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The concentration of the residual CrVI and Crill jn the dye-
bath can be decreased to acceptable levels by incorporating
a-hydroxymonocarboxylic acids in afterchrome dyeing using
the normal dye to dichromate ratios, the most suitable being
lactic acid. The mechanism is based on the reduction of CGrV{
to Crill which appears to take place predominantly on the
wool fibre. The optimum pH range for the treatment is 3.4
to 3.6. Compounds which are substantive to the wool fibre,
such as sulphates, or form stable complexes with CrITI such as
ethylenediaminetetracetic acid, may increase the amount of
the residual chromium in the bath. Other dicarboxylic and
hydroxycarboxylic acids, which are also effective in reducing
the concentration of the CrV{ in the bath, form stable
complexes with Crill adversely affecting the concentration
of the residual Crlil jn the barh.

Introduction

Chrome dyeing has for many years formed the basis of
acquiring deep, fast colours on wool. Chrome dyes have held a
considerable cost advantage over alternative dyes which have
similar fastness properties. However, when applying chrome
dyes by the conventional afterchrome method, residual
chromium is often found in the discharged dyebath and, above
certain limits, is ecologically unacceptable [1].

According to the method of discharge, whether to a public
sewer or a natural water course, the levels of chromium which
can be tolerated will vary. However, the levels, in force or
proposed, throughout the world are usually in the ranges
0.2-0.5 mg/l for hexavalent chromium (CrV!) and 2—4 mgf]
for trivalent chromium (Crl1) in effluents. In some cases it
might be possible to meet these levels by diluting the
contaminated liquors with water from processes, other than
chrome dyeing, within the mill. However, in most cases this is
seldom possible and, in order to permit the continued use of
chrome dyes, some method of reducing the amount of
chromium present in effluent is required.

There are basically two approaches to the problem:

(1) separate treatment of the effluent
(ii) modification of the chroming procedure.

The former can be achieved by either precipitating CrllI in
alkaline conditions after reduction of CrVI to Cr!!f or by a
method involving ion-exchange resins {2]. Modification of the
chroming procedure appears to be more attractive with regard
to economics and simplicity. Koussens and Ross [3]

recommended a high dye to dichromate ratio and pH 3.5
during chroming to decrease the residual concentration of
CrvVL Langman and Meier [4,5] suggested the use of only
enough dichromate to form a 1:2 chromium complex with the
dye in the presence of sodium sulphate. Roberts [6] evaluated
the precipitation of Crill with alkalis after reducing CrVvI to
Crill in the dyebath in the absence of the wool fibre.

The approach proposed in the present paper was 10
investigate various compounds which convert CrV1 to Crlll
and to find the conditions under which the chromium species
can be exhausted on to the wool during the chroming stage,
thus decreasing the concentration of both C:V! and Crl!l in
the bath, The most suitable compound of those tested was
found o be lactic acid, and the optimum pH conditions
ranged from 3.4 to 3.6 [7]. The normal dye to dichromate
ratios (below 4:1) were utilized and the lactic acid was simply
added to the chroming bath after boiling for 15 minutes,
followed by boiling for varying times, dependent on liquor:
materjal ratio, dichromate concentration and efficiency of
liquor circulation. The concentration of lactic acid required
was also dependent on the above parameters. Colour-fastness
and physical properties of the wool fibre were not adversely
affected by this treatment.

This paper will attempt to explain some of the reactions
occurring during afterchroming in the presence of lactic and
other organic acids which were investigated.

Experimental

Wool
A plain-weave wool fabric, described previously 8], was used.

Treatments
All concentrations of chemicals and dyes are expressed on the
weight of wool. Chemicals used were of laboratory grade.
Lactic acid was 80%, glycollic acid 66%, formic acid 90%,
acetic acid 100% and gluconic acid 50%, unless otherwise
stated.

A typical dyeing at a liquor to goods ratio of 1:30 was as
follows:

A prescoured fabric was wetted-out with 0.5% Lissapol N
(ICI), a nonionic agent, at 40°C for 10 min and rinsed. 1%
formic acid was added to the bath at 40°C and treated for
5 min. The dye was added, and the temperature raised to
the boil in 30 min, boiled for 60 min then cooled to 70°C.
2% formic acid and the required amount of dichromate
were then added, the bath was raised to the boil in 10 min
and maintained at the boil for 15-30 min. The compound
being investigated was added. Boiling was continued for a
further 15—30 min, before removing and rinsing the fabric.

Determination of Residual CrVI gnd Criil

It was realised in the early stages of this work that a rapid,
accurate and simple quantitative analytical method for deter-
mining the concentration of CrV! and Crill residues was
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required. Conventional methods of analysis involved colori-
metric estimation of CrVI, followed by oxidation of Crlll to
CrV1 and further colorimetric estimation. This procedure was
rather tedious and a novel method, based on iodometric
titration for Cr¥! followed by estimation of total chromium as
Crlll by atomic absorption spectrophotometry, was success-
fully employed.
The CrVI content was determined as follows:
A 100-ml sample of cold liqguor was placed in an
Erlenmayer flask, 4 g potassium iodide, 2 g sodium
hydrogen carbonate and 6 ml hydrochloric acid (37%)
were added. The lightly-stoppered flask was placed in a
dark cupboard for 5 min and the solution titrated against
0.01 M sodium thiosulphate with an addition of 1 g
Thiodene (starch indicator) towards the end of the
titration. The titration should be carried out as soon as
possible, as after 24 h the concentration of CrVI in the
bath gradually decreases, probably due to reaction
between dichromate and organic matter in the solution.

The CrIH content was determined as follows:
1 ml of the titrated solution was diluted to 11 ml and the
total Cr content measured using an atomic absorption
spectrophotometric method [9]. The standards were made
up by taking a known amount of K,Cr, 0, dissolved in
deionized water, and titrating as described earlier. The Crill

content was calculated by subtracting the CrV! content
from the total Cr content as measured in this method. This
analytical method can not distinguish Crl!Il from other
chromium species, except CrVL,

Results and Discussion
The reduction of dichromate by the a-hydroxymono-
carboxylic acids (mandelic, lactic, glycollic) and other
hydroxycarboxylic acids (malic, tartaric, citric, gluconic) and
the dicarboxylic acid, maleic, was facilitated by the presence
of dyed or undyed wool when compared with a treatment in
the absence of wool (Table 1). This could be explained by the
binding of the Crll formed by the reduction of CrV1 through
the carboxyl groups of wool fibre {10]. Thus, the binding of
CrlIT at the boil favours the right-hand side in the partiaily-
reversible reaction:
Cr, 0,2 + 14H" + 6e 52 Cr** + 7H,0

This was even more pronounced in the presence of dyed wool
because the Crlll bound by the dye, formed a relatively strong
1:2 chromium—dye complex [11]. The wool fibre is also
known to be capable of reducing CrV! to Crlll at the boil
[12].

When dichromate was boiled with lactic acid for 30 min in
the absence of wool and then dyed wool was added to the

TABLE 1

Effect of Hydroxycarboxylic Acids on the CrV!, Crlll and Total Cr Bath Concentration in the Absence and Presence

of Undyed and Dyed Wool

DYED FABRIC* UNDYED FABRICY NO FABRICY
Treatment Crvl  Crlll TotalCr  CrV1 Crill Total Cr Crvl Critl  Total Cr
(p.p.m.)(p.pm.) (p.pm.) (p.pm.) (p.p.m.} (p.p.m.) (ppm) (p.p.m.) (p.p.m.)
Control 24.2 23.0 47.2 46.9 4.6 51.5 240.0 2.0 242

3% Lactic acid 0.26 6.2 6.5 2.4 7.0 9.4 73.6 1694 243
6% Lactic acid 0.61 23.5 23.1 0.4 13.4 13.8 20.8 2232 244
9% Lactic acid 0.78 68.4 69.2 0.3 18.5 18.8 6.2 238.8 245
3% Glycollic acid 0.25 5.6 5.8 21.1 4.6 25.7 228.1 11.9 240
6% Glycollic acid 0.52 37.9 384 2.8 13.3 16.1 191.1 499 241
9% Glycollic acid 0.87 69.2 70.1 0.8 18.0 18.8 188.2 52.8 241
3% Mandelic acid 0.26 3.2 3.5 0.3 2.0 2.3 89.6 1524 242
6% Mandelic acid 0.35 10.8 11.1 1.1 33 4.4 83 2327 241
9% Mandelic acid 0.52 15.3 15.8 1.5 4.6 6.1 0 242.0 242
3% Malic acid 0.26 1535 153.8 68.8 55.4 124.2 218.4 22.6 241
6% Malic acid 0.26 1844 184.7 27.8 49.5 77.3 148.3 94.7 243
9% Malic acid 043 196.8 1972 5.3 47.9 53.2 86.4 157.6 244
3% Maleic acid 9.3 734 82.7 66.4 4.3 70.7 195.3 49.7 245
6% Maleic acid 3.1 1109 114.0 33.4 20.7 54.1 148.1 97.9 246
9% Maleic acid 0.43 148.2 1486 19.8 34.8 54.6 88.5 158.5 247
3% Tartaric acid 0.35 86.3 86.6 0.5 21.4 21.6 105.1 1429 248
6% Tartaric acid 0.61 1148 1154 0 28.0 28.0 208 220.2 241
9% Tartaric acid 043 1200 1204 0 28.0 28.0 0 242.0 242
3% Citric acid 839 1232 1316 61.0 39.4 100.4 198.3 44,7 243
6% Citric acid 2.25 2335 2358 28.4 69.5 97.9 210.2 30.8 241
9% Citric acid 0.61 2342 2348 12.0 70.4 82.4 198.3 43.7 242
5% Gluconic acid 4.2 131.4 135.6 7.3 20.4 27.7 176.1 66.9 243

10% Gluconic acid 2.2 191.2 1934 4.7 37.6 42.3 1224 1216 244

*3% HCOOH, 5% Eriochrome Blue SBP, 2.5% K, Cr, 0,. Boil with K,Cr, O, for 30 min, add acids; boil for a further 30 min.

fTreatment as above, but without Eriochrome Blue SBP.
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TABLE 2

Influence of Reaction Between Dichromate or Chromic Chloride and Lactic Acid in the Absence of Wool on The Exhaustion of

Crlll on Dyed Wool

pH Crvl Crlu Total Cr

Treatment (p.p.m.) (p.p.m.} (p.p-m.)
Before Final Before Final Before Final Exhaustion Before Final

(%)

Control, 2.5% K,Cr, 0, 2.9 40 3335 197 1] 2.2 0 3335 219
2.5% K, Cr, 04, 3% lactic acid 3.2 3.8 1834 0 1507 684 454 334.1 68.4
2.5% K, Cr, 04, 6% lactic acid 33 36 1003 0 2349 1243 52.9 3352 1243
2.5% K, Cr, 04, 9% lactic acid 3.2 3.4 48.4 0 2859 184.0 64.3 3343 1840
Control, 4.5% CrCl;.6H,0 3.4 3.6 0] 0 321.3 308.1 9.6 321.3 308.1
4.5% CrCl; .6H, 0, 3% lactic acid 3.3 3.5 0 0 320.1 298.2 63 320.1 2982
4.5% CrCl;.6H, 0, 6% lactic acid 3.2 34 0 0 322.3 287.1 8.9 322.3 287.1

K,Cr, 0, or CrCl;.6H,0 and 2% HCOOH were boiled with and without lactic acid for 30 min in the absence of wool, then wool, predyed with 5%
Eriochrome Blue SBP and 1% HCOOH, was added to the bath and boiled for a further 30 min

bath and boiling continued for a further 30 min the
exhaustion of CrlII was significantly higher than when the
same test was carried out with chromic chloride and lactic acid
(Table 2). This indicates that CrV! in the bath and/or on the
fibre plays an important role in the exhaustion of Crll on the
wool fibre, the complexes formed between lactic acid and
Crll being relatively weak [13,14].

The significantly lower concentration of residual Crlll
when lactic acid was added to the bath containing both
dichromate and wool (Table 1} may be explained by the
exhaustion of dichromate and lactate on the fibre under acid
conditions; the higher concentration of the two compounds on
the fibre than in the bath favouring a more complete and rapid
redox reaction. This could also explain the higher concentra-
tion of residual CrV! when lactic acid was added before boiling
than when added after boiling for at least 15 min with
dichromate, in the former case less CrV! being exhausted on
the wool (Table 3). Thus, a reaction between lactic acid and
dichromate on the wool fibre appears to be beneficial for a
low concentration of CrVI and CrHl in the residual bath.

The chemical structure of the reducing agent had a major
influence on the residual Crlll content. Strong complexing
acids such as oxalic, malonic, malic, tartaric, citric, gluconic,
maleic and ethylenediaminetetracetic form complexes with
Crill [13,14], thus decreasing the overall positive charge of
Cr!IT and forming a bulky Crlll complex which may be less
readily attracted by the reactive groups of the wool fibre, and
can less easily penetrate the wool fibre [10], than non-
complexed CrlI species. This resulted in a high concentration
of residual Crl!1 {see reference 7, Table 1 and Figure 1). The
a-hydroxymonocarboxylic acids studied had no effect on the
exhaustion of Crl!l on the wool fibre, unless they were present
at relatively high concentrations (Table 1).

The increase in the residual €rV?! and Crlll content with
increasing concentrations of the o-hydroxymonocarboxylic
acids studied (Table 1) could be attributed to competition
between the anions of the acids and dichromate for the basic
sites on the wool fibre and/or complex formation between the
chromium species present and the acids, resulting in a different
redox potential and/or a lower substantivity to the fibre of the
complexes formed.

Oxalic acid can form a negatively-charged 1:2 or 1:3

Crlll:pxalic acid complex [13,14] and the exhaustion of these
complexes on the basic groups of wool at pH values below 4
probably explains the observed lower residual content of Crlll
at higher concentrations of oxalic acid. However, the Crlil in
this case is so strongly bound to oxalic acid molecules that
complexing of the dye with Crlll was not complete, resulting
in poor colour fastness and a colour which does not
correspond to normal chrome dyeing. Oxalic acid was used as
a chelating agent to remove Cr!!l from wool [15].

The presence of other anions and cations in the bath can

interfere with the exhaustion of CrV! and Crlll on the wool
fibre, as noticed by the effect of some of the dye-levelling
agents studied [7]. In the pH range studied, sulphates have a
higher affinity to wool than formates and chlorides [16] and
they also affect the exhaustion of the less substantive
dichromates [4]. Consequently, higher concentrations of CrVI
and Crl remain in the bath, CrI being introduced into wool
more rapidiy by a solution containing CrV! than by a
solution containing Cr11I [17]. The presence of certain cations
can affect the concentration of residual CrVI and CrIfl by
either formation of complexes or by interfering with Criil
exhaustion owing to preferential binding of the cations.

The slight improvement in some of the physical properties
of wool, when chromed in the presence of lactic acid as
compared with the normal-chroming procedure (Table 4), can
be explained by the partial reduction of unreacted dichromate
on the wool fibre [18] with lactic acid. instead of by the
reactive groups of wool, such as cystine and tyrosine {12].
The problems encountered when processing some chrome-
dyed loose wool and tops are well known [19].

Many organic compounds are completely oxidized to
carbon dioxide, water and other products by excess dichro-
mate in strong sulphuric acid solutions at elevated tempera-
tures, and this process has been used for the analytical
determination of various organic acids, alcohols and polyols
[20]. Glycollic acid can be oxidized to carbon dioxide and
water as follows [21] :

20HCH, COOH + 30; - 4C0O, +4H,0

while lactic acid can be oxidized to acetic acid, carbon dioxide
and water [22]:
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TABLE 3

Effect of Time of Addition of Lactic Acid to Bath and of Boiling Time on CrV1, Crill and Total Cr Residual

Bath Content
Treatment
5% Eriochrome Blue SBP, 2.5% K, Cr, O, control

3% lactic acid added after
0 min boil boiled for a further 30 min

.15 min boil 15 min
30 min boil 15 min
30 min boil 30 min

5% Solochrome Black PV 200%, 2.5% K, Cr, 0+, control

3% lactic acid added after
0 min boil boiled for a further 30 min

15 min boil 15 min
30 min boil 15 min
30 min boil 30 min

5% Eriochrome Red B, 2.5% K, Cr, O+, control

3% lactic acid added after

0 min boil  boiled for a further 30 min
15 min boil 15 min
30 min boil 15 min
30 min boil 30 min

5% Eriochrome Red B, 1.5% X, Cr, 04, control

3% lactic acid added after
0 min boil boiled for a further 30 min

15 min boil 15 min
30 min boil 15 min
30 min boil 30 min

Crvi Crlll  Total Ct

(p.p.m.) (pp.m.) (pp.m.)

24.2 23.0 47.2

2.2 7.7 9.9
0.17 5.6 5.8
0.08 5.7 5.8
0.17 6.6 6.8
10.6 7.9 18.5
1.8 11.5 13.3
0.26 7.7 8.0
0.17 6.9 7.1
0.43 9.1 9.5
39.6 4.0 43.6

7.5 232 30.7

0.17 8.3 8.5
009 7.0 71
026 60 6.3
29.6 40 336
1.7 6.3 8.0
035 47 5.0
035 47 5.0
0.5 40 45

All dyeings were carried out with 1% HCOOH,and 2% HCOOH was added prior to the addition of K, Cr,0,

CH;CHOHCOOH + 0, - CH;CO0H + CO, + H,0
or to pyruvic acid [23,24]:
2CH; CHOHCOOH + 0, - 2CH;COCOOH + 2H,0

Mandelic acid appears to be oxidized by dichromate, at least
partially, to benzaldehyde, carbon dioxide and water:

§00H
HG— CH Ose M

2 @ v 0, —» 2 @ + 200, + 2H,0

In contrast to the analytical technique [20], it was found
that dichromate can be reduced to a significant degree by the
addition of a slight excess of the a-hydroxymonocarboxylic
acids at the boil, at such pH values as are used in wool dyeing.

With the three a-hydroxymonocarboxylic acids investi-
gated the effectiveness of the acids for reducing dichromate
content increased with the decreasing number of oxygen
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equivalents required for their oxidation, in the order —
glycollic < lactic < mandelic acid.

Conclusions

An effective reduction of residual CrV! and CrHl levels is
highly dependent on pH, the optimum being between 3.4 and
36 [7]. In the case of CrVl, the initial absorption of
chromium as CrV! by the wool and the presence of an
effective reducing compound reduces the level of CrV 1. Lactic
acid proved to be the most suitable reducing compound, on a
cost/effectiveness basis and, unlike mandelic acid, it did not
produce any adverse oxidation products.

Gaunt [18] and Dobozy [25] did not notice any
significant reduction of dichromate content in boiling solu-
tions with lactic acid present, and the effect of lactic acid was
ascribed to the swelling of the wool fibres. As the pH of the
bath was not controlled, this could explain the observed
apparent ineffectiveness of lactic acid to reduce CrV1. Bichsel
noticed only a partial decrease in the residual CrV! level after
the addition of lactic acid [26] and this can be explained by
the presence of sulphuric acid which adversely affects the



TABLE 4

Comparison of Physical Properties between an Undyed, a Standard Dyed and a Low Chrome Dyed Wool Fabric

Martindale : : : ICI
Abrasion Tear Tensile Elongation Aika.lf Pilling
Treatment Resistance  Strength strength at break solubility  Tagt
{rubs) (kg) (kg) (%) (%)
warp weft warp weft warp weft
Undyed 41,500 23 23 473 374 345 328 16.3 4.5
Standard dyeing®*, 1.5% K, Cr,0, 40,000 1.7 22 405 229 298 273 3.9 34
Low chrome dyeing®, 3% lactic acid, 1.5% K, Cr, 0, 51,000 1.7 22 436 239 31.0 27.5 10.1 5
Low chrome dyeingT, 4% lactic acid, 2.5% K, Cr, 0, 43,000 1.6 21 440 226 268 260 9.2 5

*5% sodium sulphate anhydrous, 2% acetic acid, 5% Eriochrome Blue SBP, 30 min boil, 2% HCOOH, 30 min boil, cooled to 70°C, 1.5% K,Cr,0,,
boiled for 45 min, rinsed

1% HCOOH, 5% Eriochrome Blue SBP, boiled for 60 min, cooled to 70°C, 2% HCOOH, x% K, Cr,O,, boiled for 20 min, ¥% lactic acid, boiled
for 25 min, rinsed
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chrome dyeing of wool appears to be a promising technique 13. Stability Constants of Metal-ion Complexes. Special

which enables the amount of residual chromium species in the Publication No. 17 (London: The Chemical Society,
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