84 0.81 69 6.6
2 9.25 1.1 40 27.3 26.5 24.0 22.8 10.6 10.7 1.28 1.29 69 6.6
3 275 29 40 26.5 26.8 22.0 20.1 11.0 11.1 0.94 0.88 6.7 6.7
4 925 29 40 26.7 253 352 357 103 10.2 1.83 191 6.2 6.1
5 275 1.1 60 28.4 29.8 30.4 30.0 10.4 10.5 1.64 1.57 6.0 59
6 9.25 1.1 60 29.8 295 46,9 489 9.5 94 237 244 57 55
7 275 29 60 27.0 27.7 50.7 520 9.6 9.5 2.67 267 55 55
8 925 29 60 28.8 29.1 83.1 83.0 7.8 79 4.07 4.11 43 4.4
9 0.5 20 50 303 29.0 17.5 18.0 11.2 11.2 0.70 0.78 6.7 6.7
10 11.5 2.0 50 26.2 27.5 47.8 472 9.6 9.6 252 241 55 57
11 6.0 05 50 27.6 27.6 23.3 23.0 10,7 10.7 1.25 1.26 6.0 6.3
12 6.0 3.5 50 248 24.8 51.9 52.1 95 95273 270 56 5.5
13 6.0 20 33 264 26.7 20.5 22.0 109 109 1.05 1.06 6.4 6.6
14 6.0 20 67 323 31.0 729 71.3 84 84 359 357 46 46
15 6.0 20 50 24.8 259 34.3 36.8 100 99 193 208 57 58
16 6.0 2.0 50 258 259 37.3 36.8 99 99 2.04 2.08 57 58
17 6.0 2.0 50 25.4 259 39.2 36.8 10.0 99 2.14 2,08 5.6 5.8
18 6.0 20 50 26.1 259 350 368 99 99 2.13 2.08 6.0 5.8
19 6.0 20 50 26.7 259 36.6 368 99 99 210 2.08 6.0 538
20 6.0 2.0 50 26.8 259 38.2 368 99 99 211 2.08 57 538
DETERMINATION OF THE EFFECT mined values of the parameters of the

OF BLEACHING

The degradation of the wool caused by
bleaching was measured by determining
the alkali solubility [8}, content of
cystine—cysteine [9] and cysteic acid
[10], and the wet tensile strength [11].
To avoid errors due to possible irregula-
rities during the treatment, each bleached
sample was homogenized.

Whiteness Index
This was determined by wusing the
following equation [12,13]:

W= [(CF)* +(100 — A8)*]"

where CF is the colouring factor and AS
is the luminosity [14—-16]. It s
important to remember that the higher
the whiteness index (W) the less white is
the wool.

APPARATUS

Beckman pH meter with expanded scale

Beckman DK2 spectrophotometer

Beckman DU spectrophotometer
reflectance accessory

Vitraton electrophoresis unit

Thermostat

Results
Table 1 shows the experimentally deter-
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samples of bleached wool. To show the
good agreement between the regression
equations and the experimental resulis,
Table 1 also includes adjusted values.

The resolution of the multiple linear
regression resulted in the regression

TABLE 2

Coefficients of the Response Equations

coefficients. The multiple correlation
coefficients and the significance of the
regression from the analysis of the
variance (F-ratio) were also calculated,
Table 2 shows the coefficients of the
regression  equations corresponding  to
each response of parameter measured, as
well as the multiple correlation coeffi-
cients, the values of F and the signifi-
cance of the regression.

Figures 1, 2 and 3 illustrate (for 1-, 2-
and 3-vol. H,0;, respectively) the effect
of time at different temperatures on the
whiteness index, alkali solubility, content
of cysteic acid and wet tensile strength of
bleached wool, the values shown were
calculated from the response equations
and they are used in the following
discussion.

Discussion

WHITENESS INDEX (W)

For a given peroxide concentration and
temperature, W decreases as the time of
bleaching time increases, passing through
a minimum, and then increasing.

For a given peroxide concentration,
the minimum value of W {(maximum
whiteness of wool) is reached more
rapidly as the temperature of bleaching
increases. On bleaching with 2-vol.
hydrogen peroxide, for example, minima
occur at the following times and tempera-
tures: 8 h, at 40 and 45°C, 7 h at 50°C,
6hat 55°C, and 5 h at 60°C.

Coefficient 124 Alkali Cystine—cysteine  Cysteic acid ~ Wet tensile
solubility content content strength

By 674031 117.343 8.2466 2.2648 5.9003

B, —2.4472 —3.6746 0.0571 0.0842 0.0502

B, ~34611 --27.2881 0.9659 —1.0887 0.5321

B3 —1.2715 —3.8468 0.1291 —0.0848 0.04856

By, 0.1400 1.0342 —0.0474 0.04787 —0.0564

B, 0.0219 0.1185 —0.00558 0.00308 —0.00369

B, 0.0236 0.5889 —0.0279 0.0289 --0.0139

By, 0.0774 —0.1388 0.0140 —0.0156 0.0134

Bi, 0.1298 0.3325 0.0775 —0.0409 0.0573

B33 1.1909 0.0341 -0.00112 0.000824  —0.000575

Foratio: 11.16 177.459 682.29 256.75 26.19

Multiple

correlation

coefficient:  0.8926 0.9968 0.9971 0.9973 0.9639

Level of

significance

of the

regression: 1% 0.1% 0.1% 0.1% 0.1%
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Figure 1 — Effect of time on the parameters of wool bleached with I-vol. hydrogen

peroxide at different temperatures

For a given temperature, the
minimum value of W occurs earlier as the
hydrogen peroxide concentration

increases. Thus, at 50°C, the minimum
occurs at the following times and
concentrations: 7 h at 1 vol., 6 h at 2 vol.
and 5 h at 3 vol. Furthermore, the higher
the hydrogen peroxide concentration of
the bath the lower will be the value of W
after a given time of bleaching.

The slopes of the curves for W versus
time at different temperatures depend on
the concentration of hydrogen peroxide.
Irrespective of time, the highest values of
W for each peroxide concentration are
found at 60°C. At the lower tempera-
tures, for times of bleaching below 5-6
h, the concentration of peroxide is the
governing factor. The lowest values of W
are found at 45 and 50°C, the curves for
which show little practical difference.

ALKALI SOLUBILITY AND CYSTEIC
ACID CONTENT

As is well known, alkali solubility
increases progressively when any one of
the parameters - time, peroxide

concentration and bleaching temperature
- i8 increased. The magnitude of the
increase of alkali solubility caused by
rising temperature increases with
temperature, time of bleaching and
peroxide concentration. If the peroxide
concentration remains constant, differ-
ences of alkali solubility produced by an
increase in the time of bleaching are more
evident as the temperature increases. A
similar effect is seen when the tempera-
ture remains constant and the peroxide
concentration is increased.

The curves for cysteic acid content
are similar to those for alkali solubility,
but the increases are smaller,

WET TENSILE STRENGTH

When the peroxide concentration and the
temperature remain constant, the wet
tensile strength decreases as the time of
bleaching increases, It is seen that, for a
1-vol. concentration and temperatures of
40°, 45°, 50°, and 55°C, and for 2 vol.
and 40°C, the curve for tensile strength
versus time passes through a minimum.
This fact must be interpreted as a limita-
tion of the valid experimental field of the
corresponding equation, since an increase
of strength with time of bleaching is
inconceivable.

Apart from this discrepancy, it is seen
that, when the peroxide concentration
remains constant, the decrease of strength
caused by prolonged bleaching is much
more evident at the higher temperatures.
A similar effect is seen when the tempera-
ture remains constant and the peroxide
concentration increases.

The loss of wet tensile strength
caused by raising the temperature is
magnified if the time of bleaching or the
concentration of peroxide is increased.

RELATION BETWEEN PARAMETERS
Table 1 shows how the minimum and
maximum valies of the parameters of
bleached wool samples vary between 25%
and 32% for W, 17.5% and 83% for alkali
solubility, 7.8% and 11.2% for the
content of cystine -cysteine, 0.70% and
4.1% for the content of cysteic acid, and
4.3 and 6.9 gftex for the wet tensile
strength.

Since bleaching is a degradative
process, it is economically and technically
important to achieve maximum whiteness

at the lowest cost and with minimum
degradation of the wool fibre.

Besides studying the correlation
between the chemical parameters and the
connection between these and the wet
tensile strength, we considered it essential
to undertake a detailed study of the
refation between W and the alkali solubi-
lity of bleached wool, because determina-
tion of alkali solubility is a simple test
and is the one most widely used as a
control of the chemical degradation of
wool bleached with peroxide. Zahn has
proposed a 30% alkali solubility as the
maximum allowable for wool bleached
with hydrogen peroxide.

Relation Between the Whiteness Index
(W), and the Alkali Solubility

Table 1 shows that the most degraded
samples are not the whitest, that the
range of W values is rather narrow, and
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Figure 2 — Effect of time on the parameters of wool bleached with 2-vol. hydrogen

peroxide at different temperatures

that the alkali solubility range is very
wide. This observation led to an attempt
to optimize the bleaching process, taking
into account the whiteness achieved, the
chemical degradation and the time of
bleaching. The last of these parameters
was included in view of its commercial
importance.

Two degradation levels of the fibre
(alkali solubilities of 25% and 30%), the
peroxide concentration and the bleaching
temperature  were  established.  The
corresponding bleaching times were
calculated by means of an equation
relating alkali solubility to temperature,
time and concentration. Once the times
corresponding to given temperatures and
concentrations within the experimental
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field are known, the values of W are
calculated by wusing the appropriate
equation.

The results obtained are illustrated in
Figure 4, from which the following
conclusions can be drawn:

1. The value of W increases with
temperature for the same alkali
solubility.

2. For an alkali solubility of 25%,
the bleaching conditions yielding
the whitest wool are either 4.2 h,
3-vol. peroxide and 40°C, or 2.5
h, 3-vol. peroxide and 45°C.

3. For an alkali solubility of 30%,
the best conditions are 3.8 h,
3wol. peroxide and 45°C.

No correlation was found between
whiteness index and alkali selubility. A
value of W of 30 *1% corresponds to
alkali solubilities between 20% and 83%.
However, it is clear that bleaching at
temperatures above 50°C results in
serious chemical degradation and causes
W to reach very high values, i.e. the fibre
is severely degraded and bleached very
little.

On the other hand, it is seen in
Figures I, 2 and 3 that, for all three
peroxide concentrations, the lowest value
of W is obtained by bleaching at 45° or
50°C for times below 5—6 h. In view of
the lower alkali solubility of wool
bleached at 45°C, this temperature is the
optimum one for the stabilizer system
and pH that we have used. This deduction
is in agreement with the conclusions
derived from Figure 4.

Reiation Between Chemical Parameters
and Berween Chemical Parameters and
Wet Tensile Strength

Figures 5, 6 and 7 illustrate the relation-
ships between the different parameters.
An excellent correlation is seen between
the chemical parameters, which indicate
the extent of attack produced by
bleaching, and there is also a good
correlation between the chemical para-
meters and the wet tensile strength of the
fibre. The parameters of the regression
lines are given in Table 3.

The excellent correlations found
between these parameters are of practical
importance, since once the alkali solubi-
lity of a sample of bleached wool has
been determined — a simple analysis that
does not require special equipment — the
corresponding content of cysteic acid and
the wet tensile strength can be calculated.
The significance of these parameters lies
in the fact that the wet tensile strength
indicates any impairment of mechanical
properties caused by bleaching, whilst
variation in the content of cysteic acid is
responsible for the dye affinity differ-
ences in bleached wool, as well as for
alterations in the felting and setting
properties of materials in which wool
bleached with peroxide is present.

Conclusions

(1) The rotatable central plan of experi-
ments developed led to equations from
which the value of any parameter could
be determined from the values of the
variables of the bleaching process studied.
Good agreement was found between the
experimental and the calculated values.
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Figure 3 — Effect of time on the parameters of wool bleached with 3-vol. hydrogen

peroxide at different temperatures

(2} The equations derived have been used
to determine the different parameters of
wool bleached under experimental
conditions in which the concentration of
hydrogen peroxide, time and temperature
were varied.

(3) Having decided that a permissible
degree of chemical degradation of wool
corresponded to an alkali solubility of
25% or 30%, the bleaching conditions
leading to the whitest wool were deter-
mined, i.e. by varying the concentration
of hydrogen peroxide, time and tempera-
ture the process was optimized.

(4) Severe bleaching conditions cause
more degradation of the fibre, but do not

necessarily lead to a whiter wool.

(5) The optimum bleaching temperature
is 45°C for the system of stabilizer/pH
studied.

(6) There is an excellent correlation
between the chemical parameters of wool
modified by bleaching.

(7) There is an excellent correlation
between the chemical parameters of wool
modified by bleaching and the wet tensile
strength of the fibre.

(8) Owing to the excellent correlation
between the parameters of bleached
wool, simple measurement of the alkali
solubility is all that is necessary to
provide reliable information about the
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other chemical or mechanical parameters.
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