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Abstract

Degradation of 29 dyes by means of an activated carbon fiber (ACF) electrode electrolysis system
was performed successfully. Almost all dye solutions tested were decolorized effectively in this ACF
electrolysis process. Internal relationships between treatment mechanisms and chemical composi-
tion of the dye have been discussed in this paper. Generally, it is shown that higher solubility leads
to greater degradation in the process. Dyes with many —SO3~, COO~,-SO,NH,, —OH, hydrophilic
groups, and azo linkages are susceptible to reduction. However, dyes with many —-C=0, -NH- and
aromatic groups, and hydrophobic groups, tend to be adsorbed. For dyes with —SO3~, -COOH and
—OH groups, if their molecules linearly spread in solution and have a significant tendency to form
colloids by hydrogenous bonding, they also tend to be adsorbed and flocculated. Typical dynamic
electrolysis of dye Acid Red B, Vat Blue BO and Disperse Red E-4B shows how the two major
mechanisms, degradation and adsorption, act differently during treatment. Reduction occurs evenly
during treatment. During the dominant adsorption process, after certain amount of iron is generated,
colloid precipitation occurs and TOC and color are rapidly removed. © 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Dye-synthesizing wastewater and textile wastewater are two types of poorly treated
wastewater that contain organic dyes. These wastewater are characterized by strong color,
highly fluctuating pH, high COD and bio-toxicity [1,2].
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There are many kinds of dye on the market. In view of their chemical structures, dyes can
be characterized as an azo dye, anthraquinone dye, heterocyclic dye, etc. Dyes can also be
characterized according to their application method into vat dye, reactive dye, direct dye,
acid dye, dispersed dye, etc.

Because of the variability of organic dyes and the resultant waste solution, wastewater
containing dyes is difficult to treat using traditional methods. Many kinds of bio-refractory
and soluble dyes render traditional bio-chemical process and coagulant process inadequate.
The cost of treatment by active carbon adsorption is high. Ozone and hypochlorite oxi-
dation are efficient decolorization methods, but they are not desirable because of the high
cost for equipment, and operating costs and the secondary pollution arising from the resid-
ual chlorine [3]. A direct electrochemical method has been examined to address these
problems.

Recent progress in treatment of these kinds of wastewater has led to the development
of electrochemical processes [4,5]. Because electrolysis often consumes much energy, es-
pecially in dilute wastewater treatment processes, new methods and materials have been
proposed [6,7]. Three-dimensional electrodes, one of the methods that can be used to reduce
the energy requirement of electrolysis, can greatly enhance the surface area of electrode, can
regulate electric current density, and can reduce side-effects. Consequently, it can greatly
enhance the energy efficiency of the reaction. This method of treatment has been utilized
previously [8,9].

Activated carbon fiber (ACF), namely activated carbon felt is a type of three-dimensional
electrode, whose surface area can reach 1000 m? g_1 [10]. However, there are many func-
tional groups on its surface, such as =C=0. This material can greatly adsorb significant
amounts of pollutants, such as trihalomethanes, bromoform, atrazine, dyes and natural or-
ganic matters [11-15] or react with them chemically or physically [16,17]. It is also reported
that pH value and temperature has no significant effect on its adsorptive capacity [13]. Ex-
prosito et al. [18] used 1 cm thick carbon felt as the cathode to reduce energy consumption
in the removal of lead from industrial effluents. Okochi et al. and Matsunaga et al. [19,20]
have constructed novel electrochemical reactors employing activated carbon fibers for dis-
infecting bacteria in drinking water. Our group’s earlier study showed that electrochemical
process with an ACF cathode and a Fe anode can efficiently decolorize wastewater [21].
The following half reactions occur at the electrodes:

Fe anode (oxidation)

Fe — Fe’t 4+ 2e~ (1)

ACEF cathode (reduction)

2H,0 + 2e~ — Hy(g) + 20H™ 2)
Overall
Fe + 2H,O — Fe(OH),(s) + Hy 3)

The mechanism by which this system effects color removal is not completely understood,
and may vary for different classes of dye [22]. Karunratne and Lemley [22] has decol-
orized solutions of Acid Red 337 (azo) and Acid Blue 40 (anthroquinone) with a similar
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system and investigated its mechanism of operation using a Hewlett-Packard model 1090A
liquid chromatograph with diode-array detection. The peaks of high performance liquid
chromatography (HPLC) indicated different decolorization mechanisms between the two
dyes studied. It is indicated that both degradation and adsorption are involved in color re-
moval with azo dyes but that adsorption is the predominant mechanism of dye removal with
anthrequionoe dyes.

To confirm these initial conclusions, 29 kinds of dye were tested in ACF electrode system.
This research program also analyzed the reaction data in order to ascertain the relationship
between efficiency and dye chemical structure and type, a process which might give scientific
guidance for treating dye wastewater.

2. Materials and methods

2.1. Dye

About 29 kinds of dye, numbered from 1 to 29, were studied. A serial number uni-
formly stands for a certain experimentally used dye in this paper. Their experimental se-
rial numbers, chemical structures, and commercial index number (CI no.) are listed in
Table 1.

2.2. Electrolysis apparatus

The ACEF electrolysis experiment apparatus consisted of an ACF electrode, Fe electrode,
and a dc power source.

2.3. Analytical measurement

A total organic carbon analyzer (TOC-500, Shimadzu, Japan) was used to measure the
concentration of organic carbon in solution. The color of solutions was analyzed using a
Du-650 spectrophotometer (Du-650, Beckman, USA). Each dye solution was scanned and
its maximum absorbency visible wavelength determined. TOC and color removal ratios (%)
were calculated as follows

(TOCp — TOC)

R = —— x 100% 4
TOC TOC, X o 4)

where TOC is the TOC value before electrolysis; TOC the TOC value after electrolysis.

(ABS)' — ABSM)

x 100% 5
ABSM ’ ©)

color —

where, ABSM is the average of absorbency values at its maximum absorbency visible wave-
length; ABS%’I the ABSM value before electrolysis; ABSM the ABSM value after electrolysis.



Table 1

Serial numbers, chemical structures, types and CI no. of the dye utilized®

Serial Dye Solubility Chemical structure Type CI no. TOC/color?
number
1 Acid Red B Excellent (>30g171) Single-azo Acid Acid Red 14 (14720); CI 0.3215
Food Red 3 (14720)
2 Acid Navy Blue GGR Excellent (>30g171) Single-azo Acid 0.3747
3 Acid Red G Excellent (>30g1™1) Single-azo Acid CI Acid Red 1 (18050) 0.3776
4 Reactive Flavine K-4G Good (3-30g171) Single-azo Reactive CI Reactive Yellow 18 0.3778
5 Neutral Grey 2BL Excellent (>30g171) Single-azo Neutral CI Acid Black 60 (181165) 0.4073
6 Direct Green B Excellent (>30g171) Multi-azo Direct CI Direct Green 6 (30295) 0.4128
7 Acid Turquoise Blue V Excellent (>30g1~1) Triaryl methane Acid CI Food Blue 3 (42045) 0.4453
8 Weak Acid Brillant Blue RAW Excellent (>30g171) Anthraquinone Acid CI Acid Blue 80 04632
9 Reactive Brilliant Red KM-8B Excellent (>30g1~1) Single-azo Reactive 0.4658
10 Acid Blue BGA Excellent (>30 g1™1) Triaryl methane Acid 04686
11 Shangda Sulfur Black BN Bad (<3gl1™}) Sulfide Sulfur CI Sulfur Black (53185) 0.5313
12 Acid Navy Blue GGR Excellent (>30g1™1) Diazo Acid 0.5333
13 Reactive Brilliant Red K-2G Excellent (>30g171) Single-azo Reactive CI Reactive Red 15 0.5460
14 Cationic Red 2GL Excellent (>30g171) Heterocyclic Cationic CI Basic Red 29 (11460) 0.5600
15 Vat Direct Black RB Bad (<3gl™!) Anthraquinone Vat CI Vat Black 9 (65 230) 0.5624
16 Reactive Violet K-3R Excellent (>30g171) Single-azo Reactive CI Reactive Violet 2 (18157) 0.5666
17 Cationic Turquoise X-GB Good (3-30g171) Heterocyclic Cationic CI Basic Blue 3 (51004) 0.5763
18 Direct Violet R Good (3-30g17") Double-azo Direct CI Direct Violet 12 (22550) 0.6000
19 Reactive Brilliant Blue X-BR Excellent (>30g171) Anthraquinone Reactive CI Reactive Blue 4 (61205) 0.6073
20 Direct Orange S Good (3-30g1) Double-azo Direct CI Direct Orange 26 (29150) 0.6100
21 Vat Red F3B Bad (<3gl17}) Anthraquinone Vat CI Vat Red 31 0.6295
22 Dispersed Red E-4B Bad (<3gl™!) Single-azo Disperse CI Dispersed Red 60 (60756) 0.6462
23 Vat Brilliant Violet RR Bad (<3gl7}) Anthraquinone Vat CI Vat Violet 1 (60010) 0.6900
24 Vat Blue RSN Bad (<3g1™!) Anthraquinone Vat CI Vat Blue 4 (69800) 0.7100
25 Sulfur Brilliant Green GB Bad (<3gl17}) Sulfide Sulfur CI Sulfur Green 3 (53570) 0.7325
26 Vat Dark Blue VB Bad (<3gl™!) Anthraquinone Vat 0.7442
27 Cationic Brilliant Blue 2RL Good (3-30g171) Single-azo Cationic CI Basic Blue 54 (11052) 0.7520
28 Vat Blue BO Good (3-30g171) Anthraquinone Vat CI Vat Blue 20 (59800) 0.7857
29 Reactive Turquoise Blue K-GL Excellent (>30g171) Phthalocyanine Reactive CI Reactive Blue 14 0.8945

2 TOC/color: removal ratio of TOC/removal ratio of color.
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2.4. Operation

Electrolysis was conducted at 15V d.c. The initial dye concentration was 60 mg1~!.
Solutions contained 0.05 mol1~! NaySOy as an electrolyte. Volume electric current density
was conducted at 0.11 A17!. Solution pH fluctuated but stayed close to 7 for the various
dyes, but the variation is in pH was normally less than 1. During 80 min of electrolysis,
TOC and color of the solution were measured using the total organic carbon analyzer and
Du-650 spectrophotometer, respectively. Each dye was tested three times and the average
of the maximum color removal was reported.

3. Results and discussion
3.1. Electrolytic reduction results for the 29 dyes

The serial numbers, chemical structures, types and CI no. of all dyes used in this work are
shown in Table 1. The dyes were numbered from 1 to 29 and included eight types of dye:
acid, reactive, neutral, direct, sulfur, cationic, vat and dispersed; and six chemical structures:
azo, triaryl methane, anthraquinone, sulfide, heterocyclic and phthalocyanine. TOC/color
is the ratio of the removal ratio of TOC to the removal ratio of color, which is a useful index
that will be discussed later.

Fig. 1 shows the removal ratio of color and TOC for the 29 dyes utilized in this work.
This ACF electrolysis process can successfully decolorize all the tested dyes despite the
variety of chemical structure and type. The color removal ratio of solution is uniformly
above 85%. But the TOC removal ratio ranged widely, from 30 to 70%. The TOC removal
ratio of vat dye and dispersed dye was higher than that of acid dyes, reactive dyes and
neutral dyes. It has been shown in by previous work [22] that degradation and adsorption
coexist in this system, but act differently in the treatment of various dyes. Combined with
the TOC/color values in Table 1, it can be seen that the higher the TOC/color value of a dye,
the more important is the adsorption effect involved in its removal. From dye 1 to dye 29,
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Fig. 1. Results of electrochemical treatment of 29 dyes.
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Table 2

Results of electrolysis of dye groups of various solubilities

Solubility TOC/color* Serial number

Excellent (>30g171) 0.4963 +0.1372 1,2,3,5,6,7,8,9, 10, 12, 13, 14, 16, 19, 29
Good (3-30g171) 0.6170 & 0. 1455 4,17, 18, 20,27, 28

Bad (<3gl™1) 0.6558 &+ 0.07821 11, 15,21, 22, 23, 24, 25, 26

Average 0.5653 £+ 0.1421

2 TOC/color: removal ratio of TOC/removal ratio of color.

it has been shown that degradation impacts gradually decrease while adsorption impacts
gradually increase.

What is the major factor leading to the different mechanism functions among their various
types, chemical structures, and other properties? To find the internal relationship between
treatment mechanisms and the dye characteristics, dyes were grouped according to their
types, chemical structures and solubility. Their TOC/color value was used to evaluate this
mechanism.

Values of TOC/color and dye groups with different solubility are given in Table 2. In brief,
the table makes clear that solubility greatly affects the removal mechanism. Dyes with low
solubility can be adsorbed easily by ACF or by colloid particles. Their TOC/color value
reached 0.65 uniformly, with a small standard deviation. However, very soluble dyes can be
degraded more easily in light of their small TOC/color value. Dyes with good solubility have
a TOC/color value between these of the other two groups and also have a corresponding
relationship between solubility and mechanism function.

As solubility differences are also attributed to different dye chemical structures, it is
reasonable to further analyze relations between mechanism function and dye type and
chemical structure. Table 3 contains data on the TOC/color value of dye groups with
different type and chemical structure.

Acid dyes have —SO3~, —OH, hydrophilic groups. Reactive dyes have —-SO3~, -COO~,
—OH groups. Neutral dyes have —SO,NH,, —OH groups. These dyes have high solubility
and they are not prone to be adsorbed. In this system, their azo linkages are predominantly
reduced and yield lower molecular weight aromatic compounds that may be more suscep-
tible to biological aerobic oxidation [22]. There is still much TOC left in their solutions.
Their triaryl methane linkages also seem to be reduced or oxidized. However, the oxidation
mechanism is not clear. Their anthraquinone linkages are expressly not as easily degraded
as their azo linkages, but easier than the linkages in vat dyes. This result is similar to that
determined by Karunratne and Lemley [22]. As for reactive turquoise Blue K-GL (29),
though it has —SO,NH, and SOz~ groups and excellent solubility, it has a stable chemical
structure with phthalocyanine chelate of copper. It has a tendency to aggregate by hydroge-
nous bond or chelation. So adsorption and aggregation are predominant in its removal. It
has the highest TOC/color value among the dyes.

Vat, dispersed and sulfur dyes are often of azo, anthraquinone and sulfide structures. They
have many —C=0, —-NH- and aromatic groups, hydrophobic ones, and lack -SO3~, -OH
and other hydrophilic groups. Therefore, they tend to be adsorbed by Fe(OH), particles and
have high TOC/color values.
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Table 3
Results of electrolysis of dye groups of various types and chemical structures®
Acid Reactive Neutral  Direct Sulfur Cationic Vat Disperse
Azo 0.4018 0.4391 0.4073 0.5409 0.752 27) 0.6462
+ + ®) + 22)
0.09140 0.08597 0.1111
(1,2,3,12) (4,9,13,16) (6, 18, 20)
Triaryl 0.4570
methane +
0.01648
(7, 10)
Anthraquinone 0.4632 0.6073 0.68707
(©)] (19) +
0.0805
(15,21, 23, 24, 26,
28)
Sulfide 0.7520
+
0. 1423
(11, 25)
Heterocyclic 0.5682
+
0.01153
(14, 17)
Phthalocyanine 0.8944
(29)

2 Number in the parentheses indicates the serial number.

Direct dyes have —SO3~, ~COOH and —OH groups and excellent solubility. Their mole-
cules linearly spread in solution and have a tendency to aggregate by hydrogenous bonding
of —OH, —SO3H and —-COOH. They often form colloids in solution and tend to be adsorbed
and flocculated. So their azo dyes have a larger TOC/color than acid or reactive azo ones.

Cationic dyes are a complex family. They are mostly made of azo, heterocyclic and
anthraquinone structures and dissociate into anions and cations in solution. There are large
differences among their removal ratio.

In all, there are some specific relationships between treatment mechanisms and properties
of dyes. To answer this complicated question definitively, much work needs to be done. This
work can be extended to other treatment process, such as biological systems, coagulation
systems and photocatalysis systems. Also other pollutants can be evaluated, i.e. PCBs, PAHs,
etc. If a database of treatment methods, pollutants and their effectively were formatted, it
could guide the selection of optimal methods of treatment.

3.2. Typical dynamic electrolysis

Figs. 2—4 show typical electrolysis of dye Acid Red B (1), Vat Blue BO (28) and Disperse
Red E-4B (22). In Fig. 3, there is a linear relationship (r? = 0.96) between color removal
ratio and electrolysis time, i.e. there is a linear relationship (r> = 0.97) between TOC



114

Z. Shen et al. / Journal of Hazardous Materials B84 (2001) 107-116

100
—=— Color
£ g0 ] —e—ToOC /
Q
®
x 60 4
®
8
£ 40 o [
5] / o
m - /
20 7 .
o/
0 T T T
0 20 40 60 80
Time /min

Initial concentration 60 mg/L, volume electric current density 0.11A/L, D.C. 15V

Fig. 2. Typical e

lectrolysis result of dye Acid Red B.

1004 —=— Color . -
—e—TOC
§ 80 ° ./o .
o
= 60
©
12
= 40
>
o
£ 201
(9]
o 0 ./: L]
—py \-
'20 T T T T T T T
0 10 20 30 40 50 60 70 80
Time /min

Initial concentration 60 mg/L.

, volume electric current density 0.11A/L, D.C. 15V

Fig. 3. Typical electrolysis result of dye Vat Blue BO.

1001 —=— Color -~ .
804 —*—TOC
& 60 e
2
g 40 .
20
© e c/
> 0e—=—3 o
: e
5 -201 T~
© 404
-60
T T T T T T T
0 10 20 30 40 50 60 70 80
Time /min

Initial concentration 60 mg/L,

volume electric current density 0.11A/L, D.C. 15V

Fig. 4. Typical electrolysis result of dye Disperse Red E-4B.
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Table 4

Correlation coefficients (+%) of linear equations between removal ratio and time of three typical dyes

Dye 2 of color removal 2 of TOC removal
Acid Red B 0.96 0.97

Vat Blue BO 0.73 0.80

Disperse Red E-4B 0.33 0.86

removal ratio and electrolysis time. Since it has azo groups, it is postulated that the removal
dye Acid Red B is most probably due to breakdown of dye molecule through reduction of azo
linkage. Its azo linkage is reduced at the cathode in competition with reduction of water. As
the ACF cathode does not reduce water, this system is advantageous for the decomposition of
dye molecules. Its catalytic activity has been proved in reduction of NO to N; [16,17]. This
reduction occurs evenly during the entire course of treatment. Besides, adsorption on ACF,
this soluble dye equilibrates slowly. Therefore, removal ratio curves are almost straight lines.

However, there are two zigzag removal ratio curves in Fig. 3. One line shows that color
slightly increases firstly and than decreases drastically. The other line indicates a similar
TOC removal course. It is postulated the removal of Vat Blue BO is accomplished mainly
by adsorption and coagulation. On the basis of Faraday’s law, we conclude that the ferrous
iron generated is proportional to the current and the time. In this system, ferrous hydroxide
is generated at a rate of 3.1 mg1~! min~!. Ferrous hydroxide turns into ferric hydroxide via
oxidation in solution. Both ferrous hydroxide and ferric hydroxide can form colloid, adsorb
dye molecule and coagulate in water. This process yields deeper color. Simultaneously, these
particles and dye can also be adsorbed by ACF. This adsorption aggregates the particles
close to or on ACF, which in turn may accelerate colloid precipitation. After 93 mg of ferrous
hydroxide are generated (30 min), colloid precipitation occurs: the precipitation usually can
be observed visually. TOC and color are quickly removed with the precipitation, which is
responsible for the shape of curves in Fig. 3.

Fig. 4, shows that electrolysis of dye Disperse Red E-4B is similar to that of dye Vat Blue
BO. A non-linear relationship is found for both dyes in the plot of removal versus time:
this finding is confirmed in Table 4. Additionally, colloid precipitation occurs at 50 min in
Fig. 4, 20 min later than in Fig. 3. Adsorption and coagulation are also the predominate
mechanisms in removal of this dispersed dye, which probably is due to its poor solubility.

The dynamic electrolysis of dye Acid Red B, Vat Blue BO and Disperse Red E-4B
shows how the two major mechanisms, degradation and adsorption, work differently in the
removal process. To some extent, this result confirms that of Karunaratne and Lemley [22],
whose previous work has shown that both degradation and adsorption are involved in color
removal with azo dyes and that adsorption is the predominant mechanism of dye removal
with anthroquinones dyes.

4. Conclusions

The degradation of 29 dyes by means of an ACF electrode electrolysis system was
performed successfully. Almost all the tested dye solutions were decolorized effectively in
this ACF electrolysis process.
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The internal relationship between treatment mechanisms and characters of dye has been
discussed. Above all, it is clear that the higher solubility a dye has, the more important the
degradation effect is involved in its removal.

There are certain relationships between treatment mechanisms and properties of dyes.
Acid, reactive and neutral dyes have many —-SO3~, COO™, —-SO,NH;, —OH, hydrophilic
groups. Their azo linkages are susceptible the reduction. While vat, dispersed and sulfur dyes
are often made of azo, anthraquinone and sulfide structures, they have many -C=0, -NH-
and aromatic groups. These dyes tend to be adsorbed by Fe(OH), particles. Direct dyes
have —SO3~, -COOH and —OH groups and excellent solubility. Their molecules linearly
spread in solution and have a significant tendency to aggregate by hydrogenous bonding.
They often form colloids in solution and also tend to be adsorbed and flocculated.

The dynamic electrolysis of dye Acid Red B, Vat Blue BO and Disperse Red E-4B shows
the different functions of the two major mechanisms, degradation and adsorption, during
the entire course of treatment. The reduction occurs uniformly. However, in the course of
dominant adsorption process, after certain iron is produced, colloid precipitation occurs and
TOC and color are quickly removed in this period.
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