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Technical Revival of Traditional Blue Dyeing through
Zeolite Catalysis and Electrolysis
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Abstract

This study aims to improve the reduction process of Traditional Blue Dyeing
and tackle its problems of inefficiency, air and water pollution, and waste disposal. The
world today craves for natural, eco-friendly products. Our project provides an efficient
process by which the traditional method of dyeing blue cloth with natural Indigo Dye,
which used to be time-consuming, inefficient, and highly polluting, can be revived in an

efficient and eco-friendly way.

We found out from records that the reduction of Indigo Dye into Leuco Indigo is
the process which causes the greatest pollution. This project utilizes Pt-Zeolite to
catalyze the reduction of Indigo Dye into Leuco Indigo for dyeing cloth, because of the
porous structure of zeolite and the catalyst effects of Platinum. The zeolite catalysts
were sintered onto pieces of argil at temperatures 450~600 C. The argil held together
the otherwise powder-form catalysts throughout the reaction, relieving its operators
from the otherwise unnecessary task of filtering the catalysts every time after reaction.

Argil’s characteristics of malleability and reusability further promise high practical use.

Further improvement was achieved with electrolysis, which successfully reduced
cost and greatly simplified production. Moreover, electrolysis replaced the original need
for gas-form hydrogen, making the process cheaper and safer. Compared with the
traditional process, electrolysis achieved much higher efficiency and speed, taking only
two hours to produce enough Leuco Indigo for dyeing, while the traditional method
takes a matter of weeks. In comparison to the chemical process, electrolysis is more

eco-friendly, using less chemical compounds.



Washing blue fabrics after dyeing produces waste fluids with low concentrations of
Indigo Dye. Hence, we came up with a process by which waste materials can be
oxidized into harmless gases. Through the use of Fe-zeolite and free radicals produced
on the anode of the electrolysis apparatus, we succeeded in oxidizing all waste Indigo

Dye into completely harmless water and carbon dioxide using the lowest cost possible.

This improved procedure has not only overcome the disadvantages of traditional
blue dyeing but also preserved its natural characteristics. Therefore, we believe that this
procedure has high industrialization potential and will bring to the world a great new

choice of eco-friendly products.
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Technical Revival Of Traditional Blue Dyeing Through

Zeolite Catalysis and Electrolysis

1. Introduction

Ever since the Qing Dynasty a method of dyeing cloth with Indigo—a natural plant
extract—has been practiced in Taiwan and southeastern China, producing large amounts
of beautifully dyed blue traditional clothing. Yet this traditional technique, being
dye-wasteful, time-consuming, environmentally unfriendly, was lost in the heat of
industrialization, having been replaced by chemical processes, which were fast, cheap,
but harmful to both the environment and humans. Thus in the modern era of natural
products and environmental awareness, we saw the need for the revival of this
traditional technique--not just to restore it the way it was, but to make it faster, cheaper,

and more environmentally friendly than ever.

The dyeing of cloth with Indigo Dye depends greatly on the reduction of Indigo
Dye into Leuco Indigo, a clear, slightly yellow, and water-dissolvable substance that
coheres onto the cloth with much more efficiency than Indigo Dye itself, which is
non-water-dissolvable. Thus the traditional process utilizes biofermentation, which
reduces Indigo with microorganisms. Though this process successfully transforms
Indigo Dye into Leuco Indigo, the transformation rates are extremely low. Also, as it
uses microorganisms, the traditional process is also energy consuming and hard to
manage, requiring continuous care, agreeable temperature and humidity. The utilization
of biofermentation has another defect; the strongly unpleasant smell released into the air
of the vicinity caused the local Taiwanese to call the blue dyeing workshops

“Chou-sai-hug,” meaning “Blue Cesspit.” Also, the traditional process, low in reduction



rates and operated in an open system in which the reduced Leuco Indigo oxidizes back
into Indigo Dye, produces large amounts of unrecyclable waste fluids, polluting rivers

and lakes.

The dyeing of cloth with Indigo is composed of three stages: (1) The fermenting of
Indigofera plants for Indigo Dye; (2) Reduction of the non-water-dissolvable Indigo
Dye into water-dissolvable Leuco Indigo; (3) Dyeing and airing (oxidization) the cloth.
The reduction process is key to the efficiency and final quality of blue dyeing. The
dyeing method commonly used today heats the raw material to fix the dye onto cloths;
yet the heating decreases raw material and energy efficiency. Our project provides a
faster, cleaner process for the reduction of Indigo Dye by using Pt-Zeolite as a catalyst,
mixed and sintered with Argil, which gives the resulting “Pt-Zeolite Argil” high
malleability, and therefore high practical use. The best sintering temperatures were also

examined through experiments.

As the reaction required hydrogen, we first added hydrogen reacted from
hydrochloride and zinc. Then, considering the cost and operation of production, we
came up with the idea of using electrolysis to produce hydrogen instead, which is both
cheaper and safer to operate than hydrogen gases. The reduction reaction’s being
performed in electrolyte solutions make it even more suitable for the industrial
application of electrolysis. Through experiments and discussion we found that the
amperage of electricity, the concentration of Indigo Dye and the size and shape of the

Pt-zeolite argil all affect the rate and efficiency of the reduction.



To completely eliminate the problem of environmental pollution seen in both the
traditional method and today’s common practices, we used “Doping Fe-Zeolite,” also
sintered with Argil, to catalyze the oxidization of waste fluids, and successfully

converted all waste matter from Indigo Dye into CO, and H,O.

Finally, we improved the reduction process of blue dyeing and eliminated its

original problems of pollution and waste disposal.

2. Objectives

(1) To increase energy efficiency, reaction rate, and cost-efficacy of Blue Dyeing

through self-made zeolite catalysis and electrolysis.

(2) To reduce the pollution, cost and operative complexity of Blue Dyeing through the

practical use of self-made zeolite catalysis and electrolysis.

(3) To revive the method of dyeing cloth with natural Indigo Dye, and make it more

eco-friendly than ever before.

(4) To discuss future use of zeolite catalysis and electrolysis in the dyeing industry.



3. Experiments

Technical Revival of the Traditional Blue Dyeing Through Zeolite Catalysis

and Electrolysis
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Preparation and Analysis of Pt-zeolite

3.1

Two solutions of sodium silicate and sodium aluminate in sodium hydroxide were
prepared and mixed to form a gel-form solution, which was stirred until even. Then the
gel solution was then put in a PP bottle and sealed inside. The bottle was heated in water
to 90~100°C for 4 hours, and then left at room temperature to cool. The heated gel

solution was vacuum-filtered, and “washed” with distilled water until its pH was 9. The



vacuumed remains of the gel (blank zeolite) was then dried in a furnace at 100~120°C.
A solution of 5 mM PtCly was added to the blank zeolite and sintered at 125°C for 15
minutes to make Pt-zeolite. The Pt-zeolites were then scanned with SEM to analyze its

surface characteristics.
The same procedure was also used to make the Pt-mica used in later experiments.

3.2 Catalysis of Indigo Dye Through the Use of Pt-zeolite
3.2.1 Catalysis Efficiency of Pt-zeolite, Pt-embedded Mica, and Pure Zeolite

An Indigo Dye solution of 1/3 relative concentration was put inside a syringe with
Pt-zeolites (0.5 g) and H, (10 ml) to react. The syringe was then shaken and
photographed every 30 seconds. Finally the transparency of the solutions in the photos
were analyzed, the reaction curves drawn, and the reaction rate calculated from the
slope. The experiment was repeated with Pt-mica and pure low-silicon zeolite as
catalysts, respectively, in order to determine the working catalyst in the reduction of

Indigo Dye. (Appendix picture 1., picture 2.)

322 Preparation of Pt-zeolite Argil

The same amounts of Pt-embedded zeolite and dried argil powder were mixed
together, then mixed with water. The mixture was then shaped, air dried, and sintered in
the furnace. The catalysts’ effect was determined by the catalyst’s efficiency in
catalyzing the decomposition of hydrogen peroxide, producing O,, which was measured

with a pressure sensor.

323 Catalyzing with Self-made Pt-zeolite Argil
A closed system was designed for Indigo Dye to be reduced into Leuco Indigo
without exposure to air (Figure 1., Appendix picture 3.). First, an adequate amount of

hydrogen was put into Syringe A, after which Pt-zeolite Argil and Indigo Dye were put



into Syringe B. Then, Syringe A and Syringe B were connected with a three-way
stopcock, providing a passage for hydrogen to enter Syringe B. Finally, hydrogen was

pushed into Syringe B and sealed inside to react.

Syringe A H,

‘ ‘ N
T | [ ._l© Three-way
5 Stopcock

Indigo Dye
Solution

Pt-zeolite Argil

~+——Syringe B

Figure 1. The closed reduction system.

33 Electrolysis

An innovatively designed electrolysis tank (Figure 2.) and a programmable linear
power supply system were used in these experiments to supply electric currents for the
reduction of Indigo Dye. The tank was separated into two cells by a semi-permeable
membrane. One cell was filled with an Indigo Dye-KOH solution. A catalyst-electrode
was connected to the negative pole of the power supply and placed at the bottom of the
Indigo Dye-KOH cell to produce H, and catalyze the reaction. The catalyst-electrode
also acted as an agitator, as hydrogen bubbles mixed the solution as they rose to the
surface. The other cell was filled with a KOH solution; a platinum electrode was

inserted into the KOH cell and connected to the positive pole of the power supply.



™~ Platinum Electrode

\\

| = R

Indigo Blue Sol. // i m

/ﬁ \

Pt-Zeolite Argil / | KOH Sol,
Copper Electrode

I Semipermeab-le Membrane

Figure 2. The self-designed electrolysis tank and power system.

3.3.1 Measuring Indigo Dye Concentrations

In the following experiments (3.3.2 and 3.3.3), the concentration of Indigo
Dye in the solutions were measured by adding an excessive amount of sodium
borohydride solution (Solution A) to Indigo Dye solutions to reduce Indigo Dye into
Leuco Indigo; then the solutions were added into a hydrochloride solution to let the
extra sodium borohydride react with hydrochloride into H,. Then the volume of H, was
recorded and compared with that of H, produced from unused Solution A and
hydrochloride. (Figure 3.) Thus, from the difference of the amount of NaBH4, the moles

of the Indigo Dye in the solution could be calculated



Three-way Stopcocks

Indigo Blue Solution +
NaBH.

HC1 Solution

Figure 3. The self-designed apparatus used to measure Indigo Dye concentrations.

332 Effects of Concentration on the Reduction of Indigo Dye

In this experiment, the effects of different Indigo Dye concentrations on the
reduction of Indigo Dye were examined by putting Indigo Dye solutions of different
concentrations (0.05 M~0.25 M) separately into the electrolysis tank with an electric
current of 1.0A applied for 1 hour. The reaction rates of these different solutions were
calculated by comparing the Indigo Dye concentration differences in these solutions.

Concentrations were measured as described in 3.3.1.

333 Effects of Electric Currents on the Reduction of Indigo Dye

In this experiment the effects of different electric currents on the reduction of
Indigo Dye were examined by applying different electric currents (0.5 A~2.5 A) to
Indigo Dye solutions of the same concentration (0.2 M) in the electrolysis tank for 1
hour. The reaction rates of the reduction in these solutions were measured and the

calibrated curve of Current-Reaction rates drawn.



3.3.4 The Comparison of the Indigo Dye Coherence Efficiency of the Traditional
Method and the Electrolysis Method
The purpose of this experiment is to compare the efficiency of the traditional
method and the electrolysis method through the measurement of the amount of Indigo
Dye cohered onto the cloth. In this experiment, two pieces of gauze (1.052 g/each) were
dyed, one heating in Indigo Dye water at 70°C, and the other wrapped around the
Pt-zeolite argil in the electrolysis tank (Figure 4.). The concentration of Indigo Dye used
in this experiment was 0.21 M, and the electric current applied to the electrolysis tank
was 2.0 A, the lowest speculated current for the maximum reaction rate. The reaction

time was 2 hours. After this, the amount of Indigo Dye on the cloths was measured.

g& \
/ \\ Platinum Electrode
Indigo Dve Sol.
T / ™~ Oxygen
Hydrogen m\
Pt-Zeolite Argil ?“ | KOH Sol.
Copper Electrode
Gauze I Semip ermeable Membrane

(2.0 Flectric Cuirent)

Figure 4. The self-designed apparatus to measure the Indigo dye coherence efficiency.

3.3.5 Comparing Color Fade of Cloth Dyed Through the Traditional Method and
the Electrolysis Method

Because the quality of the reduction has immediate effect on the quality of dyeing,
another experiment on the comparison of the dyeing results of the traditional method

and the electrolysis method was conducted. The main difference of this experiment from



that in 3.3.4 is that in this experiment the degree of color reduced (color fade), rather
than cohered, was the main measurement according to which the experiment was
concluded. This time the gauze used in the traditional method was heated for 16.5 hours
in the dyeing process; the electrolysis method used to dye the other piece of gauze was
performed as in 3.3.4. After this both of the cloths were dried, heated in 50°C  water for
5 minutes, and photographed to analyze and graph the difference in color fade through

Photolmpact 7. This step was repeated for four times (Appendix pictures).

34 Disposal of Waste Indigo Dye by Using Fe-Zeolite Argil
3.4.1 Preparation of Fe-zeolite

The Fe-zeolite argil was made in two ways: ion-exchange and hydrothermal
synthesis. In the former procedure, the zeolite was soaked in a 0.6 M Ferric Nitrate
solution, then cleansed, and finally sintered in a furnace. In the latter, the Fe-zeolite was
made though a homogeneous reaction by bathing Fe(NO;3); and silicate in alkaline
solution prepared by mixing sodium hydroxide (NaOH) with an appropriate amount of
water, and heated for 4, 8, 12, 24 hours, respectively. Afterwards, the catalysis rates of
the five zeolites, Fe(NO;); and Fe,Os in the decomposition of peroxide were compared

with a pressure analysis apparatus.

3.4.2 The Reaction Rate of Fe-zeolite Argil Anode in Catalyzing the Oxidization of
Indigo Dye

The purpose of this experiment is to measure the oxidization rates of Indigo Dye waste
fluids through the catalysis of Fe-zeolite with free radicals produced in the electrolysis
tank’s anode. In this experiment a Fe-Zeolite embedded Argil was attached to the anode
of the electrolysis tank, to catalyze the oxidization of waste fluids. First, an Indigo Dye
solution of 0.006M concentration was prepared and put in the anode of the electrolysis

tank. An electric current of 0.05A was applied, and the concentration of the waste fluids

10



(Indigo Dye) was measured with a spectrometer (Hitachi U-2001) every 10 minutes,

and the energy efficiency calculated.

Indigo Dye Sol. / N~
Oxygen
H)’drogen Semni cable Memb \Plaﬁnurn Electrode
. SSEEES KOH Sol. & Indigo
Pt-Zeolite Argil )
| waste fluids
Copper Electrode ™~ Fe-Zeolite Argil
Gauze l |
(0.05A Electric Current)
{ Y )\ J
Reduction of Indigo Dye Oxidization of Waste Fluids

Figure 5. The Indigo reduction and oxidization combined apparatus.

4. Results and Discussion

4.1 Preparation and Analysis of Pt-zeolite

Vi

10.0kY *5,000 1um WD 102mm

Figure 6. SEM image of the catalyst (Pt-Na-Al -Si02)
calcined at 398 K.
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SEM image of Pt-zeolite sintered at 623 K shows cubic Na-Al -SiO, crystals and
small nano-colonies of Pt attached onto the zeolite. The structure of the zeolite has a

visibly high surface area, an ideal coherent material for the nano-Pt catalyst.

4.2 Catalysis of Indigo Dye through the use of Pt-zeolite

4.2.1 Catalysis Efficiency of Pt-Zeolite, Pt-Mica, and Pure Zeolite

Pt-Zeolite Reaction Curve

0. 40
o 4
= 0,30 ¢
= 0.20
5 * +
= 0.10
2 0.00 '
= ] ol 100 150 200
E Time(sec)
Figure 7.  Pt-zeolite reaction curve.
Blank Zealite Reaction Curve
040 r
g
E g[]. 0 or
% EU.ZU - . . . . .
[}
B 5[].1[] -
[]. [][:I 1 1 1 1 1 1 1 1
] 20 40 60 30 100 120 140 160
Time(sec)

Figure 8.  Blank zeolite reaction curve.
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Pt-Mica Reaction Curve

0.40

0.20 [

0.30 ‘W

0.00
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o
—_
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50

100 150

Time(sec)

200 250 300

Figure 9. Pt-mica reaction curve.

Table 1. Comparison of reaction rates.

Zeolite

Pt-zeolite

Pt-Mica

Blank zeolite

Slope

0.00209

0.00000

0.00000

Although minor fluctuations in relative concentration in the reaction with Pt-mica

were recorded, they were presumed to be light reflecting off the Mica plates and

considered insignificant, as no visible color differences were observed. Pure Zeolite did

not react with Indigo Dye, either. (see pictures in Appendix). Thus it was proved that the

working catalyst in the reduction of Indigo Dye is Pt-zeolite, not Pt or zeolite alone.

Mica was used as a coherent for Pt, and did not react in or catalyze the reaction.

422 Preparation of Pt-zeolite Argil

Pt-embedded zeolite argil sintered above 450°C was best at catalyzing hydrogen

peroxide, yet temperatures above 600°C caused a flatten sheet of zeolite to form on the

argil, resulting in zeolite having too little a surface area to be efficient in catalyzing

13



H,0;. Thus the best sintering temperature was concluded to be between 450°C and

600°C.

423 Catalyzing with Self-Made Pt-Zeolite Argil
The product solution of this experiment was yellow in color, and turned blue after
being exposed to air, showing that the product is indeed Leuco Indigo. This proves that

Pt-zeolite Argil does have the ability to reduce Indigo Dye into Leuco Indigo.

4.3 Electrolysis

43.1 Method of Measuring Indigo Dye Concentration with NaBHy4

Through analysis of the structure of Indigo Dye known from some archives, it was
calculated 1 mole of Indigo Dye required 1 mole of hydrogen to reduce (N=Nindigo)-
Thus the following formula explains the calculation of Indigo Dye concentration

(Cwindigo)) from the amount of hydrogen produced (Vip).

PV, 1000
CM(indigo) = x
RT  110mL

432 Effect of Concentration on the Reduction of Indigo Dye

Indigo Dve Concentration-Feaction Rate
0.06 .
005 F v=02609 *
o R? =0.9492
_ 004 1
% 003 [
2002
=
001
U_UU 1 [] 1 1
0.00 0.03 0.10 0.15 0.20 0.23
Concentration (M)

Figure 10. Indigo dye concentration-Reaction rate.
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The effect of the concentration of Indigo Dye shows a linear curve (Ist-order
reaction). Thus it can be seen that the concentration of Indigo Dye in the solution has

direct and easily manageable impact on the rate of the reaction.

433 Effects of Electric Current on the Reduction of Indigo Dye

Electric Current-Reaction Rate

Data: Data1_B
Model: Bx/(K+x)
Chi*2 = 0.00003
Bmax 0.19693 +0.03988
K 2.3594 +0.8334

0.10

0.09

0.08
0.07

0.06

Rate (M/hr)

0.05
0.04

0.03

T T T T T T T T T
0.5 1.0 1.5 2.0 2.5

Current (A)

Figure 11. Electric current-Reaction rate.

These results suggest that when the electric current applied are high enough, a
greater amount of hydrogen than used up is produced. When this happens, all reaction
ports on the catalyst are occupied by reactants, and therefore the rate of the reaction
depends solely on the ability of the catalyst to transfer active complexes into the final
product, instead of the concentration of reactants. This leads to a maximum value of the

reaction rate. This characteristic makes our reaction similar to the Michaelis Menton

Rate max= [S]
[S]+ K

Model, for which the formula is Rate =

From this formula it was calculated that the maximum reaction rate is 0.197 M/hr.

15



Efficiency (%)
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Current (A)

Figure 12. The Relationship between Energy Efficiency and Electric Current.

From Figure 12. it can be seen that the energy efficiency drops with the increase of
electric current. From Fig.11, it is evident that when the electric current’s amperage
grows unlimitedly high, the efficiency of the reaction gradually approaches zero.
Therefore the electric current is a vital means of controlling the speed and efficiency of
the reaction. In industrial development of this technique, the electric current may be

manipulated to reach the most desirable rate-efficiency ratio.

Also discovered through this experiment was that hydrogen left in the electrolysis
tank after reaction could still catalyze the rest of the remaining Indigo Dye in the tank
over 12 hours. Thus we extrapolated that if the shape of the catalyst or tank was
modified to trap more hydrogen inside, the energy efficiency of the reaction could be

greatly increased, saving more electricity, and therefore lowering the cost of the

16



434 Comparison of Efficiency of Electrolysis and the Traditional Method

The concentration of Indigo Dye on the pieces of gauze dyed in the two different
ways was calculated to be 1.0x 10 mole/1 .052¢g gauze (traditional method) and 1.6x 10°
/1.052 g gauze (electrolysis method). The electrolysis method was able to, in the same
time duration as the traditional method, cohere 16 times more Indigo Dye onto the same
piece of cloth, which means it was16 times more efficient. This experiment thoroughly

proves the excellence of electrolysis to the traditional method.

4.3.5 Comparing the Color Fade of Cloth dyed through the Traditional Method and
the Electrolysis Method

The cloth dyed in the traditional way faded considerably after the first wash,
whereas the cloth dyed through the electrolysis method showed little change even after
being washed for 5 times. Figure 13. shows the marked difference in the color fade of
the two cloths, clearly reflecting the excellence of the electrolysis method to the

traditional method. (Appendix picture 4.)

Color Fade-Wash Times
50
y (Traditional method) = 9.14x + 9.75
40 L R2 =0.9009
S
§ [ |
% 30
[a)
<
f:) 20 +
5 ]
10 y (Zeolite catalysis)= -2.25x +23.25
R2 =0.8824
0
0 1 2 3 4 5
Number of Times Washed

Figure 13. The relationship between color fade and wash rime.
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In Figure 13. it can be seen that the chroma difference of the cloth dyed in the
traditional way increased with time, meaning that the Indigo Dye washed off the cloth
every time increased or at least did not lessen. Yet the chroma difference of the cloth
dyed through Electrolysis decreased with time, meaning the Indigo Dye washed off
greatly decreased every time. This means that Leuco Indigo coheres onto cloth much

better than un-reduced Indigo Dye.

4.4 Disposal of Waste Indigo Dye
4.4.1 Preparation and Analysis of Fe-zeolite

Visibly, the Fe-Zeolite made through ion-exchanging was uneven in color, while
Fe-Zeolite made through hydrothermal synthesis was very even. The catalysis rates of

the zeolites accelerated with time.

Typial rate profile oflH,0, some zeolite
700.0

Doping Fe-zeolite (24hr) |=5.88x
600.0

500.0 //
400.0
300.0 / Doping Fe-zeolite ( 8hr)|=1.818x
/ Doping Fe-zeolite ( 12hr) |= 1.667x
200.0 Doping Fe-zeolite = 1.493x
/ //c‘/—a/' FeSOspowder|= 1.3636x
100.0 Fe203powder=0.1083x
ion exchange Fe-zeolite = 0.0883x

Vout(mV)

0.0 = = =
0 20 40 60 80 100 120

time(sec)

Figure 14. Reaction rate profile of H,O, catalyzed by various zeolites.

The 1on-exchange method was considered uneconomic, with even lower catalysis
rates than Fe,O;. Although the FeSO4 powder dissolved in the water, its reaction rate

was still lower than that of the Fe-zeolite doped for 24 hours. It is known that Fe*"

18



undergoes Fenton Reaction in the water, an homogeneous reaction, meaning high
reaction rates. Yet Doping Fe-zeolite reacted even faster, suggesting that it may go

through another reactive mechanism.

Figure 15. SEM image of the catalysts.
(Fe-Al -SiO2)calcined at
623K for 2.5 hr.

Figure 16. SEM image of the catalysts.
(Fe-Al -Si02)calcined at
873K for 2.5 hr.
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Spectrum 2

o1 2 3 4 5 6 7 & 9 10 1 12 13
ull Scale 1236 cts Cursor: 8.375 keV (8 cts) keV

Figure 17. EDS analysis of the catalyst (Fe-Al-SiO,).

The SEM image shows that the catalysts (Fe-Al-Si0,) calcined at 623 K were
rod-shaped with diameters of 150-200 nm. Calcined at higher temperatures (>873 K),
the surface of the catalyst flattened, causing the catalyst to defunct. The molar ratios of
Si/Al and Si/Fe determined by EDS suggest that iron is evenly dispersed in the catalyst

calcined at 623 K.
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Figure 18. The calibration curve of ABS to Indigo dye concentration.
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Figure 19. The rate of oxidization catalyzed by Fe-zeolites and electrolysis.

The concentration of waste Indigo Dye in the solution showed a significant drop
under the catalysis of Fe-Zeolite. With a starting concentration of 0.006M, an electric
current of 0.05A, and a 20 gram Fe-Zeolite Argil catalyst composed of 50% Fe-Zeolite
and 50% Argil powder, the device was able to reach an average energy efficiency of

15.3%., and could oxidize 27.7% of the waste Indigo Dye in an hour.
5. Conclusions

This project improved many aspects of blue dyeing with natural Indigo Dye.
Through the utilization of Zeolites and electrolysis, we successfully improved the
reaction rate and energy efficiency as well as tackled the waste disposal problems of

traditional blue dyeing while maintaining the use of all-natural Indigo Dye.

5.1 High Reaction Rate
The reaction rate of reduction of Indigo Dye was markedly increased through the
use of Pt-Zeolites as catalysts. The traditional reduction process takes 1-3 weeks to

complete, often depending on the weather condition. The electrolysis method takes only
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2 hours to produce enough Leuco Indigo for dyeing. Moreover, depending on the size
and shape of the catalyst argil, the electric current applied, and the concentration of
Indigo Dye in the solution, the electrolysis method has been proved and can be expected
to reach even higher rates. In the experiments performed, the highest recorded reaction

rate was 0.096 M/hr. But to note is that this rate was achieved using a solution diluted

from the Indigo paste used in traditional dyeing by % X % (ml). Thus it is believed

that, since the Indigo Dye concentrations in our experiments were relatively low, there
1s much room for improvement of reaction rates through alternation of the concentration

of Indigo Dye in the electrolysis solution.

5.2 High Energy Efficiency

There is no doubt that the electrolysis method excels the traditional method in
terms of energy efficiency, a major concern for today’s green industries. First of all, the
electrolysis method utilizes easy-to-handle, easy-to-access electricity to create hydrogen
for the reaction, whereas the traditional method uses biofermentation, a method that
deploys micro-organisms to reduce Indigo Dye, and in which micro-organisms need to
eat up energy to grow and reproduce, thus wasting energy and producing large amounts
of carbon dioxide. Also, biofermentation requires a lot of care, and, worst yet, greatly
contributes to air pollution, producing all kinds of terrible smelly waste gases in

addition to carbon dioxide.

Second, electrolysis is performed in a closed system, in which there is no oxygen
to oxidize the Leuco Indigo while the traditional method uses an open system, in which
Leuco Indigo is being oxidized while Indigo Dye is being reduced. Therefore, more
time and energy are needed for enough Leuco Indigo to be produced for dyeing. It is

impossible to have the traditional method operate in a closed system since the
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micro-organisms required for biofermentation need oxygen to grow.

Third, the Indigo Dye that has gone through electrolysis can be used up repeatedly
until it has been completely used up, while the Indigo Dye left over from the traditional
process is over-decomposed and can only be disposed of, wasting considerable amounts
of Indigo Dye. In the electrolysis process, not only can the Indigo Dye be repeatedly
used for dyeing, when the Indigo Dye in the tank exhausts, more Indigo Dye added will
keep the reaction going on. In all aspects, the electrolysis method was more

energy-efficient than the traditional method.

5.3 Solutions to Waste Disposal

Because the traditional process of reducing Indigo Dye can only achieve very low
reduction rates, the actual amount of Indigo Dye reduced into Leuco Indigo for dyeing
was actually very small, which means that the coherent connections between the dye
and the cloth was relatively weak because Indigo Dye does not dissolve in water and
remain in the form of floating particles which are too big to attach onto the fiber of cloth,
as depicted in Section 2.3.4. Conclusively this means that more Indigo Dye is washed
off in the cleansing process, as demonstrated in Section 2.3.5, wasting more material
and causing much more pollution than the electrolysis method, which has high
reduction rates and produces almost no waste fluids at all. Also, less Indigo Dye
cohered onto the cloth means more Indigo Dye in waste fluids, which would then
require excessive treatment, such as particle settlement and colloid treatment, which

causes even more pollution.

The common procedure nowadays of disposing of waste fluids is Fenton Reaction,
which utilizes hydrogen peroxide and an iron catalyst to oxidize contaminants. Yet this

reaction demands a highly acid environment (pH=2~4) and produces highly polluting
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ferric compounds. Furthermore, the reactants of the reaction become reduced with time,
meaning that the reaction is harder to operate due to instable reactant percentages. In
comparison, oxidizing Indigo Dye with Fe-Zeolite argil works in a slightly acid
environment, produces no byproducts, and, when combined with the electrolysis

apparatus, has great cost efficiency, and is extremely easy to operate.

Also, the two processes of reducing Indigo Dye and oxidizing waste fluids can be
performed at the same time in the two sides of the electrolysis apparatus, making the
electrolysis apparatus a double-functioning device, greatly simplifying operation,
reducing cost, and, most important of all, when operating both functions at the same

time, this raises the combined energy efficiency to more than 50%.

In conclusion, with our reaction taking a matter of hours while the traditional
method taking weeks, our project not only successfully improved the reaction rate and
energy efficiency, but also proposes a solution to the problems of air and water pollution
of traditional blue dyeing. Through innovative designs and ideas, we have provided the
traditional blue dyeing with a new potential in the current market of natural,

eco-friendly commodity.
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7. Appendix

Picture 1

picture 2. Blank zeolite Reaction Photos (from left, taken every 30 seconds).

Picture 3. Apparatus for the reduction of Indigo Dye using Pt-Zeolite Argil.
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Picture 4. The comparison of the color fade of cloth dyed through the traditional

method (left) and electrolysis (right).
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