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RESEARCH REPORTING SERIES

Research reports of the 0Office of Research and
Monitoring, Environmental Protection Agency, have
been grouped into five series. These five broad
categories were established to facilitate further
development and application of environmental
technology. Elimination of traditional grouping
was consciously planned to foster technology
transfer and a maximum interface in related
fields. The five series are:

1. Enviiormental Health Effects Research
2. Environmental Protection Technology
3. Ecological Research

4. Environmental Monitoring

5. Socioeconomic Environmental Studies

This report has been assigned to the ENVIRONMENTAL
PROTECTION TECHNOLOGY gseries, This series
describes rescarch performed to develop aud
demonstrate instrumentation, cquipment and
methodology to repair or prevent environmental
degradation from point and non-point sources of
pollution. This work provides the new or improved
technology required for the control and treatment
of pollution sources to meet environmental quality
standards.
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ABSTRACT

The stability of thirty-~six different commercial 3iyes in
water tc visible and ultraviolet light from a carbon arc
has been studied. The dyes were sclected on the basis
of their importance in the textile industry from six
major classes: basic, acid, direct, vat, disperse and
sulfur dyes. A comparison is made for two of the dyes
between laboratory fading rates and fading rates in
netural sunlight. Both dyes degraded at least 10 times
nore rapidly in artificial light than in sunlight. Some
previously identified degradation products of Basic
Green 4 were ccnfirmed, and a mechanism of their formation
was proposed. A significant differénce in degradation
rate was ol served between water-soluble dyes and pigment
dispersions. ’

This study showed that most commercial colors are
resistant to photodegradation and many weeks would be
required to produce appreciable dye degradation in a
natural aquatic environment.

This report is submitted in fulfillment of Grant Project
No. 12090 EOX between the Environmental Protection Agency
and the Department of Textiles, Clemson University.

Key Words: Industrial wastes, textiles, color, dyes,
chemical degradation, photodegradation.
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SEGTION I

CONCLUEIONS

The thirty-six dyes chosen for this study were selected
from those most used by the textile industry so that an
accurate assessment could be made of the water pollution
potential of common commercial colors. The results of
the study led to the following conclusions:

1. Most of the dyes are guite resistant to light
degr.dation showing an average of 40 percent color loss
after 200 hours exposure vo artificial light in water.

2. A comparison of artificial light and natural sunlicght
effects on Basic Green 4 and Direct Blue 76 showed that
these dyes degraded at least 10 times slower in natural
sunlight. This means that a minimum of 80 days in a
natural environment would be rcegquired to produce
appreciable deagradation of the dyes studied.

3. The water soluble dyes--basic, acid, and direct
types--were dejraded faster then the inscluble pigment
types--vat, disperse and sulfur dyes.

4, The loss of color or degradation of the pigment
dispersion type dyes--vat, disperse, and sulfur dyes--
appeared to be partly due to physical changes in the
dispersion rather than chemical degradation. This is
not unusual for these dyes.

5. A mechanism, proposed in previous research work,
for the degradation of triphenylmethare type basic dyes
was confirmed in this study.

6. The stability of the dyes examined in this study
points to the need for c¢olor considevations in
effluents and stream standards. Waste treatment
methods, especially in the textile industry, should
be selected fecr treir ability to remcve color as well
as biodegradable chemicals.



SECTION II

INTRODUCTION

What is the eventual f.te of natvral and synthetic color-
ing materials that urc¢ discharged into a sewer or indus-
trial waste stream? ‘The total U. §. conmercial color
production curren.ly amounts to almost €.5 billion pounds
per year.l What effect will these colors have on the
environment? Thesc guestions need qualitative answers

at least. Many discharged dyes and pigments are inert
and non-toxic at their concentrations in natural receiving
waters--some are not so innocuous. In either case, the
color they impart may be very undesirable to the water
user. This is one of the obvious reasons for research on
the stability of dyes to light an{ water under conditions
similar to those encountered when they are discharged

to natural streams and reservoirs.

This study is limited to some of the more common dyes
used by the textile industry. The total dye consumption
of the textile industry is over 100,000,000 pounds per
year.1 Since ‘t has been estimated that a maximum of

90 percent of thesec dyes end up on fabrics and the
remaining 10 percent goes to the waste stream, approxi-
mately 10,000,000 pounds of dye per year are presently
discharged to waste streams by the textile industry.
Sone of this color can be removed from the waste by the
conventional biological waste treatment systems.2 The
removal occurs when the soluble dye is adscrbed or the
sludge or the insoluble dye pigments settle to the
bottom of a non-agitated basin or lagoon. Since the
dyes are designed to resist oxidative degradation by
ozone, bleaches, and oxides of nitrogen it is not likely
that the aerobic biological process would have much
effect on them. This has been shown in previous
research.3

A selection of thirty-six dyes for investigation was
made from six ©of the common classes: basic, direct,
acid, disperse, vat, and sulfur dyes. The dyes were
chosen on the basis of consumptive use so a realistic
evaluation of the actual textile waste color problem
could be made. Dyes whose structures were not known
because of proprietary reasons were not included in the
study. The photodegradation in water of the thirty-six
dyes, representing many structural types, was investi-
gated. The kinetics of photodc yradation were compared
to those for sunlighi. degradation for two of the more
fugitive dyes. The difficulty of purification of the
dyestuffs and the lack of success in isolating many of
the degradation products prevented the determination of
quantum yields.

Preceding page blank 3



The decomposition products of the dyes which degraded
appreciably were analyzed by mass spectral, gas chro-
matographic, and infrared methods. Where sufficient
information was obtained a mechanism was proposed for
the degradation process.



SECTION IIIX

EXPERINENTAL RESULTS

Elemental analyses were performed by (albraith Laboratories,.
Inc., Knoxville, Tennessce. Gas chromatographic analyses
were performed with a Perkin-Elmer Model 900 instrument
equipped with a flame 1o0rization detector. Mass spectra
were determined by a Hitechi-Perkin-Elmer RM™-7 double
focusing mass spectrometcr. Ultraviolet spcctra were run
on a Perkin-Elmer Model 202 spectrophotometer and visible
spectra were obtained from a Bausch and Lomb Spectronic 20
spectrophotcmeter as well as a recording General Electric
spectrophotometer. Infrared spectra were run on a Perkin-
Elmer Model Infracord.

Fading Rate Studies

The following commercial dyes were used directly frum their
shipping containers without any prior purification:

C.I. Name C.I. Number C.I. Name C.I. Number

Basic Dyes

Basic Green 1 42040 Basic Blue 9 52015
Basic Violet 3 42555 Basic Green 4 42000
Basic Red 2 50240

Direct Dyes

Direct Red 80 35783 Direct Blue 98 23155
Direct Red 83 29225 Direct Blue 76 24410
Direct Black 80 31600 Direct Green 6 30295
Dircct Blue 86 741890 Direct Brown 95 30145

Sulfur Dyes

Sulfur Black 1 53185 Sulfur Blue 13 53450
Sulfur Blue 7 53440 Sulfur Red 5 53830

Disperse Dyes

Disperse Red 15 60710 Disperse Orange 3 11005

Disperse Red 60 * Disperse Blue 3 61505

Disperse Blue 7 62500 Disperse Red 17 11230

Disperse Blue 27 60767 Disperse Blue 1 64500
Vat Dyes

Vat Green 1 59825 Vat Brown 3 69015

Vat Blue 6 69825 Vat Violet 1 60010

*C.I. number not availakle.
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C.I. Name C.J. Numper C.I. Namz C.I. Number

Acid bhyes
Acid Violet 43 60730 Acid Red 1 18050
Acid Blue 40 62125 Acid Red 37 17045
Acid Violet 3 16580 Acid Orange 10 16230

Acid Black 52 15711

Varied concentrations c¢f the above dyes in aqueous
solution were exposed to the carbon arxrc source of an
Atlas Fade-Oneter using a specially constructed cell
shown in Figure 1. The cell was designed to accommcdate
a volure of 800 ml, Tre side windows were 1/16" Pyrex
glass transparent down to 280 mp at an absorbence of

1.0 (from UV curve}. The top of the cell was covered
with a glass plate to ninimize the evaporation of the
liquid but the cell was not sealed so exchange with
oxygen in the air coulc occur. The ambient temperature
in the Fad2-Ometer cabinet varied from 100-110CF and the
temperatures of the dye solutions varied according to
the intensity of the coloration of the dye solutions.
The glass cell was mounted two inches horizontally from
the glass envelope and centevred vertically with the
carbon arc source. The solutions were exposed to the
carbon arc source for & pezriod of 200 hours. The liquid
was muintained at its original level throughout the
exposure period by frecquent additions of uistilled water.
Little stirring of the dispersions of insoluble dyes was
necessary because of convection currents in the warm cell.

The dye concentrations used in this work were based on
t1e elemental analysis of the commercial dye as shown
i, Table 1, except for sulfur dyes which were based on
thie dried dye paste and recorded in grams per liter.
One milliliter portions of the exposed solutions were
taken at approximately SJ-hour intervals and analyzed
for changes in optical density using a Bausch and Lomb
Spectronic 20 spectrophotometer. The results of these
experiments are shown .n Tables 2-39.

In order to correlate the fading rate of the dye
solution in the Fade-Ometer with natural sunlight, two
dyes, C.I. Easic Green 4 and C.I. Direct Blue 76, were
exposed to sunlight and Fade-Ometer radiation. A
2-liter Pyrex beaker containing 1.5 liters of dye
golution was placed on the roof to provide maximum day-
light exposure. The top of the beaker was covered with
a sheet of the same 1/16" Pyvex glass that was used in
construction of the cells. Samples vere taken and
analyzed in the same manner as for the Fzde-Ometer
studies.
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Table 1 Analyses of Commercial Dyes

Calculated Found

C.J. Name C.I. Number M.W. %C &H N %S 3C $H 3N 3S  %Active?
Basic Green 1 42040 482.0 67.20 7.05 5.81 6.64 65.29 7.16 5.50 97
Basic Violet 3 42555 407.5 73.67 8.72 10.31 70.85 7.70 9.24 90
Basic Red 2 50240 350.5 68.52 5.42 16.03 51.59 6.29 12.36 75
Basic Blue 9 52015 319.5 60.12 5.63 10,01 47.80 4.92 9.98 8GC
Racic Groen 4 42000 a2¢ £7.27 .80 £.04 €7.2¢ £.04 .04 1ce
Direct Red 80 35780 134 40.30 1.94 10.40 14.31 11.26 0.99 2.76 26
Direct Red 83 29225 111.1 36.80 1.44 7.60 11.53 9.62 1.24 2.73 27
Direct Black 80 31600 806 53.51 2.78 13.90 7.95 20.82 2.37 8.08 37
Direcct Blue 86 74180 781.5 49 .40 1.79 14.40 8.19 17.42 1.95 4.75 33
Direct Blue 98 23155 923.0 49.41 2.60 7.59 10.04 12.23 0.90 2.12 28
Direct Blue 76 24410 992.0 41.13 2.42 8.47 12.90 9.91 1.04 2.50 30
Direct Green 6 30295 812.0 50.21 2.71 13.70 7.88 17.40 1.19 4.22 31
Direct Brown 95 30145 759.5 49.00 2.36 11.07 4.22 27.11 1.89 5.19 47
Sulfur Black 1 53185 unknown 40.43 3.38 6.59 18.92

Sulfur Bluc 7 53440 unknown 44.16 4,568 3.43 17.70

Sulfur Blue 13 53450 unknown 46.30 5.30 2.79 13.19

Sulfur Red 5 53830 unknown 44.76 4.20 2.35 17.62




C.I. Namn C.I.

Number

Disperse Red 15
Disperse Red 60
Disperse Blue 7
Disperse Blue 27

Disperse Orange 3

Disperse Red 17
Disperse Dlue 1
Vat Green 1

Vat Blue 6

Vat Brown 3
Vat Violet 1
Acid Violet 43
Acid Blue 40
Acid Violet 3

Acid Black 52

60710

62500
60767

11005

Lo S a Ve

Table 1

M.W.
239.0
331.0
358
420
242
270
344
258
516
513
663
525
431
473
483
893

(continued)
Calculated Found
xC u N s 3 3! 3N $S  3¥Active®
70.40  3.77 5.86 43.94  3.07 2.44 42
72.50  3.93 4.23 49.60  3.45 1.30 31
60.35 5.03 7.82 49.47  4.47 3.03 39:
62.83  3.81 6.67 37.47  3.39 1.89 28
59.50 4.14  23.15 49.86  4.29 8.36 36
£¢.7 5,51  10.41 46.62 .09 3.66 35
59.35 5.82 16.29 26.88 2.70 4.44 27
62.70 4.45  20.92 9.15| 41.13  3.52 7.33 35
81.80  3.88 69.04  4.19 race 18
65.50 2.73 5.46 53.51  4.26 3.27 8
76.10  3.17 6.34 59.24  4.93 4.89 43
81.25 2.78 54.08 6.24 6.21 15
58.49  3.25 3.25 7.43] 36.32 2.36 1.93 a0
55.90  3.48 8.89 6.77| 44.22 5.72 2.13 24
39.75 2.28 8.70 13.25| 25.96 2.70 4.28 49
42.95 1.79 9.41 7.17( 27.65 1.67 3.96 52




0T

Table 1 (continued)

Calculated Found
C.I. Name C.I. Number M.W. &C 3:4 N %S 3C $H &N 8S  (Active?
Acid Red 1 18050 409 52.80 3.18 10.28 15.66 30.88 3.32 7.42 72
Acid Red 37 17045 524 41.21 2.67 10.69 12.21 21.09 2.29 4.85 45
Acid Oirange 10 16230 350 54.89 3.14 $.00 9.15 34.45 2.39 5.C3 64

®Based on the analyses of the commercial dye as received. All dye pastes were dried to constant
weight at 105°C before elemental analyses were determined. The limiting element in the analyses
was used for $Active czliculation for all dyes except sulfur dyes which have no known molecular

structure. % Activity for the sulfur dyes was kbased on the soclids obtained after drying the
commercial dye paste.



TABLE 2
RATE OF PHOTODEGRADATION O

BASIC VIOLET 3 IN WATER AT 50°C

. . b
Timre, _ a a Conccqt;atlon L
Eours $Transmission Absorbency moles/liter x 10

0 30.0 0.520 8.80

56 42.0 0.377 6.38
115 55.6 0.254 4.30
161 67.0 0.172 2.91
200 79.5 0.100 1.69

3For Transmission and absorbency measurements a 1 milli-
liter sample or the dye sclution was removed and diluted
to 150 milliliters with 95% ethanol. (wavelength = 585m})

bBased en % activity of commercial dye given in Table 1

TABTL 3

RATE OF PHOTODEGRADATION GOF

BASIC RED 2 IN WATER AT 50°C

Time, a . Concentrationb 4
Hours ¢Transmission Absorbency” moles/liter x 10
0 21.0 0.680 10.75
56 34.8 0.460 7.27
115 43.8 0.360 5.69
161 59.0 0.230 3.63
200 65.3 0.185 2.92

8ror Transmission and absorbency measuremenis a ) milli-
litcr sample of the dye solution was removed and diluted
to 150 milliliters with 5% ethanol. ({wavelength = 530m}y)

bBased on % activity of commercial dye given in Tabkle 1

11



TABLE 4
RATE OF PHOTODEGRADATION OF

BASIC BLUE 9 IN WATER AT 50°C

Time, a a Concentrationb 4

Hours $Transmission Absorbency moles/liter x 10
0 20.5 0.690 11.81
56 29.8 0.530 9.07

115 33.7 0.475 8.13

161 39.0 0.410 7.02

200 52.0 0.300 5.13

a

For Transmission and ahsorbency measurements a 1 milli-
liter sample of the dye solution was removed and diluted
to 150 milliliters with 95% ethanol. (wavelength = 650my)

b Based on % activity of commercial dye given in Table l
TABLE 5
RATE OF PHOTODLGRADATION OF
BASIC GREEN 1 IN WATER AT 50°C
Time, a a Concentrationb u
Hours $Transmission Absorbeuncy moles/liter x 10
0 31.0 0.510 9.82
56 40.0 0.400 7.70
115 64.7 0.190 3.66
161 75.5 0.122 2.35
200 88.8 0.051 0.98
2 For Transmission and absorbency measurements as 1 milli-
liter sample of the dye solution was removed and diluted
to 150 milliliters with 95% ethanol. (wavelength = 637my)
b

Based on % activity of commercial dye given in Table 1
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THLBLE 6
RATE GF PHOTODEGRADATION OF

BASIC GKEEN 4 IN WATER AT 50°C

Time, a Concentgationb Y
Hours $Transmission® Absorbency moles/liter x 10
0 23.0 0.640 6.38
47 65.5 0.182 1.81
89 72.1 0.139 1.39
200 89.0 0.05C 0.50

%For Transmission and absorbency measurements a 1 m%lli—
liter sample of the dye solution was removed and diluted
to 90 milliliters with 95% ethanol. (wavelength = 625 mV)

bBased on % activity of commercial dye given in Table 1

TABLE 7
PHOTODEGRADATION OF BASIC GREEN 4

IN WATER EXPOSED TO SUNLIGHT

Time Concentrationb

L
Days Hours $Transmiss:.on? Absoxbencya moles/liter x 10

0 0 25.0 0.600 7.91
13 312 26.0 0.590 7.79
24 576 26.0 0.590 7.79
36 B64 29.8 0.530 6.99
42 1008 33.1 0.479 6.32
69 1656 44.0 0.355 4.68

%For Transmission and absorbency measurements a 1 milli-
liter sample of the ¢ 2 solution was removed and diluted
te 120 milliliters wi . "% ethanol. (wavelength = 625 my)

bBased on % activity of commercial dye given in Table 1.
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‘'ABLE 8
RATE OF PHOTODEGRADATION OF

ACID VIOLET 3 IN WATER AT 50°C

Time, a a Concentration®
Hours $Transmission Absorbency moles/liter x 10
0 28.2 0.550 6.29
61 69.0 0.160 1.83
103 84.0 0.075 0.85
156 9c.0 0.047 0.53
200 94.0 0.025 0.28

8ror Transmission and absorbency measurements a 1 milli-
liver sample of the dye solution was removed and diluted
to 40 milliliters with 30+ by volume dimethylfcrmamide
in distilled water. (wavelength = 705 muy)

Ppased on % activity of conmercial dye given in Table ]

TABLE 9

RATE OF PHCTODEGRADATION OF

ACID BLACK 52 IN WATER AT %6°C

Time, a a Concentrationb
Hours ¢Transmission Absorbency moles/liter x 10
0 52.5 0.280 6.65
6l 54.0. 0.268 6.36
103 53.5 0.270 6.41
156 53.5 0.270 6.41
200 55.C 0.260 6.17

8For Transmission and absorbency measurements a 1 milli-
liter sample of the dye solution was romoved and diluted
to 40 milliliters with 30% by volume dimethyliormamide
in distilled water. (wavelength = 650 my)

bBased ocn % activity of comnercial dye given in Table 1

L4
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TABLE 10
RATE OF PHOTODEGRADATION OF

ACID ORANGE 1C IN WATER AT 50°C

Tinme, a a Concentrationb 4
Hours gTransmission Absorbency mojes/liter » 10
0 27.8 0.560 10.37
61 36.5 0.440 £.15
103 53.7 0.270 5.00
156 94.0 0.025 0.4¢
200 96.5 0.015 0.28

4for Transmjission and absorbency measurements a 1 milli-
liter sample of the dye solution was removed and diluted
to 40 milliliters with 30% by volume dimethylformamide
in distilled water. (wavelength = 480 m,)

bBased on % activity of commercial dye given in Table 1

TABLE 11
RATE OF PHOTODEGRADATION uF

ACID VIOLET 43 1N WATER AT 50°C

Time, a a Concentraticnb u
Hours $Transmission Absorbency moles/liter x 10
0 67.5 0.180 8.00
61 73.2 0.130 5.78
103 77.0 0.11% 5.11
156 80.5 0.093 4.13
200 83.0 3.080 3.56

3ror Transmission and absorvency measuremznts a 1 milli-
liter sample of the dye solution was removed and diluted
to 20 miliiliters with 30% by volume dimathylformamide
in distilled water. (wavelength = 705 my)

bBased on % activity of commercial dye given in Table 1
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TABLE 12

RATE OF PHOTODEGRADATION OrF

ACID RED 1 IN WATER AT 50°C

. RPN -
Time, ‘ o a a Concentfup*cn 1
Houvrs $Transmission Ahsorbency moles/liter x 10

n 23.0 0.640 11.37

47 65.5 0.182 10.85

89 72.1 0.139 10.51
200 89.0 0.050 8.18

%For Transmission and ebsorbency measurements a 1 milli-
liter sample of the dye solution was removed ard diluted
to 40 milliliters with 30% by volume dimethylformamide
in distilled water. (wavelength = 532 my)

bBaseu on % activity of commercial dye given in Table 1

TABLE 13

RATE OF PHOTODEGRADZTION OF

ACID BLUE 40 IN WATEP AT 59°C

Tine, a a Concentrationb 4

Hours ¢Transmission” - Absorbency moles/liter x 10
0 55.5 0.255 2.90
47 56.0 0.250 2.85
89 56.5 0.248 2.83
200 - 60,0 0.223 2.54

8For Transmission and absorbency measurements a 1 milli-
liter sample of the dye solution was removed and diluted
to 20 milliliters with 30% by volume dimethylformamide
in distiiled water. (wavelength = 705 my)

’Based on % activity of commorcial dye given in Table 1
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TABLE 14

RATE OF PHOTODEGRADATION OF

ACID RED 37 IN WATER AT 50°C

Time, a a Concentrationb Y

Hours $Transmission Absorbency moles/liter x 10
0 21.5 0.670 6.56
47 65.5 0.182 1.78
89 89.5 0.047 0.46
230 95.0 0.022 0.22

8Por Transmission and absorbency measurements a 1 milliliter
sample of the dye solation was removed and diluted to 20
milliliters with 30% by volmme dimethvlformamide in dis-
tilled water. (wavelength = 525 mu)

bBased on % activity of commercial dye given in Table 1

TABLE 15
RATE OF PHOTODEGRADATION OF

DIRECT RED 80 IN WATZR AT 59°¢

Time, A i Concentrationb Y

Hours $Transmission Absorbency” mol *s/liter x 10
0 23 0.640 2.50
56 23.5 0.630 2.46

111 24.0 0.620 2.42

157 24.5 0.614 2.39

200 26.2 0.580 2.26

a

For Transmission and absorbency measurements a 1 milli-
liter sample of the dye solution was removed and diluted
to 50 milliliters with 30% by volume dinethylformamide
in distilled water. (wavelencgth = 530 m.)

Based on % activity of commercial dye given in Table 1



TABLF 16
RATE OF PHOTODEGRADATION OF

DIRECT BLUE 86 IN WATER AT 50°C

. . b
Tine, X N Concentration .
Hours % Transmission Absorbency moles/liter x 10
0 23.0 0.640 5.89

56 24.5 0.612 5.63
111 24.0 0.620 5.70
157 26.5 0.580 5.33
200 26.2 0.580 5.33
a

For Transmission and absorbency measurements a 1 milli-
liter sample of the dv¢ solution was removed and diluted
to 75 millititers witii 30% by volume dimethylformamide
in distilled water. (wavelength = 670 muy)

b Based on % activity of commercial dye given in Table 1

TABLE 17
RATE OF PHOIODEGRADATION OF

DIRECT BROWK 95 IN WATER AT 50 °C

Time, a a Concentra_tionb L

Hours $Transmission Absorbency moles/liter x 10
0 18.9 0.730 9.77
68 25.0 0.600 8.04
112 29.0 0.540 7.24
154 30.2 0.510 6.82
200 36.0 0.443 5.92

8For Transmission and absorbency measurcments a 1 milli-
liter sample of the dye solution was removed and adiluted
to 100 milliliters with 30% by volume dimecthvlformamide
in distilled water. (wecvelength = 470 my)

bBased on % activity of cormercial dye given in Table }
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TABLE 18

RATE OF PKOTODEGRADATION OF

DIRECT BLUE 76 IN WATER AT 50°C

¥
. D
Concentratlon‘ [A

Time, a a
Hours $Transmission Absorbency moles/liter x 10
0 32.8 0.490 3.95
68 73.4 0.133 1.07
112 84.0 0.072 0.58
154 83.0 0.080 0.64
200 89.0 0.050 0.40

"oor Transmission and absorbency measurements a 1 milli-
liter sample of the dye solution was removed and diluted
to 70 milliliters with 33% by volume dimethylformamide
in distilled water (wavelength = 665 mu)

bBased on % activity of commercial dye given in Table 1

TABLE 19

PHOTODEGRADATION OF DIRECT BLUE 76

IN WATER EXPOSED TO SUNLIGHT

Time b
5 —_— _ a a Concentration 4
ays Hours tTransmission Absorbency moles/liter x 10

0 0 62.7 0.205 5.03
13 312 71.0 0.150 3.68
24 576 75.5 0.125 3.07
36 864 76.0 0.120 2.94
42 1008 77.8 0.110 2.70
69 1656 80.1 0.095 2.33

aFgr Transmission and absorbency measurements a 1 milli-
liter saimple of the dye solution was removed and diluted
to 190 milliliters with 30% by volume dimethylformamide
in distilled water. (wavelength = 665 mu)

b -
Based on % activity of commercial dye given in Table 1
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TABLE 20
RATE OF PHOTODEGRADATIUN OF

DIRECT GREEN & IN WATER AT 50°C

Time . Concentrationb
Hours $Transmission? Absorbencya moles/liter x 10
0 22.0 0.660 5.54
68 26.0 0.590 4.95
112 29.0 0.540 4.53
154 30.0 0.510 4.28
200 35.0 0.459 3.85

%For Transmission and absorbency measurements a 1 milli-
liter sample of the dye solution was removed and diluted
to 70 milliliters with 305 by volume uimethylformamide
in distilled watex. (wavelength = 650 my

bBased on % activity of commercial dye given in Table l

TABLE 21
RATE OF PHOTODEGRADATION OF

DIRECT BLUE 98 IN WATER AT 50 °C

Time, Concentrationb
Hours gTransmission?® Absorbencya moles/liter x 10
0 65.0 0.190 4.01
68 71.8 0.145 3.06
112 /3.0 0.137 2.89
154 73.0 0.137 2.89
200 76.7 C.116 2.45

8por Transmission and absorkency measurements a 1 milli-
liter sample of the dye solution was removed and diluted
to 70 milliliters with 30% by volume dimethylformamide
in distilled water. (wavelength = 650 my)

bBased on % activity of commercial dye given in Tablel
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TABLE 22

RATE OF PHOTODEGRADATION OF

DIRECT RED 83 IN WATER AT 50°C

Time, a a Concentrationb 4

Hours $Transmission Absorbercy moles/liter x 10
0 28.5 0.545 3.11
56 29.8 0.530 3.02

111 34.2 0.4064 2.65

157 43.5 0.360 2.05

200 52.8 0.278 1.538

a

For Transmissicen and absorbency measurements a 1 milli-
liter sample of the dy: solution was removed and diluted
to 50 milliliters with 30% by volume dimethylformamide
in distilled water. (wavelength = 537 m1)

b Based on % activity of commercial dye given in Table 1

TABLE 23
RATE OF PHOTODEGRADATION OF

DIRECT BLACK 80 IN WATER AT 50°C

Time, a a Concentrationb y

Hours $Transmission Absorbency moles/liter x 10
0 45.0 0.348 6.84
56 47.8 0.320 6.29

111 52.0 0.282 5.54

157 55.0 0.260 5.11

200 57.7 0.240 4.72

a

For Transmission and absorbency measurements a 1 milli-

liter sample of the dye solution was removed and diluted
to 100 milliliters with 30% by volume dimethylformamide

in distilled water. (wavelength = 660 nmy)

b .
Based on %activity of commercial dye given in Table 1
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TABLE 24
PATE OF PHOTODEG.’ADATION OF

VAT GREEN 1 IN WATER AT 50°C

Time, a a Concentrationb 4
Hours ¢$Transmission Absorbency moles/liter x 10
0 25.0 0.600 - 4.06
60 27.5 0.560 3.79
110 31.0 0.510 3.46
146 35.7 0.450 2405
200 43.0 0.367 2.48

3For Transmissisn and absorbency measurements a one milli-
liter sample of the dye sclution was removed and diluted
to 20 miliiliters with dimethylformamide. (wavelength =
660 m u)

bBased on % activity of commercial dye given in Table )

TABLE 25
RATE OF PHOTODEGRADATION OF

VAT BLUE 6 IN WATER AT 50°C

Time, a a Concentrationb m
Hours $Transmission Absorbe ncy moles/liter x 10
0 71.0 0.150 1.91
60 72.5 . 6.140 1.79
110 76.0 0.120 1.53
146 77.8 0.110 1.44
200 82.0 0.086 1.10

8por Transmission and absorbency measurements a one milla-
liter sample of the dye solution was removed and diluted

to 20 nilliliters with dimethylformamide. (wavelength =

695 mu)

bBased on % activity of commarcial dye given in Table 1
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TABLE 26
RATE OF PHOTOLEGRADATION OF

VAT VIOLET 1 IN WATER AT 50°C

Time, a a Corcentration® y

Hours $Transmission Absorbency moles/liter x 10
0 _ 41.0 0.390 4.20
60 44.0 0.353 3.81
110 49.0 0.310 3.34
l46 52.2 0.280 3.02
200 58.0 0.237 2.55

3por Transmission and absorbency measurewehts a one milli-
liter sample of the dye solution was removed and diluted
to 20 milliliters with dimethylformamide. (wavelength =
550 mu)

»

l:‘Based on % activity of cormercial dye given in Table 1

TABLE 27
RATE OF PHOTODEGRADATION OF

VAT BROWN 3 IN WATER AT 50°C

Time, a a Concentratior}b 4

Hours turransmission Absorbeéncy moles/liter x 10
o 29.5 0.530 9,33
60 32.3 0.490 8.62
110 37.5 0.425 7.48
146 41.0 0.388 6.82
200 49,0 0.310 5.46

3ror Transmission and absorbency measurements a one milli-
liter sample of the dye sclution was removed and diluted
to 20 milliliters waith dimethylformamide. (wavelength =
550 mu)

bBased on % activity of commercial dye given in Table ]
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TABLE 28
RATE OF FHOTODEGRADATION OF

DISPERSE RED 17 IN WATER AT 50°C

Time, a a Ccncentrationb
Hours $Transmission Absorbency moles/liter x 10
0 28.5 0.545 10.29
70 33.0 0.480 9.06
103 34.0 0.465 8.78
157 37.8 0.423 7.98
200 41.8 0.380 7.17

a . g
For Transmission and absorbency measurements a one milli-

liter sample of the dye solution was removed and diluted
to 70 milliliters with dimethylformamide. (wavelength =

505 m y)

bBased on % activity of commercial dye given in Takle 1

TABLE 29
RATE OF PHOTODEGRADATION OF

DISPERSE BLUE 3 IN WATER AT 50°C

. . b
Time, . Concentration
Hours $Transmission® Absorbencya moles/liter x 10

0 47.5 0.320 3.59

70 56.0 0.251 2.82
103 60.5 0.220 2.47
157 67.0 0.173 1.94
200 74.6 0 130 l.46

3For Transmissicn and absorbency measurements a one milli-

liter sample of the dye so>lution was removed and diluted

to 70 milliliters with dimethylformamide. ({wavelength
650 my)

bBased on % activity of cotmercial dye given in Table 1
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TABLE 30

RATE OF PHOTODEGRADATION OF

DISPERSE BLUE 1 IN WATER AT 50°¢

Time, a a Concentrationb
Hours %Transmission Absorbency™ moles/litexr x 10
o 25.3 0.580 19.45
70 34.8 0.460 15.42
103 39.0 0.410 13.75
157 41.0 0.388 13.01
200 39.0 0.410 13.75

8por Transmission and absorbency measuremrents a one milli-
liter sample of the dye solution was removed and diluted
to 70 milliliters with dimethylformamide. (wavelength =
650 my)

bBased on % activity of commexrcial dye given in Table 1

TABLE 31
RATE OF PHOTODEGRADATION COF

DISPERSE ORANGE o IN WATER AT 50°C

Time, a a Concentrationb
Hours $Transmission Absorbency moles/liter x 10
0 21.0 0.680 22,53
70 22.0° 0.660 21.87
103 23,0 0.64¢ 21.20
157 24.1 0.620 20.54
200 23.5 0.630 20.87
a

liter sample of the dye solution was removed and diluted

to 100 milliliters with dimethvlformamide., (waveleugth =

345 my)

bBased on % activity of commercial dye given in Table ]

25
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‘TABLE 32
RATE OF PHOTODEGRADATION OF

DISPERSE RED 15 1IN WATER AT 50°C

Time, a a Concentrationb y

Hours $Transmission Absorbency mcles/liter x 10
0 23.8 0.624 24.71
60 26.0 0.5390 23.36
105 25.8 0.595 23.56
151 27.5 0.560 22.18
200 26.2 0.580 22.97

a . saa s
For Transmission and absorbeucy measurements a one milli-
liter sample of the dye solution was removed and diluted
to 70 milliliters with dinethylformamide. (wavelength =
537 mu)

bBased on % activity of cowmercial dyc given in Table 1

TABLE 32
RATE OF PHOTODEGRADATION OF

DISPERSE RED 60 IN WATER AT 50°C

Time, a a Concentrationb "
Hours $Transmission Absorbency moles/liter x 10
0 40.¢ 0.400 12.16
60 42.3 0.370 - 21.25 .
105 43.6 0.360 1C.94
151 45.32 0.341 10.36
200 44.8 0.346 10.52

3For Transmission and absorbency measurements a 1 nilli-

liter sample of the dye solution was removed and diluted
to 70 milliliters waith dimethyliormamide. (wavelength =
555 mi)

bBased on % activily of comnercial dye given in Table 1



TABLE 34
RATE OF PIOTODLGRADATION oOF
DISYrEKSL LU 20 Iiv viewa al Ly O
. . b
Time, A Concentration o
Hours $Transm: 3sion Absarbencv® moles/liter x 10

0 33.0 .420 10.71
60 36,2 0.440 11.22

105 35.0 v, E50 11.47
1%) 37.5 L ATE 10.91

200 36 . 0 0.441 11.24

“For Transmission and abscrbency measurements a 1 milli-
liter soaple of the dye solution we: remeved and diluted
to 20 milliliters wiia wrmethyltiormaaliae. (wavelength =
537 m y)

bBased on % activity of corievrcial dve oiven in Table 1

LABLE 35
RATS OF PHOTCOLEGRALVAY O OF

DISPERSE oLUE 7 Tu W2 AT 5) C

Time, a . ConccntrationL Y
Hoursg $Transmission Araerbercy™ molosyliter x 10
0 24.2 0.614 16.26
50 26.5 0180 15,12
105 28.0 3.550 14.34
151 30.1 0.520 13.55
200 21.5 (ohw 13.02

dFor Transmission and azsorbancy weashrements a b onilli-
liter sample of the dyce so2ivtion @i romoved and di lated
to 50 mitliliters wareh dr wticyiiorriamn,ty,  (waveluengih =
650 mp)

>3

b . : ; .
Based on % actavity of comnercial dye g2vea in ‘iable 1
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TABLE 36
RATE OF PHOTODEGRADATION OF

SULFUR BLACK 1 IN WATER AT 50°C

Time, a a Concentrationb
Hours $Transmission Absorbency grams/liter
n 57.8 0.240 1.92
70 63.0 0.200 1.60
159 65.0 0.190 1.52
200 67.3 0.175 1.40

%For Transmission and absorbency measurements a 2 milli-
liter cample of the dye solution was diluted to twenty
milliliters with a solution containing 5% Na,5,0, and
3% NaOH. (wavelength = 400 my)

PBased on the analyses of the commercial dye paste for

total solids.
THBLE 37

RATE OF PHOTODEGRADATION OF
(o]

SULFUT RED 5 IN WATER AT 50°C
Time, a a Concentrationb
Hours fTransmission Absorbency grams/liter
0 32.2 0.490 1.98
70 34.> 0.460 1.86
159 39.0 0.410 1.65
200 40.0 0.400 1.61

8For Transmissicn and absorbency measurements a 2 milli-
liter sample of the dye soiution was diluted to twenty
milliliters waith a solution containing 5% Na23204 and
3% NaCH. (waveleugth = 400 mu;

bBased on the analyses of the commercial dye paste for

total solids.



TABLE 38
RATE OF PIOTODEGRADATICN OF

SULFUR BLUE 7 IN WATER AT 50°C

Time, a . a Concentrationb
Hours $Transmission Absorbency gramns/liter
0 22.0 0.660 2.16
70 24.8 0.51¢ 2.00
159 23.0 0.040 2.10
290 25.0 0.60¢0 1.96

3rransmission and absorbency measurements a 2 milli-
liter saniple of the dye sclution was diluted to twenty
1ailliliters for a solution containing 5% Na28204 and
3% NaOH. (wavelength = 430 my)

)
“Based on the analyses of the commexrcial dye paste for
total solids.

TABLE 39

RATE OF PHOTODEGRADATION OF

SULFUR BLUE 13 IN WATER AT 50°C

Time, a a Concentrationb
Hours tTransmissicn Absorbency grams/litei
0 52.2 0.280 1.27
70 54.8 0.260 1.18
159 54.8 0.260 1.18
200 60.5 0.220 1.08

3ror Transmission and absorbency measurements a 2 milli-
liter sample of the <ye sclution was diluted to twenty
millilaiters with a soluticn containing 5% Na25204 and
3% NaOH. (waveleagth = 400 my)

bBased on the analyses of the comrercial dye paste for

total solids.
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The following dyes showed grcater than 50% loss in optical
density after 200 rours Fade-Ometer radiation and were
analyzed for identification of degradation products:

Basic Green 1 C.I. 42040 Pirect Red 83 C.I. 29225
Basic Red 2 C.I. 50240 Direct Blue 76 C.I. 2441¢
Basic Violet 3 C.I. 42555 vat Blue 6 C.I. 69825
Basic Green 4 ¢.I. 42000 Acid Rred 37 C.L. 17045
Basic Blue 9 C¢.I. 50215 ncid Orange 10 C.I. 16230
Disperse Elue 3 C.I. 61505 Acid Violet 3 C.I. 16580

At the comgzietion ¢l the exposure period, the faded samples™
were removed from the cells, placed in polyethylene bottles
and stored at -200C in a freezer to prevent further re-
actions which may lave been initiated in the Fade-Ometer.

The samples were removed several times from the freezer,
allowed to thaw anc immediately replaced in the freezer.
This was doue to stparate decompositsfon products from the
agueous solution without promoting further decomposition.

hfter this approximately 250 ml of the faded solution was
filtered in a gravity funnel. The collected wrecipitate
was allowed to air dry and then rinsed from the filter
paper with spectro arade acetcre.

For those dyes from which no precipitate was collected,
the water solution of the dye was placed cn a watch
glass and aliowed to evaporate at room temperature. The
samples werce covered to prevent atmospheric contami-
nation.

S0lid residues isolated by both methods were analyzed
by mass spectrometry using the solids probe or gas-
chromatograph inlet system, and by gas chromatography
when volatile resiiues were obtained.

The conditions gene:ally'used £c ¢ the gas chromatograph
were: -

Helium Flow 30 ml/min

Injection Port. Temp. 3250C

Column Temp. 100-2759C (Isothermal at 2759)
Manifold Temp. 3200C

Column: 1/8", 6 foot stainlegss steel, SE 30
silicone o0il
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chemical Preparations

The leuco carbinol forms of Basic Green ., Basic Green 4,
and Basic Violet 3 were prepared to provide knowns for
degradation product identification.

To approximately 3 grams of commercial dye in 100 ml of
distilled water, 5 ml of concentrated ammcnium hydroxide
was added. The resulting precipitate was filtered,

washed and dried. After drying, the residue was dissolved
in benzene to remove inorganic impurities, filirered and
the benzene evaporated. The i1solated crystals were used
as knowns.

Other reforcnce compounds were purchased from commercial
suppliers.
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SECTION IV
DISCUSS10N

Commexrcial dyes may ke considered to we either relatively
inert or unstalkle., To most the term inert would de-
scrive stable behavior upon exposure to near-ultraviolet
and visible light. However, sirce most dyes are applied
to fibers from aqueous soliution, {he part that water
rlays in the degradazicrn process cannot be neglected.
All results reported in this study were obtained from
water solutions or saspensions. The data, therefore,
reflect the combined effects of light and water. The
Fasic dyes showed the most degradation and will be the
first class discussed.

Basic Dyes

Basic dyes are cationic crganic molecules capable of
dyeing wool, polvester, acrylic and other fibers that
have been prepared {o contain anionic sites which
attract and interact with cationic molecules.? These
dyes were first discovered in 1859 by Verguin® in
France and some of tae original dyes are still in use.

These dyes are applied from an agueous solution con-
taininc enough acetic acid to adjust the pH to 4-6.

The weight of the dyebath will generally be 20 times
the weight of fabric being dyed. The solution is
carefully heated to L90°9F and held there for one to
two hours. The bath is then cooled, discharged and
fresh water added to rinse surface dye from the fibers.

Basic dyes are the brightest class of soluble dyes

used by the textile industry. Their tinctorial value
is very high causing less than 1 ppm of the dye to
produce an obvious water coloration. This factor would
cause these dyes to have the greatest potential threat
of coloration to a natural water supply. Fortunately
these dyes are adsorbed by many minerals and organic
matter so natural processes can generally remove them
from a stream without the help of sunlight if given
sufficient time.

The structures of the basic dyes used in this study
are shown in Figures 2 and 3. These structures
represent the triphenylmethane, phenazine and thiazine
types.

The fading rate curves for the basic dyes are showr in
Figures 4 cto 8. The basic dves all chowed appreciable
degradation during their 200-hour exposure to visible
and ultraviclet light. To compare the effect of
sunlight and &rtificial light Basic Green 4 was expused
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Figure 4 Rate of Photodegradation of Basic Violet 3

in Water at 50°0C.
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Figure 6 Rate of Photodggradation of Basic Sreen 1
in Water at 50°C.
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Figure 7 Rate of Photodegr.dation of Basic Green 4
in Water at 50°C.
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to sunlight on the roof of the building. The degradation
rate curve for natural light is shown in Figure 9 with
the data from Figure 7 plotted on this figure for com~
parison. The fading rate in artificial light is much
faster as expected--the data indicate that the fading
rate is at least 10 times as fact. This check was
repeated with one of the direct dyes and is reported
later.

The degradation products that could be identified by
mass spectrometry and gas chromatography from Basic
Green 4 are shown in Figure 10, The products isolated
show some correlation with data obtained previously by
other researchers.® The results of this study and
other studies’ show that these dyes may decompose by
two princaipal paths. A proposed mechanism for the
degradation of the triphenylmethane dyes is shown in
Figure 11. -

The carbinol form of the dye is converted to the
excited state (possibly triplet) by absorption of
ultraviolet light. The excited molecule is converted
into products by: (1) fragmentation into radicals and
rapid reaction of the radical moieties with oxygen and
water to give the products .isoloted, or (2) concerted
reaction of the excited carbinol form with oxygen and
water to give degradation p:roducts directly. Oxygen
seems to be necessary for the formation of the products
obtained, which is in agqreement with the results of
previous studies.

Evidence for the degraijation of the carbinol form and
not the cation is seen in the work reported by Bitzer
and Brielmaiex.’/ They found the rate of decomposition
to be inversely proportional to the hydrogen ion
concentration in a pH range between 1 and S.

By adding phloroacetophenon: to an alcohel solution of
CI Basic Green 4, Bitzer’ found that the time required
for bleaching the solution was increased from two days
to several weeks. He attributed this to the fact that
the adsorption region of the ketone and the dye were
similar, so both compounds would be absorbing the same
degradative radiation.

Most covalent bonds have dissociation energies which
are well within the energy range of natural and
artificial daylight. The enclosed carbon arc light
source produces a spectral wavelength range of 279 nm
to 12,000 nm? which corresponds to energies of 95.3

to 40.9 kcal/mole, respectively. Since most dyes have
adsorption maxima within this region, %t s under-
standakle that a number of them are vulnerable tc¢
photochenical degralation.
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Basic Green 4 has two adsorption bands in the visible
regicn. The band at 422 nm represents an energy of
67.8 kcali/mole, while the adsorption at 619 nm corres-
ponds to an energy value of 46.2 kcal/mole. A third
band ecxists in the near ultraviolet at 318 nm and is
eguivalent :to 89.9 kcal/mole. The leuco carbinol form
in Figure 10 which has been shown to be the fugitive
species dces not absorb visible light and therefore
requires ultraviolet light for deyradation. Visible
light can degrade dyes--McLarenl0® founa in a study of
over one hundred dyes that the most fugitive examples
were readily dearaded by visible and ultraviolet
light, with wavelengthts longer than 600 nm being
responsible for degracation in some instances.

The possibility of nor-light-catalyzed hydrolysis was
eliminated when an agueous solution of CI Basic Green 4
was shown to undergo ro significant change over an
eight-day period at 65901l in the absence of light.

The evidence for the triphenylmethane dyes shows that
their rate of degradation is clearly pH dependent and
inverselg proportional to the hydronium ion concen-
tration. Since the dyes would commonly be found in
natural water supplies or receiving streams at or
near a neutral pH, the degradations were conducted at
neutral pH.

One point worth noting is the stability of scme of

the degradation products to ultraviolet light as
evidenced by their isolation. The toxic prcperties

of these products should ke determined since they would
remain in the environment for much lonyer periods than
the dye nolecule.

Acid Dyes

Acid dves have an ancient origin, dating back many
centuries to the first use of natural dyes on wool
fibers. The first recorded preparation of a synthetic
acid dye was in 1771.12 Woulfe synthesized picric
acid from indigo with nitric acid. Because of their
bright colors the dyes still have widespread use today.

Acid dyes avre used for nylon, wool and acrylic fibers.13
The nylon or wool fiber is dyed from a bath having a
weight of 20 toc 30 timas that of the fabric. The fiber
is placed into the warm dyebath and the dye is then
added. The temperaturz is raised slowly to 200C€F and

if necessary acetic or sulfuric acid is added to
exhaust the dye onto the fibher. If the dye tends to

go onto the fiber too rapidly it may be necessary to

add a retarding agent such as sodium sulfate. Several
retarding or leveling agents are used with acid dyes.
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These dyes are comparatively cmall molecules with one

or more sulfonic acid groups attached to the organic
substrate. They have good water solubility and mey or
may not be removed from a waste stream by a conventional
biological waste ctreatment plant. Because of this und
their high tinctorial color value it is important to

be able to estimate their light stability in a natural
water supply.

The acid dyes as a class have poor light fastness on
textile fibers compared to vat or disperse dyes. This
suggests that their photodegradation in water would be
quite significant. &tructures of acid dyes used in
this study arce shown in Figures 12 and 13. The curves
for their fading rates are shown in Figures 14 to 20.
0f the seven dyes studied, three showed drastic photo~
induced degradation.

One generalization indicated here is that the acia azo
dyes are more fugitive to light than the acid anthra-
quinone dyes (Violet 43 and Blue 40). An exception

is the Acid Black 52 which is really a premetalized

azo acid dye and is not comparable because of the known
stability metal coorclination adds to any dyestuff.lé

A decailed interpretation of the data is difficult.
Acid Red 1, Figure 14, was stable and Acid Violet 3,
Figure 15, and Acid Red 37, Figure 17, were completely
degraded. This may be explained by the susceptibility
of the primary amine group to oxidative attack. Why
Acid Orange 10, Figure 16, was also degraded cannot

be explained on th's basis because 1t has no vulnerable
amine group. The primary amine appears to be less
labile when it is attached to the anthragquinone
structure as is illustrated by the curve for Acid

Blue 40 shown in Figure 20.

The basic reason for the degradation of the acid dyes
seems to be their susceptibility to electrophilics
attack. This has becr demonstrated with the basic
dyes and shown to be applicable to the reactions of
oxidizing reagents witva other dyes.l5 The more
electron attracting groups that are present on the
dye molecule generaliy the more stable it is to
light.16

Acid dyes rhould pe one of the best classes for which
to interpret a fading mechanism because th@g-ame
water soluble and give homogenous solutions. This is
not true for the disperse, vat and sulfur dye classes
which can undergo physical changes which affect the
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Figure 17 Rate of Photodggradation of Acid Red 37
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absorption of light w.ithout undergoing any chemical
degradation. These dves arc discussed later.

Attempts to isolate degradaticon products from the acid
dyes were unsuccessful. Degradation products such as
phencl or aniline were either volatilized from the
reaction cell during the study or were degraded them-
selves since no low molecular weight products were
detected by gas chromatographic or mass spectral analyses
of the final concentreted solutions. Evidently the ionic
degradation products were not volatile enough for
analysis by GC or MS, and preparation of their diazo-
methane derivatives was unsuccessful. Additional work
in this area might lead to characterization of some of
the degradation products.

Direct Dyes

The direct dyes are one of the major classes of dyes
used on cellulose fibers. The dyes are applied from a
water bath about 30 times the weight of the fabric
being dyed. After the fabric and dyes are placed in
the bath, it 1s heated to near boiling and a salt is
added to exhaust the dye onto the fiber. The amount

of solt required varies from dye to dye but is approxi-
mately 10 percent of the welight of fabric being dyed.

The dyes were chosen oa the basis of use by the textile
industry--their structares are shown in Figures 21 and
22, They are more resistant to light degradation than
the basic or acid dyes previously discussed as can be
seen by the fading rate curves shown in Figures 23 to
30.

Only two of the direct dyes, Direct Elue 76 &nd Direct
Red 83, lost greater than 50 percent of their optical
density after 200 hours exposure to artificial ligat.
This is »ot unusual -as the direct dyes have better
light fastness propert.es on textile fibers than the
acii or basic colors. After oxposure, no volatile
degradation products could be dectected in the con-
centrated dye solutions by gas chromatographic or mass
spe~tral analyses. Attempts to prepare methyl ester
.derivatives of the expected iounic degradation products
by treatment with diazomeihane yielded nothing
detectable by mass spectras or gas chromatographic
analyses. As was the c¢ase with the acid dyes, the low
molecular weight products were destroyed or volatilized
during exposure and the high molecular weight products
had too low a vapor pressure to allow separation and
identification.

56



NaOys OH OH oy
2O &y
soswa Na0;5 'S A A i

Direct LClue 983 C.I. 23155

h”42 C) (>C+*3 ()Cﬁﬁs

OH NH
NaO3s N=N©—<}N N AN N505Na
X = N | _/J
SO,Na SO,Na

Direct Blue 76 C.I. 24410

H
HO¢ HN=N 7 HN= Nf\ N¢ HNO

(i()3\3 ESC)3PJQ

Direct Green 6 C.I. 30295

Direct Brown 95 C.I. 30145

Figure 21 Structures of Direct Dyes Studied

57



. Cu
i o/ ~—

0
PvﬂJ;I:ji;JxH*co

503N

Direct Red 83 C.I. 29223

H,N NN{)NN/ \NN/

N805 ZNa0-S
\ // >

Direct B.ack 80 C.I. 31600

Nao3s© @
C NS

\\

! I
f\m\ﬁ,w qN
o “.i

Coan

CN
/
SN U} ONa

Direct Blue 36 C.I. 74180

;
oO Na
NaO s<:j>N4w< V.= N7ft1::] co
NaO,s' NHJ
2

Direct Rec¢ 80 C.I. 35780

Figurc 22 Structures of Diract Dyes Studied

>8



JONY U

hs
(o)

50 100 150 200

Time, bours

Rat.. o. DPho odegradebion of Dirveo b el 0N iy
Water at LU -C.



concentration, moles/liter x 10

[84]

L

L

P - " 4

Figure 24

50 100 150 200

Time, hours

Rate cf Photodegradation of Direct Green 6
in Water at 50 C.

€90



10 t+
8
<
o
—
b
M
[V}
el
o
T 6t
0
Q
—
(o}
g
fod
o]
o
i)
(™
~
e 4t
[¢}]
¢
=4
O
@]
2
1 1 [y )

50 100 150 200

Time, hours

Figure 25 Rate of Photodegradation of Direct Black 80 in
Water at 50°C.

6l



concentration, moles/liter x 10

-
\j

4. 'Y

4 i

50 100 150 200
T:me, hours

Figure 26 Rate of thtodggradation of Direct Blue 76
in Water at 50 C.

62



concentration, mcles/liter x 10

3. e i 3.

50 102 150 200

Time2, hours
Figure 27 Rate of Photodggradation of Direct Blue 98

in Water at SOSC.

63



4

Cor.centration, moles/liter x 10

3 o

2 L

1
Figure 28

50 100 150 2090
Time, hours

Rate of Photodegradation of Direct Red 83 i
Water at 50°cC.

64



concentration, moles/liter x 10

12

A

19

50 100 150 200
Time, hours

Figure 29 Rate of Photodegradation of Direct Brown 95
. c
in Water at 50 C.

65



4

10

moles/liter

on,

Concentrati
S

1 1

Figure 320

50 100 150
Time, hours

Rate of Photodegradation of Direct Blue 86
in Water at 50°7C.

66

200



Some of the direct dyer would rave sutficient affinity
for tlie sludge in a biological waste treatment plant to
be adsorhed and removed from the wastewater. Othexs
would require chemical or physical treatment for their
removal., In any case the data show that most direct

dyes would be stable and resist photochemical degradation
in a treatment plant or receiving water.

The comparison between degradation by natural and
artificial light can be scen in Figure 31. The data
show that the rate of degradation is at least 10 times
as slow in natural deylight as in artificial light.
This indicates tha*t the direct dyes are very stable in
natural waters.

67



89

concentration, moles/liter x 10

Figure 31

sunlight
3
J @)
o carkon arc
500 1000 1500

Time, hours

Rate of Photodegradation of Direct Blue 76 in Water Exposed to
Sunlight and Carbon Arc light



Vat Dyes

Vat dyes are applied to cellulosc fibers by batch and
continuous processes. The vat c¢ye is a nonionic water
inscluble pigment that must be reduced to a soluble
anionic leuco form with sodium hydrosulfite. The bath
from which the dye is applied varies in volume, 1s alka-
line and contains dispersing agents, sodium sulfite and
excess sodium hydrosulfite., After the dye is adsorbed
on the fiber it is oxidized to the insoluble form with
a common oxidizing agent. If the dyes are applied by
continuous processes the chemicals which are used are
the same but require much less water.

The structures of the vat dyes used {or this study are
shown in Figure 32. Vat dyes are applicd almost exclus-
ively on cellulose fibers. They are noted for their
resistance to light degradation,l7 and were found to

be fairly staple in this study as the curves in

Figures 33 to 36 show. The dyes did show up to 40
percent color loss after 200 hoirs exposure to
artificial light. This was not completely due to
decomposition of the dye, but partly to aggrecgation

of the dispersion.l8 This is supported by the fact
that the absorbency of all four dyes decreased to about
the same extent in 200 hours--more difference would be
expected if photochemical degradation was the only
factor responsible. Vat dyes are sold as a pigment
dispersion. The pigment particles are near one

nicron or less in size.l9 wWhen the dispersion is
warmed or heated over a period of time the smali
particles can ccalesce into larger particles, causing
the dispersion teo have a lower optical censity.

This may have occurred to some cegree during exposure
to the carbon arc and accounted for some of the
tinctorial loss of the dye dispersions. BAliqucts of
the dispersion were taken and dissolved in dimethyl
formamide for measurement. Comglete solution of the
dyes may not have occurred with dimethyl formamide and would
become meore difficult as the pigment particles grew
larger during exposure, resulting in lower absorbency.
This point is speculative, but pigment aggrc?ation is

a well established phenomenon with vat dyes.l8

The residue remainiing after degradation of Vat Blue 6,
which is noted in the industry for its instability

when compared to other vat dyes, was analyzed for
chlorine to check for chemical changes upon ultraviolet
exposure. The elemental analysis showed a 25 percent
loss of chlorine which would account for at least 25
percent decomposition of the dye. The low volatilitg
and solubility of the residues prevented successful
mass spectral anrd chromatographic analyses of the
degradation products.
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Because of their inherent light stability, this study
of tke vat dyes can give us an i1dea of the effect of
physical changes on the fading of all pigmented iypes
of cdyes. The color changes that occurred with the vat
dyes are mostly caused by changes in physical propexr-
ties of the pigment dispersions. Obviously the dis-
pers.ons are stable enough to color a waste stream for
a long’geriod of tiwme. If biodegradable dispersing
agents4V are used in the commercially prepared dye,
then the dispersion may be more easily destroyed in

a biclogical waste treatment plant and some of the dye
may be removed by adsorption on the sludge. Since

the pigment is fairly inert the best method of removal
is possibly by chemical coagulation.Z2l

Disperse Dyes

The disperse dyes were originally prepared for dyeing
acetate fibers that were introduced to the textile
markets atter World War I.22 These dyes are neutral
organic rolecules and have very low solubilities in
water. Because of this they are ground with a dis-
persing agent i a similar manner to that used for

vat dyes, and dispersed in water for use by the textile
industry. These dyes are a»plied to polyvester, nylon,
acrylic aad acetate fibers by batch operations and on
continuous ranges. The batch operation uses a bath
with a weight of approximately 30 times the fabric
wveight. The dye bath is heated to near boiling for
one to three hours, then drained and the fabric
zinsed. For some fibers, such as polyester, either
carriers or pressure vessel: are regquired to speed up
the dyeing process. The carriers are organic compounds
which swell the fiber, allowing the dye to penetrate.
In the continuous process the dye solution is padded
onto the fabric and dried and then heated at 2000C for
one or two minutes. The dye penetrates the synthetic
fiber at these high temperatures and excess dye is
removed in a subsequent washing operation.

Because of the wide use of disperse dyes today,
several of them were chosen for study--their structures
are shown in Figures 37 and 33.

Disperse dyes, being in pignent form, are more
resistant to light degradation than if they were dis-
solved in the water. This can be seen by the fading
rate curves shown in Figures 39 to 4€6. The only dye
that gave greaterx than 50% optical density decrease

was D:sperse Blue 3. The residue isolated from this
dye solution after exposure could not be separated

into identifiable fractions and no degradation prcducts
could be detected by mass spectral analyses.
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Figure 39 Ra*e of Photod%gradation of Disperse Blue 3
in Water at 50 C.

78



concentration, moles/liter x 10

151

1oy

A, A A -

50 ;.00 150 200
Time, hours

Figure 40 Rate of Photod%gradation of Disperse Red 17
in Water at 50°C.

79



concentration, moles/liter x 10

20

15¢

10¢

—d Y

4. ——

50 100 150 200

Time, hours
Figure 41 Rate of Photodegradation of Disperse Blue 1
in water at 50°C.

80



'l A )

12¢
N,
L/
o 10f
-
»
N
a
+
::j
~ 8r
7]
o
~t
0
E
]
- 6fF
ES)
]
M
Fs)
o
o
3]
o
0 4
2r
L
Figure 42

50 100 150 200
Time, hours

Rate of Photodggradation of Disperse Blue 27
in Water at 50 C.

81



/liter x 10

moies

concentration,

123\

10

A A L

50 100 150 200

Time, hours

Figure 43 Rate of Photodegradation of Dispersa Rea 6
in Water at 50°cC.

82



30t

25

20

15¢

10¢

: O e
50 100 150 200
Tire, hours
Figure 44 Rate of Photodegradaticn of Disperse Orance 3

in water at 50 C.

83



1 A WS 'y

50 100 150 200

Time, hours

Figure 45 Rate of Photodegradation of Disperse Blue 7
. Q
in Water at 50 °C.

84



concentration, moles/liter x 10

ZOF

15}

10t

A P A

50 100 150 200

Time, hours

Figure 46 Rate of Photodggradation of Disperse Red 15
in Water at 50°C.

85



Since the disgerse dyes are more soluble in water than
the vat dyes?3 it was expected that they would degrade
faster than the vat dyas when they were exposed to
artificial light. This was not the case, as the data
show. Disperse dyes are very resistant to degradation
by the quantity of light that reaches natural streams
and reservoirs.

Sulfur Dyes

Most sulfur dyes have complex structures that have not
bzen completely characterized.24 This is understandabie
when we consider that some of the first dyes of this
class were synthesized from sawdust, bran or manure

and sulfur. The newer dyes in this class utilize nitro
arcmatic systems as starting material. Their structures
are less complex than the originel dyes but still complex
enough to prevent complete charscterization.

These dyes are used exclusively on cellulose ribers
and are applied from a bath containing sodium poli g~
sulfide and sodium hydroxide. The dye is solub’l- in
this solutica and can penetrate the fiber. Th. bath
to fiber weight ratio is 30 to one and dyeing time is
one to three hours. The dyes are also applied on a
continuous range. The dye solution is padded onto the
fabric and steamed. After the batch or'‘coniinuous
dyeing operation the dye is oxidized with air or
sodium dichromate to the insoluble form which remains
in the fiber.

Most of the sulfur dyes are mixtures containing several
aromatic sulfur and nitrogen systems linked by a series
of disulfide groups. These dyes thus ‘~ve large mcle-
cular weights and very low water soiubilities which

no doubt account for their stability to light
degradation. Sulfur dyes have goo¢ :i_ht and wash
fastness on textile fibers so tleir stability in this
study is expected. Because of the low extent of
degradation of the sulfur dye: and their unknown
structures no attempt was made t.o identify degradotion
products.

The degradation curves in Figures 47 to 50 show that
these dyes could exist for a lorg period of time in a
natural stream.



concentration, grams/liter

Figure 37

50 100 150 200
Time, hours

Rate of Photodggradation of Sulfur Red S
in Water at 50 C.



concentration, grams/liter

I
2r O ,O
-
lb
50 100 150 200
Time, hours
Figure 48 Rate of Photodcgracation of Sulfur Blue 7

in Wakter at 50'C.

88



concentration, grams/liter

A A A -

Figqure 49

50 100 150 200
Time, hours

Rate of Photodggradation of Sulfur Blue 13
ir Water at 50 C.

89



concentration, grams/liter

1+
b
50 100 150 200
Time, hours
Figure 50 Rate of Photodecgradation of Sulfur Black 1

in water at 50°C.

90



SLECRION N
ACANOWLIDGIMENTS

‘Mo anvestigatos expresses i appreciation to Scott B.
Spares ond Masshal. whete, Jr., who assisted in thie
work. Thanks are also given Lo Dr. Arthur W. Garrievon
‘0f the Southeast Water Labo.atory, Athens, Georgia,
&2A, for his assistance with the analytical work and
1elpful discussions over the course of the study.

Firally, aeppreciration is expresseu for the cooperation
“nt Zinancial support of the Offire of Rasecarch and
Jdorateraing of the Envoron

nnenttes ruotection Agency.

91



10.

11.

12.

13.

14,

SECTION VI
REFERENCES

Porter, J. J. "&tate of the Art of Textile Waste
Treatment," Water Quality Office, Environmental
Protection Agency, Washington, D. C., p 2. 1971.

Anonymous. "Activated Sludge Plant for Dyeing
Waste Waters," Effluent Water Treatment J.,
8:355. 1968.

Michelsen, D. L. Textile Chemist and Colorist, 1,
p 179. 1969.

Trotman, F. R. Dyeing and Chemical Technology of
Textile Fibers. London: Charles Griffin and Co.,
P 325. 1964.

Noller, C. R. Chemistry of Organic Compounds.
Philadelphia: W. B. Sauna.>s Co., p 750. 1965.

Iwamoto, K. Bulletin of the Cu.mical Society of
Jagan, 10, p 420. 1935; Desai, C. M. and B. K.
Vaidya. Jour. of the Indian Chemic:) Society, 31,
p 261. 1954.

Bitzer, D. and H. J. Brielmaier. Meliand Texti-
berichte, 41, p 62. 1960.

Calvert, J. G. and J. N. Pitts, Jr. "“Photo-

chemistry," New York: John Wiley and Sons, Inc.,
p 19. 1966.

Lenrigquez, P. C. 3Recueil des Travaux Chimiques
des Pays-Bas, 52, p 998. 1933.

McLaren, K. Jour. of the Society of Dyers and
Colourists, 72, p 86. 1956.

Porter, J. J. and &. B. Speares, Jr. Textile
Chemist and Colorist, 2:11, p 192. 1970.

Noller, C. R. Chenistry of Organic Compounds,
Philadelphia: W. E. Saunders Co., p 750. 1365.

Trotman, E. R. Dyeing and Chemical Technology
of Textile Fibers. London: Charles Griftfin and
Co., p 335. 1964.

anonynous. "Resistance of Dyed Textiles to
Daylight," Textile Chemist and Colorist, 1, p 252.
1969.

Preceding page blank 93



15. bherr, N., M. A. Morris and S.H. Zeronian. "The Effect
of Ozone and lLaundering on a Vat Dyed Cotton
Fabric," Am. Dyestuff Reptr., 58, p 34. January 1969.

16. Venkataraman, K. "The Chemistry of Synthetic Dyes,
Vol. II," New York: Academic Press, Inc., p 1221.
1952,

17. Trotman, E. R. Dyeing and Chemical Technology of
Textile Fibers. London: Charles Griffin and Co.,
p 441, 1964,

18, Vickerstaff, T. “The Physical Chenistry of Dyeing."
New York: Interscience Publishers, p 28. 1954,

29. Marshall, W. J. and R. H. Peters. "Reductioun of
Vat Dye ?igmen<s," J. €oc. Dyers and Cclourists,
68, p 289. 1952.

20. Huddleston, R. L. "Biodegradable Detergents for
the Textile Inclustry," A. Dyestuff Reptr., 55, p 52.
1966.

21, Anonymous. "Changes in the Dispersion of Dyes
During Dyein3," Colourage, 16, p 47. 1969.

22. Trotman, E. R. Dyeing ard Chemical Technoloay of
Textile Fibers. London: Charles Griffin and Co.,
p 473. 1964,

23. Patterson, D. aad R. P. Sheldon. J. Soc.Dyers
and Colourists, 76, p 178. 1960.

24. Trotman, E. R. Dyeing and Chemical Technology
of Textile Fibers. London: Charles Griffin and
Co., p 441. 1964.

94 o8 GOVERNWENT PRINTING OFFICE 1973 414 1847254 1-3



