Electrochemical Treatment and HPLC Analysis of
Wastewater Containing Acid Dyes

By Suzanne M. McClung and Ann T. Lemiey, Department of Textiles and Apparel, Cornell University, Ithaca, N.Y.

7 he treatment of wastewater has
L long been a concern of the textile
industry. The industry produces large
uantities of aqueous waste and dye
effluent.” The production of a textile
product involves a multitude of pro-

. cesses, many of which use water and a

number of chemicals. This wide vari-
etv of chemicals and processes leads
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Acid dye removal in aqueous solu-
tions by electrochemical treatment
was evaluated for possible use as a
method for wastewater treatment.
Specifically, the mechanisms by
which acid dyes are removed were
elucidated. The electrochemical pro-
cess studied uses a sacrificial iron
eizcirode which produces Fe(OH),
wiizn direct current is passed through
the cell. Analysis of products was
performed by high performance liquid
chromatography (HPLC) with a diode
array detector. Because it separates
all components in a mixture, HPLC
allows quantitative determination of
the dye in solution and monitoring of
the formation of degradation prod-
ucte. The results of this study indicate
thz the mechanism for color removal
by eiectrochemical treatment is more
complex than first hypothesized; it is
most likely a combination of adsorp-
tion and dye degradation. Two of the
three dyes used in this study formed
degradation products in solution
which were not removed by further
Freatment. In particular, aniline was
identified as one of the breakdown
reducts formed in electrochemical
tre2:ment of C.\. Acid Red 1, implying
reduction of the azo bond. Iron, in the
amount of 200 mg/L., was added to
50 mg/L Acid Red 1 and produced
6.05 mg/L aniline.

KEY TERMS

Acid Dyes

Begradation

E:z vtrochemucal Treatment
Hi . Analysis
Wastewater Treatment

———

August 1994 (00

to wastewater which is highly variant
in pollutant content. Dye effluent is
highly colored and is thus an aesthetic
pollutant.’ While removal of color has
been the focus of many studies on dye
wastewater treatment, dye wastewater
also poses a problem because of its po-
tential carcinogenicity and toxicity.’

In particular. treatment technologies
for carpet wastewater need more inves-
tigation. Recently, publicly owned treat-
ment works (POTW's) in some areas of
the southeastern U.S. have had diffi-
culty mecting their discharge limits
becausc of carpet wastewater, and thus
the possibility of stronger restrictions on
mill effluent is likely.” Carpet mills may
have to install pretreatment facilitios
prior to discharge to a POTW. The ma-
jority of dyes present in carpet waste-
water are acid dves: thercefore. this
project focuses on acid dyes that could
serve as models for the behavior of car-
pet dves in the electrochemical treat-
ment process.

Useful dyes are ones which will not
change color and are fast to cleaning.
This means that dyes in aqueous solu-
tions do not degrade spontanecusly
since they are designed specifically not
to degrade. Dye wastewater therefore
requires treatment before disposal.
Many treatment methods have been
investigated and used, but no one
method is successful in every case.’
The most extensively used methods in
the industry are biological systems.?
These systems are not efficient in
breaking down very stable dves or in
removing color from most dye effluent.
In addition, the micro-organisms used
are often killed by any heavy mstals
(used as mordants) which may be
present in dye effluent.?

Andco Environmental Processes
Inc. (Amherst, N.Y.) has investigated
the use of electrochemical technology
for wastewater treatment. The process
involves the use of a sacrificial iron
electrode. When a direct current is
passed through the cell, Fe(OH), is
produced. It is hypothesized that the
large surface area of Fe(OH), can ad-

sorb organic compounds and that this
adsorption is the pathway for dye re-
moval.?* Previous studies of this
electrochemical process have shown
that it is an effective method for dye
wastewater treatment. Researchers
have found that the process removes
color efficiently; color reductions of
75 to 100% have been achieved with
a wide variety of dyes.”?# The pro-
cess also effectively reduces organic
load and toxicity. Decreases in chemi-
cal oxygen demand (COD), biological
oxygen demand (BOD), total organic
carbon (TOC) and toxicity to Daphnia
Magna have been reported.”*? Dye
and other dyebath constituent removal
has also been established with elec-
trochemical treatment by an alumi-
num electrode.’

Little is known about how electro-
chemical treatment affects color re-
moval. Adsorption has generally been
accepted as the main mechanism of
dve removal by the Andco process.
Weinberg investigated other possible
mechanisms, such as complexation
and dye degradation.® By using azo-
benzene as a model compound in the
Andco electrochemical system, it was
shown that identical ultraviolet ab-
sorption spectra could be measured
under three circumstances—the
treated solution of azobenzene, a so-
lution of azobenzene that had been re-
duced by sodium hydrosulfite and a
dilute solution of aniline. These re-
sults strongly suggest the reduction of
the azo bond in acid dves when the
Andco system is used.

These studies with absorption spec-
trophotometry can be enhanced by the
use of high performance liquid chro-
matography (HPLC) with a diode array
detector, which can provide more spe-
cific information about and confirma-
tion of the mechanism of color
removal. Each species in a mixture has
a characteristic retention time in a
given solvent and column system. The
diode array detector provides an ultra-
violet/visible absorption spectrum of
each component. With the use of the
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HPLC system for analysis of solutions
treated by the Andco process, the ap-
pearance and disappearance of peaks
with characteristic absorption spectra
should give more information about
the formation of degradation products.

The overall goal of the study re-
ported here was to use HPLC with di-
ode array detection to provide a better
evaluation of the electrochemical
treatment’s effectiveness for removal of
color from acid dye solutions and to
begin to understand the mechanism by
which color is removed. The main ob-
jectives of the study were to refine ex-
isting HPLC methods for the analysis
of acid dye solutions before and after
treatment, to use HPLC to monitor
color removal in electrochemically-
treated acid dye solutions of varying
concentration and to characterize any
major degradation products which re-
main in solution after the electro-
chemical treatment.

Experimental
Reagents

The dyes used in this study were C.L
Acid Red 1,C.I Acid Blue 127 and C.1.
Acid Red 183. All were obtained in “as
sold” powdered form. The structures
of the three dyes are shown in Fig. 1.
Laboratory grade NaCl and a 0.2% so-
lution of the anionic acrylamide coagu-
lant polymer, Andco 2600 were used
in the electrochemical treatments. Re-
agent grade HC! and analytical grade
NaOH were used for pH adjustment in
the electrochemical treatments. In the
HPLC analyses, HPLC grade methanol
and a 1M aqueous solution of the
ion-pairing reagent, tetrabutylam-
monium dihydrogen phosphate were
used. Aqueous solutions were made
with ultra-pure water prepared using
‘deionized water passed through a
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Fig. 1. Structures of dyes studied.
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Barnstead NANOpure II 4-Module Sys-
tem and subsequently distilled in a
Corning MEGAPURE Model MP-1
Still. Reagent grade aniline was used
for the quantitative determination of
aniline in Acid Red 1 solutions.

All solutions were prepared using
the chemicals described above. For
each group of electrochemical experi-
ments, a dye stock solution of approxi-
mately 1000 mg/L in ultra-pure water
was made. For each HPLC analysis,
four analytical calibration standards of
the given dye were prepared at concen-
trations spanning the expected concen-
tration ranges of the treated samples.

Electrochemical Treatments

Solutions of each of three dyes, Acid
Red 1, Acid Blue 127 and Acid Red
183, were treated with the Andco labo-
ratory scale iron electrode (L-cell). The
L-cell is made up of three plates of
cold-rolled carbon steel separated by
a gap of 1/8-inch. The reactions which
take place when current is passed
through the electrodes may be summa-
rized as follows:

Anode (Oxidation)

Fe > Fe?* + 2¢° Eq. 1
Cathode (Reduction)
2 H,0 + 2e7----> H, + 20H"  Eq.2

Overall
Fe + 2H,0 ----> Fe{(OH}, + H, Eq. 3

The amount of iron addition to a
given solution is determined by the
amount of time that current is allowed
to flow through the cell. A schematic
diagram of the electrochemical process
is shown in Fig. 2.

Solutions of 0, 15, 25 and 50 mg/L
concentration of each of the three dyes
were prepared by diluting an aliquot
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Fig. 2. Schematic of electrochemical process.

of the 1000 mg/L stock solution. 400
mL of solution were placed in a 600
mL beaker for treatment. To provide a
conductive environment for the L-cell,
0.4 g of NaCl were added to each solu-
tion. since solutions were made with
deionized, distilled water. Preliminary
experiments with acid dyes in the elec-
trochemical system indicated that the
process does not remove dyes effi-
ciently unless salt is added. The for-
mation of iron hydroxide sludge and
the increase in pH during electro-
chemical treatment supports the hy-
pothesis that the dominant half reac-
tions are the ones shown in Egs. 1-3,
rather than ones involving chloride.
Five solutions of cach concentration
were treated with the L-cell. A differ-
ent amount of iron was added to sach
solution. The amount of iron added
ranged from 0 mg/L to that required for

Treated Acid Red 1
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Fig. 3. Typical chromatograms of 50 mg/L Acid Red 1 solutions, untreated (505 nm) and treated

with 100 mg/L iron (253 nm).
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Fig. 4. Acid Red 1 dye remaining after electrochemical treatment as
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a function of iron addition; initial concentrations of dye: 15, 25, 50

mg/L.

maximum dyve removal, based on pre-
liminary experiments for each dye. For
Acid Red 1, the iron addition levels
were 0, 50, 100, 150 and 200 mg/L. For
Acid Red 183 and Acid Blue 127, the
iron addition levels were 0, 25, 50, 75
and 100 mg/L. Following electro-
chemical treatment, the solutions were
stirred for five minutes to vent hydro-
gen gas. After degassing, the pH was
adjusted to 8.3 to 8.9 with 0.01M HCI
and 0.01M NaOH.

Following plt adjustment, 1.0 mL of
Andco 2600 floceulent polymer was
added to the solution. The solution
was allowed to flocculate and was then
fillered through o glass microfiber fil-

ter. The filtrate was collected for HPLC
analysis. Each of these batches (four
concentrations X five iron addition
levels = 20 samples) were repeated
three times.

HPLC Methods

The quantity of dye present in solution
after electrochemical treatment was
determined by high performance lig-
uid chromatography (HPLC) using a
Hewlett Packard 1090A liquid chro-
matograph with a Rheodyne 7010 in-
jection valve and a 200 mL sample
loop. The column used was a 4.6 mm
1.D. X 15 cm Supelcosil LG-8-DB col-
umn with 3 pm particle size; the guard
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Fig. 5. Reduction of azo linkage in Acid Red 1.

column was a 2 cm Supelguard LC-8-
DB.

An HPLC method was developed
for each dye by adapting a method
from the literature.’” The mobile phase
used was 0.005M tetrabutylammonium
phosphate (TBAP) in methanol/water
at a flow rate of 1.0 mL/min. The ra-
tios of methanol:water depended on
the dye being analyzed (60:40 for Acid
Red 1 and Acid Red 183 and 80:20 for
Acid Blue 127). Retention times were
approximately 3.7 minutes for Acid
Red 1, 4.7 minutes for Acid Blue 127
and 4.0 minutes for Acid Red 183. The
diode array detector was set to moni-
tor absorbance at the wavelengths of
maximum absorption for a given dve.
Multipie wavelengths were monitored
for each dye: 253, 505 and 535 nm for
Acid Red 1; 253 and 590 nm for Acid
Blue 127; and 257, 321, 357 and 492
for Acid Red 183. The wavelengths
chosen for integration and calibration
of the parent dye were 505 nm for Acid
Red 1, 253 nm for Acid Blue 127 and
257 nm for Acid Red 183.

15 mg/L

25 mg/L
50 mg/L

0%
{aauj
Peak at 5.1 Minutes
c
L
S
S
192]
2
<
0 _
-10.04— SR o T L ! 0.8
196.0 290.0 390.0 490.0 590.0 B
Wavelength (nm) .
90% s
) ] I 067 "
o
Aniline z
£
K
= < -
S : 04
=3 §
3 g
a g
a 8
< s 021
o
o
=10 .0y er T — —— 0.0
190.0 290.0 390.0 480.0 530.0 0

Wavelength (nm)

Fig. 6. Comparison of UV/Visible spectra of degradation product (5.1

minute) from Acid Red 1 and aniline.
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Fig. 7. Aniline (proposed) concentration as a function of iron addition

in treated Acid Red 1; initial concentrations of dye: 15, 25, 50 mg/L.
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Fig. 8. Typical chromatograms of 50 mg/L Acid Blue 127 solutions,
untreated and treated with 100 mg/L iron (253 nm).

Chromatograms of some treated
samples (monitored at two of the wave-
lengths, 253 nm for Acid Red 1 and 257
nm for Acid Red 183) showed peaks
that were not present in chromato-
grams of untreated samples. These
peaks were assumed to be degradation
products, and HPLC methods were
developed to separate them effectively
from each other and the dyes. Peaks
were noted on the 253 nm monitored
chromatogram for treated Acid Red 1.
To achieve satisfactory separation of
the breakdown products from the par-
ent compound, the following gradient
elution was used. The first part of the
gradient was from 35:65 to 50:50
methanol:water in six minutes. Over
this period of six minutes, the flow rate
was decreased from 1.0 mL/min. to
0.75 mL/min. These conditions (0.75
mL/min. and 50:50) were then held for
10 minutes. Following this, a second
set of conditions were run, using a gra-
dient from 50:50 to 60:40 methanol:
water in four minutes.

Peaks were noted on the 257 nm
monitored chromatogram for treated
Acid Red 183. To achieve separation
of the breakdown products from the
parent compound, the following gra-
dient elution was used. The gradient
went from 50:50 to 60:40 methanol:

water in four minutes. The mobile.

phase was then held at 60:40 metha-
nol: water until all compounds were
eluted (approximately six minutes).

Results and Discussion
Acid Red 1

Typical chromatograms of 50 mg/L so-
lutions of untreated (monitored at 505
nm) and treated (with 100 mg/L iron,
monitored at 253 nm) Acid Red 1 are
shown in Fig. 3. The treated dye chro-
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matogram shows a number of break-
down products. The retention time for
Acid Red 1 in these separations was
20.8 minutes, and the major break-
down products had retention times of
5.1, 10.5 and 12.0 minutes. The peak
at 10.5 minutes had the greatest area.
but without standards to calibrate, rela-
tive concentrations could not be deter-
mined. :
The area of the 20.8-minute peak
was plotted against iron addition for
all treatments of Acid Red 1. The re-
sults are shown in Fig. 4. One hundred
percent removal was achieved for all
concentrations of dye at 150 mg/L iron
addition. At low levels of iron addi-
tion, very little dye is removed (as fol-
lowed quantitatively by the area of the

- parent dye peak monitored at 505 nm)

and no breakdown products appear in
the chromatograms. At higher levels of
iron addition, dye removal is much
greater and breakdown products ap-
pear in the chromatograms. It seems
that at low levels of iron addition. dye
removal is solely by adsorption. At
higher levels of iron addition, the dye
removal mechanism is a combination
of adsorption and degradation.

It is known that the azo linkage in
dyes such as Acid Red 1 is highly sus-
ceptible to reduction.’ It is therefore
possible that the breakdown products
present in the chromatograms are the
result of a reduction reaction induced
by the electrochemical treatment pro-
cess. This hypothesized reduction is
shown in Fig. 5, and one of the prod-
ucts is aniline.® A sample of aniline
was analyzed using the HPLC separa-
tion method developed for Acid Red 1
and its breakdown products; i.e., by
monitoring at 253 nm. The retention
time of aniline is 5.1 minutes, which
corresponds exactly to the retention

Iron Added (mg/L)

Fig. 8. Acid Blue 127 remaining after electrochemical treatment as a
function of iron addition; initial concentrations of dye: 15, 25, 50 mg. ..

time of one of the major breakdown
products observed in the chromato-
grams of treated solutions. The diode
array detector was used to take an ul-
traviolet/visible spectrum of aniline
and the breakdown product at 5.1 min-
utes. The two spectra are shown in
Fig. 6. Since the spoctra are identical.
the breakdown product was assunui
to he aniline.

Concentrations of aniline in solu-
tions of treated Acid Red 1 were cal-
culated from the area of the 5.1 minute
peak monitored at 253 nm and plotted
as a function of iron addition. The re-
sults are shown in Fig. 7. 200 mg/L of
iron addition to 50 mg/L Acid Red 1
produced 6.05 mg/L of aniline. This
may be a cause for concern since the
suggested ambient limit of aniline in
water is 0.26 mg/L, and it does not ap-
pear to be removed by electrochemi-
cal treatment.!? It has been shown,
however, that aniline is readily oxi-
dized bv biological treatment, so it may
not pose a toxicity problem if the ef-
fluent is treated at a POTW.?

The ultraviolet/visible spectra of the
other two major breakdown products
of Acid Red 1 were not as revealing as
the spectrum for the breakdown prod-
uct at 5.1 minutes. Examination of the
spectra indicates that the structures of
the breakdown products are less con-
jugated than the structure of the dye
since the spectra show no absorption
in the visible region. The reductive
cleavage of the azo bond in Acid Red
1 would produce a substituted naph-
thalene, in addition to aniline. When
the spectra of the peaks at 10.5 and 12.0
minutes are compared to the spectrum
of naphthalene, it appears likely that
the two breakdown products are sub-
stituted naphthalenes. Determination
of the exact functional groups is not
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Fig. 10. Typical chromatograms of 50 mg/L Acid Red 183 solutions,
untreated and treated with 100 mg/L iron (257 nm).

possible from an ultraviolet/visible
spectrum. When the area under the
peaks at 10.5 and 12.0 minutes are plot-
ted against iron addition (not shown),
it appears that these breakdown prod-
ucts are removed by electrochemical
treatment.

Acid Blue 127

Typical chromatograms of 50 mg/L so-
lutions of untreated and treated (with
100 mg/L iron) Acid Blue 127 are
shown in Fig. 8. The chromatogram of
untreated Acid Blue 127, monitored at
253 nm, shows one major peak at 4.8
minutes and a number of smaller peaks
between three and four minutes, as-
sumed to be impurities, as well as
some noise below three minutes. The
chromatogram of treated Acid Blue
127, monitored at 253 nm, shows none
of these peaks, only noise, indicating
complete removal of the dye and its
impurities from solution.

Areas of the 4.8 minute parent dye
peak in all treatments of Acid Blue 127
were plotted against iron addition, and -
the results are shown in Fig. 9. One
hundred percent color removal was
achieved on most (seven out of nine)
samples with 100 mg/L iron addition.
The data for this dye are extremely
scattered; this could be due to compe-
tition between the dye and its impuri-
ties or breakdown products for adsorp-
tion onto the Fe(OH),.

It does not appear that any break-
down products are formed in the treat-
ment of Acid Blue 127 since no addi-
tional peaks appear in chromatograms
of treated solutions. This is not surpris-
ing since the anthraquinone structure
of Acid Blue 127 is much less suscep-
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tible to oxidation and reduction than
the azo structures of the two red dyes.
Removal of Acid Blue 127 therefore
appears to be solely by adsorption. If
breakdown products are formed, they
are removed by the electrochemical
process. Examination of the chromato-
grams indicates that the impurity con-
centration, as a function of iron addi-
tion, follows the same trend as the dye
concentration.

Acid Red 183

Typical chromatograms of 50 mg/L so-
lutions of untreated and treated (with
100 mg/L iron) solutions of Acid Red
183, monitored at 257 nm are shown
in Fig. 10. The retention time for the
parent peak of Acid Red 183 is 7.8 min-
utes. The chromatogram of treated
Acid Red 183 shows a number of
breakdown products. The major deg-
radation products had retention times
of 3.4 and 3.5 minutes. ]

The results of all treatments of Acid
Red 183 solutions, as followed quanti-
tatively by the area of the 7.8 minute
peak monitored at 257 nm are shown
in Fig. 11. One hundred percent color
removal was achieved on three of the
nine samples treated with 100 mg/L
iron and two of the nine samples
treated with 75 mg/L iron. The data for
this dye are extremely scattered so it
is difficult to make generalizations
about the treatment’s effectiveness.
One possible explanation for the scat-
ter in this data is that since Acid Red
183 is a chromium complex azo dye,
some complexation may be taking
place during the electrochemical treat-
ments.

The ultraviolet/visible spectra of the

40 60 80 100

{ron Added (i\;\g/L)

Fig. 11. Acid Red 183 remaining after electrochemical treatment as a
function of iron addition; initial concentrations of dye: 15, 25, 50 mg/L.

major breakdown products give little
information about their structures. The
structures of the breakdown products
are less conjugated than that of the
original dye since no absorption in the
visible region is observed in their spec-
tra. The spectra of the two breakdown
products are almost identical, which
suggests that they are isomers of the
same compound. This is also sup-
ported by the fact that their retention
times are very similar. When the area
under the peaks at 3.4 and 3.5 minutes
are plotted against iron addition
(Fig. 12 and Fig. 13), it appears that
these breakdown products are not re-
moved by electrochemical treatment.

Conclusions

Electrochemical treatment experi-
ments show that the Andco iron elec-
trode can be very effective in color
removal from acid dye solutions. For
solutions in the 15 to 50 mg/L range,
100% color removal was affected by
150 mg/L iron addition to solutions of
Acid Red 1, by 100 mg/L iron addition
to most solutions of Acid Blue 127 and
by 75 to 100 mg/L iron addition to
some solutions of Acid Red 183.

The use of HPLC for analysis of
treated solutions proved to be superior
to spectrophotometry. Because HPLC
affects separation of the dye from any
other compounds in the treatment
bath, quantitative analysis of dye re-
moval is possible. Obtaining good
quantitative data with spectrophotom-
etry was not possible, since other com-
pounds present in the treatment bath
interfered with spectral measurements.

In addition to quantitative analysis,
HPLC provides qualitative information
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