
ABSTRACT 

SUI, XINYI. Study of Biodegraded Fabrics containing Reactive Yellow 174: An Analytical 
Approach (Under the direction of Nelson Vinueza Benitez). 
 

While the invention of reactive dyes promotes the development of textile industry, the 

waste from production and consumption have placed a significant pressure on the environment. 

As the world population soars in the last decade, the demand for colored fabrics also increases, 

which results in an excess of colored fabric waste. The disposal of synthetic dyes has always 

been a concern for both researchers and entrepreneurs. The current method of disposal is 

landfill, which mainly involves burying of waste in an open land and after an extended period 

of time, the fabrics were consumed by microbial such as fungus and bacteria. But what 

happened to the dye and fabric remain uninvestigated. A major challenge on this kind of study 

is the limitation of the degraded sample.  

Mass spectrometry (MS) has already established its reputation in the analytical chemistry 

field due to its sensitivity, accuracy, as well as versatility. Through the coupling of High-

Performance Liquid Chromatography (HPLC) with MS, a quantitative analysis on the 

composition of the complexed mixture could be accomplished.  

To understand this degradation process, a series hydrolysis reactions on reactive Yellow 

174 dye solution and colored fabrics were performed. First, the behavior of this reactive dye 

under different pH conditions were analyzed by Thin Layer Chromatograph (TLC) and then 

examined by Time of Flight mass spectrometer. The results show that both of acid and basic 

condition could produce hydrolysis product but in different form.  Based on that, the progress 

of hydrolysis reaction over time was monitored by Liquid Chromatography-Mass spectrometry 

(LC-MS). According to the results, the monofluorotriazine group on the dye is more reactive 

than the vinyl sulfone group. Next, the behavior of the fabrics under different pH conditions 



was investigated. Based on these results, another group hydrolysis reactions on fabrics were 

carried out and monitored by LC-MS. These results showed that alkaline conditions were able 

to remove the bonded dye from the fabrics. Finally, the characterization of degraded fabrics 

was carried out by spectrophotometry and Gas Chromatography- Mass spectrometry, which 

confirmed the loss of dye as well as the presence of textile auxiliaries’ residue on the fabrics.  

Based these results, future work will be focused on the development of enzymatic method and 

the analysis of potential degraded dye in the soil. 
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1. Introduction  

Synthetic dyes have been playing an important role in the modern textile industry since 

its invention by William Henry Perkin in 1856 (1). A lot of efforts has been invested into the 

development of new synthetic dyes with better color fastness and more available colors. One 

representative of this kind of innovation is the invention of the reactive dye in the 1950s by 

Imperial Chemical Industries.(2) Unlike direct or disperse dyes which mainly rely on physical 

absorption, reactive dyes use a chemical reaction to create a covalent bond between fabric 

(cotton or wool) and dye, which gives them better colorfastness than direct or disperse dye. 

While the invention of reactive dyes has significantly promoted the development of 

textile industry. The degradation of these synthetic dyes has always been a concern for both 

researchers and entrepreneurs. As the world population soars in the last decade, the demand 

for colored fabrics also increases, which results in an excess of colored fabric waste. The 

current method of disposal is landfill, which mainly involves burying of waste in an open land 

and after an extended period of time, the fabrics were consumed by microbial such as fungus 

and bacteria.(3) Now the question will be, what happened to the dye?  

In order to investigate this question. This project will be divided into three phases. At 

phase one, Thin Layer Chromatography and Time of Flight mass spectrometry were used to 

study the behavior of Reactive Yellow 174 dye molecule at different pH. Meanwhile, Liquid 

Chromatography – Mass Spectrometry (LC-MS) will be introduced to monitor the progress of 

hydrolysis reaction. Based on the results from phase one, the hydrolysis reaction were 

performed on fabrics containing Reactive Yellow 174. The solutions obtained from fabrics 

were treated at different conditions, acid and base, follow by the analysis LC-MS. Then, at 



 

2 

phase three, non-destructive analyses on degraded fabrics such as spectrophotometry and Gas 

Chromatography- Mass Spectrometry were performed on degraded fabrics to characterize the 

changes in its properties. Results from this project will greatly assist the development of 

analysis method on degraded fabrics, which features the intact removing of the dye while 

minimizing the hydrolysis. 

2. Literature Review 

2.1. Mass spectrometry 

2.1.1. History of Mass spectrometry  

 As a saying goes (4), the history of chemistry was promoted by peoples’ desire to find 

or build something could measure mass accurately and easily. An example of this is the 

establishment of mass spectrometry (MS) and the development of mass spectrometer. From 

Joseph John Thomson’s discovery of electrons to the development of Orbitrap system by 

Makarov, the advancing of MS has always been pushed by the joint forces of scientific 

discovery and engineering innovation. (5) 

 The first milestone in the development of mass spectrometer was the discovery of the 

electron by Joseph John Thomson in 1906. In his second experiment in 1912, he built a device 

that could bend the direction of the electron beam by applying a voltage to it and detect this 

change in direction by an electron-sensitive capture plate. This device, which is shown in 

Figure 1, is called parabolic spectrograph and it is now believed to be the world’s first mass 

spectrometer.(6) Following the discovery by Thomson, researchers started to apply this new 

technique to investigate the nature of elements. In 1918, Arthur Jeffrey Dempster developed 

the first mass spectrometer with electron ionization source, which is still the most popular 
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ionization method today.(5) Francis W. Aston obtained the world’s first mass spectrograph in 

1919 and used it to determine the atomic mass of different elements.  By the time of World 

War II, based on Dempster’ design, Alfred Otto Carl Nier was able to isolate Uranium-235 for 

the Manhattan Project with his improved mass spectrometer. In the year of 1946, W. Stephens 

published a review study on the potential of building an instrument that could send a package 

of ions for ion source to fly down a vacuum tube and its mass-to-charge ratio could be 

determined by measuring the time the ion takes to fly in the tube. This conceptual design of 

instrument was later proved to be the theoretical base of Time-of-Flight (TOF) mass 

spectrometer, which is one of the major mass analyzers today.(7) The first commercial TOF 

instrument was developed by Bendix Corporation in 1950. (8) 

 

Figure 1 Scheme of parabolic spectrograph 

 By the time of the 1950s, half a century after J.J Thomson's discovery of the electron, 

a lot of novel theories have been proposed on the development of mass spectrometry but due 

to a lack available electronics, these innovative ideas would have to wait several decades before 

the development of the corresponding instrument. For instance, the theory of orbital trapping 

was discovered by K. H. Kingdon in 1923, in this study, he proposed a design of Orbitrap tube 
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with a cylindrical anode and calculated the parameters needed to manipulate the ions.(9) But 

the engineering and electronics at that age was not able fully to utilize this discovery until the 

1990s when Alexander Makarov and his team started to develop an Orbitrap mass 

spectrometer.(10) In the year of 2005, 70 years after Kingdon’s discovery, the first 

commercialized Orbitrap instrument was announced by Thermo Scientific. (5)  

 Another metric reflecting the development of a mass spectrometer is the increasing of 

resolving power, which represents the capability of a certain instrument to separate isotropic 

distribution. The parabolic mass spectrograph built by J.J Thoman had a resolving of 13 and 

the two-stage mass spectrograph built by Aston had a resolving power of nearly 100, which is 

barely enough for the study of the isotopic composition of a certain element. But after a century 

of development, nowadays with Fourier Transform Ion Cyclotron Resonance mass 

spectrometry (FT-ICR-MS), the researchers could have a resolving power of 1,000,000, where 

the instrument could resolve the whole isotropic distribution of an entire protein.(11)   

2.1.2. Components of MS system 

 Figure 2 shows a conceptual diagram of a mass spectrometer, nowadays a complete 

MS system is made up of five components: Sample introduction, Ionization Source, Mass 

analyzer, Detection System, and Data system.(12) 
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Figure 2 Components in a modern MS system(4)  

Sample introduction is the entry of analyte and the interface between the mass 

spectrometer and other analytical methods. Usually, when dealing with complexes mixtures, 

the coupling with chromatographic methods with MS is preferred, such as Gas 

Chromatography (GC) and High-Performance Liquid Chromatography (HPLC). After the 

separation by the column, each chemical will be separated so that by the time it come out from 

the column and reaches the detector, a clear spectrum could be obtained for each component.  

After the introduction of the sample, the analyte enters the ionization source, the 

molecules have to be charged so it could be maneuvered by electrical or magnetic field.  

Currently, Electron Ionization (EI), Chemical Ionization (CI or APCI), Atmospheric Pressure 

Photoionization Ionization (APPI), Matrix-Assisted Laser Desorption Ionization (MALDI), 

and Electrospray Ionization (ESI) are usually used as ionization sources. The selection of 
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ionization method is based on the nature of the analyte. For example, if the sample of interest 

is very volatile, EI is preferred but if the subject has large molecule weight like peptide or small 

protein, ESI would be better since it features multiple charging and almost no fragmentation.  

After ionization, the stream of analyte ions goes into the mass analyzer. Currently, there 

are two types of mass analyzer: scanning and pulsed. In scanning mass analyzers such as the 

quadrupole and the ion trap, ions with different m/z values are detected successively along a 

time scale. While in pulsing mass analyzers such as Time-of-Flight (TOF), FT-ICR and 

Orbitrap, the detection was achieved simultaneously. Among them, quadrupole has the lowest 

resolving power at around 1000 to 2000 while FT-ICR has a resolving power at the level of 

millions. The major factor, however, in the selection of mass analyzer is not just resolving 

power but also the objective of the research. Ideally higher resolving power would provide 

more information but it also means additional cost on instrument and maintenance. An example 

of this is FT-ICR, which use a magnetic field to create cyclotron motion in ICR cell. But this 

requires the use of liquid helium to maintain the superconductive status at a temperature below 

5 Kelvin. As a result, only a small number of research facilities around the globe have FT-ICR 

instrument and quadrupole mass analyzer still takes up a great proportion of the mass analyzers 

used today. (12) 

In today’s mass spectrometer, detection systems are usually built-in with the mass 

analyzer. The function of detection is to pick up the ions traveling out of mass analyzer and 

produce a signal. Usually, in the form of analog current, this signal was then converted to 

digital signal, which could be processed and stored by a data system. In addition to data 
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management, current data system, which is essentially a package of different software from 

the manufacturer, could also monitor and control the acquisition of data.  

2.1.3. Electrospray Ionization 

 Electrospray Ionization (ESI) is one of the major ionization method in today’s MS 

instruments. Compared with other ionization methods, ESI has its unique advantages. First of 

all, it is, by far, the softest ionization method, which means that unlike EI or APCI, where the 

analytes could be fragmented in certain circumstances, the chemical structure of the sample 

could be almost perfectly maintained. And it is capable of producing multiple charged ions, 

which not only increases the dynamic range of the analyzer but also reduce mass measurement 

error by a factor of 1/z, where z represents the number of charges. As is shown in Figure 3, the 

ionization process could be demonstrated by a three time point. At t1, the accumulation of 

charge forms Taylor Cone and ions are drawn toward the direction of the mass analyzer by an 

electric field. At t2, parent droplets start to emerge as the drag force exceeds the surface 

tension. These droplets collide with gas molecules that drive the evaporation of the solvent. At 

t3, the droplets are significantly reduced in their radius due to the evaporation of the solvent 

and the precursor droplets start to produce offspring droplets. The molecular ion then travels 

through the heated metal capillary that goes further into the mass analyzer. Regarding the 

origin of molecule ion, two models were proposed. The Charge Residue Model proposed by 

Dole suggests that there is a threshold called Rayleigh limit when the columbic force of the 

droplet exceeds its surface tension and forms offspring droplets. These offspring droplets then 

undergo further solvent evaporation and experience a columbic fission again. This process 

continues until there is on average one analyte molecule per droplet with some charge. The 
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remaining solvent evaporates leaving the charge deposited on the molecule. Another model, 

the Ion Evaporation proposed by Iribarne and Thomson suggests that the precursor droplets 

undergo columbic fission when they reach the Rayleigh limit and give rise to offspring 

droplets. These offspring droplets, rather than continuing to undergo columbic fission, will be 

affected by the electric field on the surface. As a result, the columbic stress in the droplet is 

relieved by ejection of molecular ions. Compared with Charge Residue Model, this model can 

account for the observed mass spectra of molecules with different physicochemical 

properties.(13) 

 

Figure 3 Conceptual Diagram of Electrospray Ionization (ESI) 

2.1.4. Quadrupole mass analyzer 

 As is shown in Figure 4, a quadrupole mass analyzer is made up by four hyperbolically 

shaped metal rod placed as a square. Each pair of opposite-facing rods extending in Z direction 
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was connected to one end of the power supply, which means that each pair of opposite rods, 

will have the same electric potential. The power supply was composed by a Direct Current 

(DC) module and an Alternating Current (AC) module.  

 

Figure 4 Cross section of a Quadrupole with cylindrical approximation 

 The working mechanism of quadrupole involves using two pairs of cylindrical rods as 

“mass filter”. As is shown in Figure 4, in the field of positive-charged rods, only ions whose 

m/z is higher than the threshold could pass through and the in the field of negatively-charged 

rods, only ions whose m/z is lower than the threshold could pass through. As a result, at a 

specific time point, only a small range of ions could pass the quadrupole and be detected. 

According to the simplified Mathieu Equations which is shown in (1), the threshold of each 

pair of rods was determined by a DC related parameter a and an RF (Radio Frequency) related 

parameter q. By changing these two parameters over time, a scanning of a wide range of m/z 

could be achieved. 
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 Besides mass filtering in two sides, the quadrupole could perform other functions by 

changing the power input. By switching off one pair of rods, the quadrupole could select all 

ions above or below a certain value. If the DC voltage is set to zero, the quadrupole would not 

be able to filter out ions. Instead, all the ions are confined to travel along the centerline of the 

quadrupole. In this mode, the quadrupole is called ion guide and it would focus the ion beam 

and reduce its kinetic energy distribution before it enters another mass analyzer such TOF, FT-

ICR, or Orbitrap. 

2.1.5.Time-of-Flight Mass analyzer 

 The TOF was first developed by Cameron and Eggers in 1948,(14) and the first 

commercial TOF was developed by Wiley & McLaren in 1953.(15) By that time TOF only 

have limited resolving power (lower than Quadrupole at that time) due to a spread of initial 

kinetic energy. During the 1970s, the improvement in electronics and the invention of 

reflectron by Mamyrin in 1973, enhanced the resolving power of TOF. (16)  

The working mechanism of TOF involves sending a package of ions, which is 

generated either by a pulsing ionization source (MALDI) or by chopping up the flow of 

continuous ionization (ESI), into a highly-vacuumed tube with the same amount of kinetic 

energy (KE) and measure the arrival time of each ion. According to equation (2) to (4), the 

time it takes for an ion to reach the detector is proportional to m/z value but if there is an initial 

spread of kinetic energy, ions with a same m/z value would have a difference in flight time 

which broadens the peak and decreases the resolving power.  
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In current TOF mass analyzers, the reflectron and delayed ion extraction are introduced 

to minimize the influence of initial kinetic energy spread. A diagram of the working 

mechanism of the reflectron is provided in Figure 5. When two ions with the same m/z but 

different initial kinetic energy (KE) enter the TOF, and if the linear detector was used, those 

two ions will arrive at a different time which results in a loss of resolving power, but with 

reflectron, the one with higher KE will have to travel an extra distance in the reflectron, which 

in the end balances the difference in KE and makes them arrive at the same time. 
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Figure 5 Working mechanism of reflectron 

 Another technique used to deal with the kinetic energy distribution is delayed ion 

extraction, which is also called time-lag focus or pulsed ion extraction. The principle of it is 

shown in Figure 6. Without delayed extraction, the ions get accelerated by the electrical field 

as soon as they were produced from the ionization source so there will be considerable kinetic 

energy spread. By delaying time of the extraction, the ions get “cooled down” by being shaken 

in the electrical field as well as separate out to reduce the chance of hitting each other and 

fragments.(13) 
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Figure 6 Principle of using delayed ion extraction to reduce kinetic energy distribution   

2.1.6.Tandem Mass Spectrometry(MS/MS) 

By definition, Tandem Mass Spectrometry means the coupling of multiple (at least 

two) mass spectrometer to break the molecule and obtain structural information.(17) Based on 

this definition, tandem MS could be divided into two classes: tandem in space and tandem in 

time. The difference between these two classes is directly related to the instrumentation. In a 

tandem-in-space capable instrument such as quadrupole Time-of-Flight and triple quadrupole, 

there is a limitation on how many times the ion could be fragmented. For example, in a triple 
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quadrupole MS, the target ion is selected in the first quadrupole, then fragmented in the second 

quadrupole, and detected at the third one. If there is a need to another level of fragmentation, 

two additional quadrupole has to be installed. Figure 7 shows the diagram of one stage tandem 

MS in space and two-stage tandem MS in space. The Q represents quadrupole that is assigned 

to select and detect the ions and q represents the dissociation chamber. 

 

Figure 7 Diagram of one (top) and two (bottom) staged tandem in space MS 

On the other hand, a tandem in time mass spectrometer such as quadrupole ion trap and 

FT-ICR often does not subject to the limitation of fragmentation stages. In this type of 

instrument, the ion will be trapped in a collision cell and could be fragmented repeatedly until 

a desired level of dissociation was reached. In theory, this type of instrument could perform 

MSn, which means that the in-depth structural information of the target molecule as well as its 

offspring fragmentation.  
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Collision-Induced Dissociation (CID), also called Collision-activated Dissociation 

(CAD) is one of the most common dissociation technique in tandem mass spectrometry. In 

principle, it involves the inelastic collision between the target molecule and neutral gas 

molecule. Regarding the mechanism of CID, the revised Rice–Ramsperger–Kassel–Marcus 

(RRKM) theory was proposed to describe this process. (18) According to this theory, a 

proportion of the kinetic energy could be transferred into the internal energy of the precursor 

ion. This additional energy soon gets dispersed via redistribution among all the vibration 

modes of the molecular structure and thus increases the total potential energy level in the 

system. As soon as the potential energy reaches the threshold, the molecule starts to undergo 

unimolecular dissociation, which produces product ions via a series of competitive reactions. 

Figure 8 shows a diagram of this process. 

 

Figure 8 Diagram of Collision Induced Dissociation 
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Regarding the collision efficiency of CID, as is shown in equation (5), there are several 

factors affecting the amount of energy (Ecm) transferred during this process: kinetic energy of 

ions ETR, mass of gas target mt, and mass of the ion mi. On one hand, according to this equation, 

the product ion yield would increase as the kinetic energy and target mass increase. To achieve 

the same level of energy transfer, an ion with higher molecular weight would require a higher 

kinetic energy than the ion with low molecular weight. 

2.1.7. Liquid Chromatography  

 Despite the high capability of mass spectrometry, its applications were limited by a 

series of challenges one of which is the complexity of spectrum brought by the composition of 

sample mixture. Specifically, the instrument may not have enough resolving power to detect 

the ion of interest from other ions in the mixture and the peak of interest may have a chance of 

interfering with each other.(19) One effective way to tackle this challenge is the introduction 

of chromatography. Usually gas or liquid chromatography is used to separate the components 

of a mixture, as away to enhance characterization of the analytes of interest.  

 A modern High-Performance Liquid Chromatography (HPLC) system is usually made 

up of three major components: stationary phase, mobile phase, and detection system.(20) A 

scheme of the composition of HPLC system was provided in Figure 9. Two solvent flows, 

served as mobile phase, passed the degasser to remove the gaseous residue and entered the 

sampler, where the analyte is injected into the system and mixed with the solvent flow. After 

that, the liquid flow goes through the column, which would be maintained at a desired 

temperature before the introduction of the analyte, and then reaches different detectors such as 

Diode Array Detector (DAD)  before being going into the waste bottle. 
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Figure 9 Scheme on the composition of HPLC System 

A diagram of the separation principle of liquid chromatography is provided in Figure 

10.  A mixture containing two components A and B are transported into the column by mobile 

phase. As the mixture goes through the column, the velocity of each of the components are 

reduced by their different affinity to the stationary phase. This creates a difference in their 

actual final velocity which eventually results in a variation in their retention time. For instance, 

in this diagram, component A has a higher affinity for the stationary phase than to the mobile 

phase while component B has a higher affinity to the mobile phase. As a result, component A 

will experience a bigger “drag force” than component B and it will have a lower velocity than 

B. And since the length of the column is fixed for a certain system, this difference in velocity 

will come down to a deviation in retention time. (21) 
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Figure 10 Separation principle of Liquid Chromatography 

 Regarding the composition of solvent system in LC system, there are two kinds of 

elution methods: isocratic and gradient elution.(21) In isocratic elution, the composition of 

mobile phase doesn’t change over time. Although gradient elution has a higher capability than 

isocratic elution, it has a number of disadvantages such as time-consuming, difficult to transfer 

between different systems and detector compatibility problem. So in most cases, the analysis 

of mixture will start with isocratic elution and then move to gradient elution if isocratic elution 

could not provide a satisfactory separation. 

 Another benefit of coupling HPLC with MS is that it enhances the ionization efficiency 

of some ionization source like ESI. The introduction of HPLC could be helpful for ESI in many 

ways. For example, it could reduce the flow rate in the system and thus promote the production 

of smaller droplets at a lower speed. After the mixture gets separated by the column, by the 

time it reaches the ionization source, each component will be concentrated within its peak 

width. Since ionization efficiency in ESI could be effected by the concentration of the analyte, 

this concentration effect brought by HPLC would considerably enhance the ionization 

efficiency of ESI. (20) 
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2.2. Reactive dye  

2.2.1. Structural components of reactive dye 

 Synthetic dyes have been playing an important role in the modern textile industry since 

its invention by William Henry Perkin in 1856.(1) A lot of efforts has been invested in the 

development of new synthetic dyes with better color fastness and more available colors. One 

representative of this kind of innovation is the invention of the reactive dye in the 1950s by 

Imperial Chemical Industries. Unlike direct or disperse dyes which mainly rely on physical 

absorption, reactive dyes use a chemical reaction to create a covalent bond between fabric 

(cotton or wool) and dye, which gives them better fastness than direct or disperse dye.  

 The structure of a reactive dye could be divided into four main components: 

chromophore (D), bridging group (B), reactive group (Re), and solvation group(S). A typical 

structure of reactive dye could be expressed as S-D-B-Re.  Among them, the reactive group is 

the most critical one not only because it ensures the chemical bonding between dye and fiber, 

it also determines the conditions for fixation process. For example, reactive dyes with vinyl 

sulfone (VS) group will have a relative lower working temperature (50 to 70 degree Celsius) 

compared with those with monochlorotriazine (MCT) group (70 to 90 degree Celsius). 

Reactive dyes with a dichlorotriazine group will have even lower working temperature than 

those with vinyl sulfone group because of the presence of additional leaving group. (22) 

The structure of two reactive dyes is provided in Fig 11 (a) and (b). Despite their 

difference in structure, both of them match the general structure of the reactive dyes. They 

have different chromophore (anthraquinone or azo group) and different reactive group (vinyl 

sulfone or monochlorotriazine), but they have the same bridging groups (-NH-) and solubility 
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(-SO3) groups. 

   

Figure 11 (a) Structure of C.I. Reactive Blue 19 

 

Figure 11 (b) Structure of C.I. Reactive Orange 35 

2.2.2. Reaction between Reactive dye and cellulose 

The mechanism of the chemical reaction between the fixation processes of has been 

studied intensively.(22, 23) There are two sets of reactions involved in this process: the 

deprotonation of cellulose and the fixation of dye.  Figure 12 shows, the hydroxyl group at the 

end of each cellulose polymer chain will lose a proton and create a stronger nucleophile in the 

presence of alkaline solution. The degree of deprotonation increases as the concentration of 
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base increases. Essentially, this reaction could be considered as a kind neutralization where the 

cellulose works as a weak acid.  

 

Figure 12 Deprotonation of cellulose 

 Following the generation of cellulose anion is the fixation of dyes onto the cotton fiber, 

which essentially is the reaction between cellulose anion and the reactive group in the dye. In 

this process, depending on different reactive groups, there are majorly two kinds of reactions: 

nucleophilic aromatic substitution and nucleophilic addition. The mechanism of each kind of 

reaction is presented in Figure 13(a) and 13(b).  

In nucleophilic aromatic substitution, reactive dyes with triazine group will lose 

chlorine as the leaving group, which increases the density of positive charge. As a result, the 

cellulose anion will have a greater chance of bonding to the ring. This creates a covalent bond 

between the dye and the cellulose. A couple of factors will affect the reactivity of triazine 

group such as the kind of side group on the ring and the leaving potential of the leaving group. 

Because of the nature of nucleophilic aromatic substitution, the reactivity of the triazine ring 

will be increased if the electron density on the ring is reduced.  As a result, the rate of 

substitution reaction will be increased in the presence of an electron-withdrawing group or a 

leaving group with higher electronegativity. 
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Figure 13 (a) Mechanism of nucleophilic substitution 

In the nucleophilic addition, the sulfonate reactive group first go through an elimination 

of NaHSO3 to become a reactive vinyl sulfone group due to the electron-withdrawing inductive 

effect of -SO2. The α-carbon will have less electron density than the β-carbon, as a result, the 

α-carbon could be attacked by the cellulose anion and create a new covalent bond. 
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Figure 13 (b) Mechanism of nucleophilic addition 

2.2.3. Hydrolysis of reactive dye 
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 As the fixation reaction proceeds, the OH- group from alkaline solution will act as a 

nucleophile and compete with cellulose anion to attack the reactive site on the dye. This would 

produce the hydrolysis form of the dye which will not only become a waste of material but 

also produce unstable color or “float color” on the fabric.  To minimize the effect of hydrolysis 

during fixation, a kinetic mechanism of these two reactions was studied.(23)   

ܴி ൌ ݇ிሾܦிሿሾିܱ݈݈݁ܥሿ	                                                           (6) 
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These equations shows factors affecting the reaction rate of fixation and hydrolysis as 

well as the relative ratio between these them, where R represents the reaction rate, k represents 

the rate constant, D represents the concentration of reactive dye on the fabric and in dye bath, 

and [CellO-] represents the concentration of cellulose anion in the solution.  As shown in 

equation (5), the reaction rate ratio between fixation and hydrolysis is made up of the ratio of 

the rate constant, the ratio of dye concentration between fabrics and solution and concentration 

ratio between cellulose anion and hydroxide. The first ratio is determined by Arrhenius 

equation which demonstrates the relationship between a certain reaction rate constant and its 

activation energy.(24) The second ratio is determined by the liquor bath of fixation process. 

The third ratio is determined by the pH of the solution. Studies have been found suggesting 

that by controlling the pH below 11 and liquor ratio around 1:30, the rate of fixation is 100 

times higher than the hydrolysis reaction.(22)  
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Another successful way of increasing fixation rate is to design reactive dye with more 

than one reactive group. An example of this is the bifunctional reactive dyes Cibacron C 

developed by Ciba in the 1990s.(25) This kind of reactive dyes features the combination of 

monofluorotriazine reactive group and vinyl sulfone reactive group. As is shown in Figure 14 

(a) and 14 (b) ，due to the presence of two reactive groups, only when both of the reactive 

group gets hydrolyzed will the dye be deactivated so the dye will have a higher potential for 

fixation.  The dye will still be able to react with cellulose even though one of the reactive 

groups has been hydrolyzed. Due to this special bifunctional reactivity, this kind of reactive 

dye is claimed to have a fixation rate near 95%.  

 

 

Figure 14 (a) Fixation bifunctional reactive dye 



 

25 

 

Figure 14 (b) comparison of Fixation properties between bifunctional reactive dye and 

monofunctional reactive dye (25) 

2.3. Degradation of reactive dye fabrics 

2.3.1. Chemical reactions on cellulose 

 Cellulose is a kind of semi-crystallized natural polymer made up by glucose unit in β-

1, 4 linkages. As one of the most available natural polymers and the major component of 

cotton, the behavior of cellulose polymer chain plays an important role in the degradation of 

cotton fabrics.(26)  A diagram of the chemical structure of cellulose is provided in Figure 15.  

The structure along the backbone of cellulose polymer shows two reactive sites available for 

reaction: the glycosidic bond between each glucose and other functional groups such as dye or 

flame retardant onto the chain of cellulose.(3) 
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Figure 15 Chemical structure of cellulose  

2.3.1.1. Effect of base treatment on cellulose 

 A series of wet processing processes such as desizing, sourcing, and mercerization 

involves treating cotton with base at different concentrations. In general, cellulose is very 

stable to an alkaline solution but if the fabrics were not cleaned thoroughly, the basic residue 

could serve as a catalyst for the oxidation by oxygen in the air. (27) 

Cellulose under alkaline conditions undergoes a swelling process. Depending on the 

concentration of the base, the product from this process could be different. In a dilute solution 

(less than 9% sodium hydroxde), the swelling is reversible, but when the concentration exceeds 

9%, the swelling become irreversible. Under this scenario the cotton fiber will shrink in the 

axial direction while it cross-section area gets expanded. After washing, the aggregation state 

of cellulose gets changed, which results in a decrease of the degree of crystallization from 70% 

to 50 % of the fiber. The bond force within the crystal region is also reduced which facilitates 

the penetration of liquid into the crystal region. Based on this phenomenon, a wet processing 

procedure called mercerization was developed by John Mercerin in 1844.(3) In this procedure, 
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bleached and sourced cotton fabric is treated with high concentrated sodium hydroxide (18-

24%) before it is washed by water under applied strength to avoid the shrink of the fabric 

caused by irreversible swelling. Due to the decrease of the degree of crystallization, the fabrics’ 

adsorption capability and reactivity get increased. Meanwhile, the mercerized cotton will have 

a better strength and dimensional stability than untreated fabrics.  

2.3.1.2. Effect of acid on cellulose 

 Cellulose is very vulnerable to acid since the glycosidic bond that makes up its 

backbone could easily be hydrolyzed by acid under proper condition.(28) Figure 16 

demonstrates the mechanism of this reaction.  In this reaction, the hydrogen ion from acid 

serves as a catalyst which reduces the activation energy and speeds up the reaction. As the 

nature of the catalyst, the hydrogen ion will not be consumed during the reaction which means 

that in practice, after treatment with acid, the fabrics will have to be washed intensively in 

order to avoid the continuous damage caused by acid residue. In theory, when the reaction is 

finished, cellulose fiber will be completely hydrolyzed and the ultimate product will be 

glucose.    

  

Figure 16 Acid hydrolysis of cellulose  
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 Depending on the concentration of acid, the progress of this reaction will be different. 

In the case of highly concentrated acids such as sulfuric acid or hydrochloric acid, the reaction 

is homogeneous and the hydrolysis will proceed gradually and eventually produce glucose as 

ultimate product. In the case of dilute acid, the progress of reaction will depend on the region 

in contact. Initially, the acid will react rapidly with the amorphous region since aggregation 

structure in the region is less tight than crystalline region. After the amorphous region gets 

hydrolyzed, the acid starts to attack crystalline region and the reaction rate is significantly 

reduced as it becomes difficult for the acid to penetrate the tightly-assembled crystalline 

region.  

3. Experimental 

3.1. Materials 

3.1.1. Solvents 

ACS grade solvents such as methanol, acetonitrile, ethyl acetate, and 1-butanol were 

purchased from Sigma-Aldrich and used without any further purification. Distilled water was 

acquired from a Pure Lab Ultra water purification system from ELGA Lab Water.  LC-MS 

Grade methanol and acetonitrile were purchased from VWR Analytical.  

3.1.2. Dyes 

The commercial reactive dye C.I. Reactive Yellow 174 was obtained from Cotton 

Incorporated. The structure of this bi-functional reactive dye was provided in Figure 17.  
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Figure 17 Structure of Reactive Yellow 174 

3.1.3. Fabrics 

White control fabrics and Reactive Yellow 174 dyed fabrics were provided by Cotton 

Incorporated. These single knit jersey clothes were made from 100% cotton. The fabrics were 

then bleached and dyed at the Dyeing and Finishing Application Laboratory at Cotton Inc.. 

Degraded fabrics (2 cm by 2 cm) were given by Cornell University. These fabrics were 

degraded for 45 and 90 days in the soil. Reactive Yellow 174 fabrics without degradation were 

cut into 2 cm by 2 cm square to match with the dimension of the degraded sample.  

3.1.4. Chemicals 

ACS grade sodium hydroxide powder, 30 % ammonium hydroxide solution, 1.0 M 

hydrochloric acid solution, 0.1M sulfuric acid solution, D-glucose powder and cellubiose 

powder were purchased from Sigma-Aldrich and used without further purification.  
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3.1.5. Other supplies 

Aluminum TLC sheets, pH paper, disposable Luer-slip plastic syringes (1 mL), Millex-

GV 13 mm, 0.22 μm polyvinylidene fluoride (PVDF) filters was purchased from Sigma-

Aldrich. 15 x 45 mm, 1-dram glass vials were purchased from Fisher Scientific.  

3.2. Wet Chemistry 

3.2.1. Behavior of C.I. Reactive Yellow 174 under different pH condition 

 To establish a primary understanding the behavior of dye molecule under different pH 

conditions, a series of Reactive Yellow 174 solutions heated at different pH were prepared and 

analyzed by Time of Flight MS. First, the original pH of the commercial dye solution at 0.1M 

was measured by pH paper. Based on this native pH, two batches of dye solutions with pH of 

3, 5, 7, 10, 12 were prepared by adding 0.05M sodium hydroxide solution or hydrochloric acid 

solution into the original dye solution. One batch of solution was heated on a Pierce Reacti-

ThermTM heating module at 80 ºC for 3 hours. Then solutions before and after the reaction were 

prepared for Thin Layer Chromatography (TLC) analysis to monitor the progress of reaction. 

After that, solutions after heating were diluted to a concentration of 100 μg per mL before 

analyzed by TOF MS.  Figure 18 shows the photo of Reactive Yellow 174 solution heated at 

different pH.  
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Figure 18 Reactive Yellow 174 solution heated at different pH 

3.2.2. Study on the Hydrolysis of Reactive Yellow 174 under alkaline condition 

To investigate the reaction pathway of Reactive Yellow 174 hydrolysis under alkaline 

conditions, a series of hydrolysis reactions was designed. In order to investigate the effect of 

time and alkaline concentration on the progress of hydrolysis reaction, two groups of 

hydrolysis reactions were performed. The condition for these reactions were presented in Table 

1.  All the reactions in this section were performed in a 5-ml capped reaction vial and heated 

in a Corning hotplate. After the reaction, the vial was transferred into an ice bath and the 

reaction was quenched by adding 0.1 M hydrochloride acid to pH 7. Figure 19 showed the 

setup of experiment with different alkaline concentration. 
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Table 1 Conditions of hydrolysis reactions on dye solution 

Group 

Number 

Alkaline 

Concentration 

Volume of 

alkaline solution 

Volume of dye 

solution 

Reaction 

time 
Temperature

1 0.15% 1 ml 1 ml 5 minutes 60 ºC  

1 0.15% 1 ml 1 ml 10 minutes 60 ºC 

1 0.15% 1 ml 1 ml 20 minutes 60 ºC 

1 0.15% 1 ml 1 ml 30 minutes 60 ºC 

1 0.15% 1 ml 1 ml 60 minutes 60 ºC 

1 0.15% 1 ml 1 ml 
120 

minutes 
60 ºC 

2 0.15% 1 ml 1 ml 2.5 hours 60 ºC 

2 0.5% 1 ml 1 ml 2.5 hours 60 ºC 

2 1.0% 1 ml 1 ml 2.5 hours 60 ºC 
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Figure 19 Experiment Setup of Reactive Yellow 174 alkaline hydrolysis at different 

concentration 

3.2.3. Hydrolysis of Reactive Yellow 174 of colored fabrics 

 Due to the limited availability of degraded sample, a reliable method of extraction has 

to be developed before introducing the degraded samples. Preliminary experiments were 

carried out by treating undegraded Reactive Yellow 174 dyed fabrics with sulfuric acid and 

sodium hydroxide. The fabrics were cut into a 2 cm by 2 cm square piece to match the 
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dimension of degraded sample. To maximize the contact area of the fabrics, these 2 cm by 2 

cm fabrics were cut into stripes and then into smaller fiber. These smaller fibers were added 

into a 5ml reaction vial with 2 ml of 0.1M sulfuric acid solution. The system was heated to 80 

ºC on a Corning hotplate. The reaction was quenched by adding 0.05M sodium hydroxide into 

the solution to pH 7 in an ice bath. Then the solution was filtered by 0.22 μm polyvinylidene 

fluoride (PVDF) syringe filters to remove potential microfibers that may block the flow of 

HPLC. Meanwhile, another group of treatment on fabrics with distilled water was carried out 

as reference.  

 The treatments of not degraded fabrics with sodium hydroxide was carried out by using 

the same procedure of acid. But to investigate the influence of increased alkaline concentration 

on the progress of hydrolysis reaction, the treatment of not degraded  fabrics with alkaline 

performed with three different concentration: 0.05%, 0.15%, and 1.5%. Figure 20 shows the 

setup of hydrolysis reaction on fabrics at alikiline condition.     
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Figure 20 Setup of acid treatment experiment on undegraded Reactive Yellow 174 fabrics 

3.2.4. Thin-layer Chromatography  

 Thin-layer Chromatography (TLC) was applied to monitor the progress of synthesis 

reactions. The elution solvent used in this experiment was a mixture of ethyl acetate, methanol, 

acetonitrile, 1-butonal at a ratio of 1:4:2:1. The development of this solvent system was based 
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on existing studies and a series of empirical experiments.(29, 30,) The stationary phase used 

in this study is silica gel 60 F254. The solution was spotted onto the surface of the sheet by 5-

ul micro-capillary and dried in the oven for three minutes. Meanwhile, 2 ml of elution solvent 

was added into the TLC chamber and set for 5 minutes. Then the spotted TLC sheet or plated 

was placed into chamber and leaned on the bottle wall. When the elution is finished, the plate 

was taken out from the chamber and the Rf of each sample was calculated after the residue 

solvent evaporated. A Handheld UV light (Model ENF-260C) from Spectroline® was used to 

detect possible colorless components that subject to UV absorption. 

3.3. Instrumental analysis 

3.3.1. Spectrophotometric analysis 

Spectrophotometric analysis was carried out to characterize the absorption properties 

of the degraded and undegraded Reactive Yellow 174 fabrics. The measurement of spectral 

reflectance of fabrics as well as their K/S value, an indicator of dye concentration developed 

by Kubelka and Munk in 1931(31), were carried by using an X-rite Color i7 spectrophotometer 

and the following parameters: Specular inclusion, 10o standard observer, small area view, D65 

standard illuminant and 4 reading averaged. Because of the different surface texture of the 

fabrics, the measurement was performed twice on each side of the fabric and averaged. 

Due to the limited quantity of degraded fabrics as well as its lack of structural integrity, 

the fabrics after degradation have to be modified to fit the standard measurement procedure of 

spectrophotometer. As a result, both of the degraded and undegraded fabrics were mounted 

with two 0.1 cm thick transparent glass slides.  A photo of control undegraded fabrics and 

degraded fabrics was provided in Figure 21.  
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Figure 21 Photograph of degraded (45, 90 days) and not degraded  R.Y 174 fabric 

3.3.2. Analysis of the behavior of dye at different pH by TOF MS 

 To obtain a preliminary understanding on the behavior of Reactive Yellow 174 dye 

molecule under different pH conditions, TOF mass spectrometer analysis was conducted. Six 

solutions of 0.1M C.I. Reactive Yellow 174 after 3 hours of heating at 80 ºC were diluted with 

methanol to 100 μg per mL by mixing 10 μL of product solution was 990 μL methanol. Then 

the solution was introduced into MS via direct injection on a NE-300 syringe pump from New 

Era Pump System Inc. with the infusion rate set at 6uL per minute. Ionization was carried out 

in negative mode with the following parameters: gas temperature 350 ºC, drying gas 5 liters 
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per minute, nebulizer 50 psig, Vcap voltage 3500V. Time of flight mass analyzer was set with 

fragmentor voltage at 110 V, skimmer voltage 65 V, and OCT 1 RF Vpp at 750 voltage.  

3.3.3. MS/MS study on the dissociation pathway of C.I. Reactive Yellow 174 and 

hydrolysis product 

 Tandem MS analysis was performed on C.I. reactive Yellow 174 dye molecule as well 

as its hydrolysis product was carried out to examine its dissociation pathways under Collision-

Induced Dissociation (CID). The experiments were performed by targeted  MS/MS acquisition 

function from Agilent MassHunterTM Acquisition interface. Native dye ions at m/z 419.5109 

and hydrolysis product ions at m/z 418.5121, 416.5493 were selected as precursor ions which 

represents products from the hydrolysis reaction at different stage. These ions of interest were 

isolated using a narrow window (~1.3) and with Collision energy set at 15, as defined by 

MassHunter.  

3.3.4. LC-MS Analysis 

LC-MS analysis on the hydrolysis products from fabric and dye were performed on an 

Agilent Technologies 1260 High-Performance Liquid Chromatography (HPLC) system 

coupled to the Q-TOF mass spectrometer. Running solutions were prepared as follows: 10 μL 

of product solution was transferred to a 2-mL Agilent amber screw top glass LC vials (Part 

number: 5188-6535) and mixed with 990 μL of LC-MS grade methanol. The product solution 

from fabric treatment was transferred to the vial. The mobile phase was composed by an 

isocratic elution with water and acetonitrile at a ratio of 1:1 and an Agilent PoroshellTM 120 

EC - C18, 2.7 μm, and 3.0 x 100 mm reverse-phase column was used. The flow rate was set to 

0.5 mL/min and total runtime for each sample is 5 minutes. Ionization was carried out in 



 

39 

negative mode with the following parameters: gas temperature 350 ºC, drying gas 5 liter per 

minute, nebulizer 50 psig, Vcap voltage 3500Vand fragmentor voltage at 175 V. 

3.3.5. Potential volatile compound detection by GC/MS 

 GC-MS analysis of  volatile compounds that may be originated from degradation 

process were perfomed on the mass spectrometry facility at the Chemistry Department at North 

Carolina State University. Degraded Reactive Yellow 174 fabrics and degraded control white 

fabrics were selected in this experiment. These fabrics were submerged into a washing solvent 

made up by acetonitrile and methanol at a ratio of 3:7 in a vial. The vial was shaken for one 

minute on a vortex mixer. Then the samples were transferred to the Chemistry department from 

GC-MS analysis. The instrument used was an Agilent 5975B GC/MS system with electron 

ionization and quadrupole mass analyzer. Regarding the setup in separation, the system phase 

consisted of two 30 cm columns filled with 5% Phenyl Methyl Siloxane with 250 um diameter 

as stationary phase and helium gas as mobile phase. A detailed report of GC/MS parameter 

was provided in Figure 22 (a) to (c). 
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Figure 22 (a) GC/MS instrument control parameters: page 1 
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Figure 22 (b) GC/MS instrument control parameters: page 2 
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Figure 22 (c) GC/MS instrument control parameters: page 3 
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4.  Results and Analysis  

4.1. TLC on the behavior of dye under different pH 

Result from TLC on the behavior of dye under different pH was shown in Figure 23. 

At room temperature, all the solution shows the presence of two separate spots at a nearly same 

height.  These two spot has similar yellow color. So it is very likely that both of these two spots 

are related to the dye. Considering the separation principle of chromatography, the component 

with higher affinity to the stationary phase will travel at a lower speed, which results in a higher 

retention factor (Rf) The component with higher Rf will have higher polarity comparing with 

the with one with lower Rf. Combining these with the structure of C.I Reactive Yellow 174, 

we could expect these two spot could represent the hydrolyzed and unhydrolyzed form of the 

dye.  

 By comparing the TLC spots before and after hydrolysis, a qualitative understanding 

on the behavior this reactive dye under diffenrent pH conditions could be established. Figure 

23 shows the TLCs results of the dye solutions of pH 3, 5, 6, 7, 10 and 12. It is noticeable that 

the color area showed in pH 10 was lighter than that in pH 5, 6 and 7, which indicated that the 

quantity of this component in pH 10 has been reduced after the reaction. Meanwhile, at pH 3 

and pH 12, there was only one spot left after reaction and there is no present of the yellow area 

found in pH 5, 6, 7, and 10. This means that a considerable amount of starting material, which 

in this case is the native dye, has been converted into hydrolyzed dye that is more polar than 

the original form. Additionally, since pH also represents the concentration of hydroxide ion, 

based on the changes from pH 7 to pH 12, it is reasonable to claim that the hydrolysis of 

reactive Yellow 174 could be promoted by an increased concentration of sodium hydroxide. 
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Figure 23 TLC of Reactive Yellow at different pH before (left) and after heating (right) 

4.2. Analysis of the hydrolysis reaction of Reactive Yellow 174 by Mass Spectrometry 

4.2.1. TOF-MS spectra of Reactive Yellow 174 at different pH  

MS spectrum of Reactive Yellow 174 solution at original pH (without additional acid 

or base) as well as background spectrum is provided in Figure 24 (a) to Figure 24 (c). As is 

shown in Figure 24 (a), a number of peaks with significantly high intensity can be observed. 

Among them, the peak of m/z 112.9867 is related to the methanol and water solvent. The peaks 

of 601.9784, 1033.9879, 1133.9684, and 1633.9494 in the background spectrum are identified 

as background peaks as they are related to the calibration matrix used to reduce the ppm error. 

Besides these background peaks, peaks of 272.0088 and 419.5077 were identified as triply and 
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doubly charged Reactive Yellow 174 by comparing the experimental m/z value and relative 

peak abundance and their isotopic distribution. Another noticeable sign found in Figure 24 (c) 

is the presence of peak at m/z 418.5089, which was identified as hydrolysis product at 

monofluorotriazine group (MFT) by checking the exacting the exact mass difference. 

Figure 24 (a) Full spectrum of Reactive Yellow 174 solution heated at native pH 

 

Figure 24 (b) Experimental isotropic distribution of triply charged Reactive Yellow 174 
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Figure 24 (c) Experimental isotropic distribution of doubly charged sodiated Reactive 

Yellow 174 

 Figure 25 (a) and (b) showed the MS spectra of the dye solution at pH 3 after 3 hours 

of heating at 80 ºC and the zoom in the spectrum of protonated and sodiated hydrolysis product 

at MFT group. One of the major change observed in Figure 25 (a) is that comparing with 

spectrum at native pH, the presence of peak around 419.5095 was no longer observed. Instead, 

two peaks at 407.5188 and 418.5097 were found, which were identified as protonated and 

sodiated hydrolyzed Reactive Yellow 174. By comparing those experimental m/z value with 

the theoretical exact mass, it is reasonable to claim that the hydrolysis product found in this 

solution is produced by hydrolyzing the monofluorotriazine group on the original dye. A 

confirmation of this structure by CID will be provided in the following section.   
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Figure 25 (a) Full spectrum of Reactive Yellow 174 solution heated at pH 3 

 

Figure 25 (b) Experimental spectrum of protonated and sodiated hydrolyzed dye in MFT 

group 
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 Figure 26 and 27 shows the MS spectra of Reactive Yellow 174 solution at pH 6 and 

7, respectively. Compared with spectrum at native pH, these two spectra did not show any 

significant changes in the distribution of peaks and behavior of the dye.  

 

Figure 26 Full spectrum of Reactive Yellow 174 solution heated at pH 6 

 

Figure 27 Full spectrum of Reactive Yellow 174 solution heated at pH 7 
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 The full spectrum of dye solution heated solution at pH 10 was presented in Figure 28 

(a). Compared with spectrum at native pH, the intensity of the peak at m/z 419.5095 was 

reduced while the peak at 418.5098 showed a significant increase in the intensity. A zoom in 

inspection in Figure 28 (b) shows an isotopic distribution interference around m/z 418.5098 

and m/z 419.5082, which suggested that there was a mixture of hydrolysis product with the 

unreacted dye in the pH 10 solution. This merging of two isotropic distribution suggested that 

at this pH, after three hours of heating, the reaction condition was not strong enough to push 

the reaction to completion. 

 

Figure 28 (a) Full spectrum of Reactive Yellow 174 solution heated at pH 10 
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Figure 28(b) Zoom in spectrum showing the inference of isotropic distribution between m/z 

407.5 and 419.5 

 Mass spectrum of pH 12 dye solution heated at 80 ºC for 3 hours is presented in Figure 

30 (a). Compared with the mass spectrum from pH 3 solution, besides the peak of MFT 

hydrolysis product at m/z 407.5177 and 418.5096, there were two additional peaks at m/z 

416.5232 and 427.5143 found in the spectrum. By examining the exact mass difference among 

these peaks, a correlation between them could be established where the peak at m/z 416.5232 

and 427.5143 have 18 mass difference to the peak of 407.5177 and 418.5096. Considering the 

structure of this dye, it is expected that these two peaks could be identified as protonated and 

sodiated hydrolysis product in vinyl sulfone group and monofluorotriazine group. The 

structure of these two products is presented in Figure 29 (c) and (d). This presence of hydrolysis 

product peak and the near absence of native dye peak suggested that at pH 12, the high 

concentration of alkaline was able to considerably promote the progress of hydrolysis reaction.  

Another noticeable in Figure 29 (b) is that comparing with the spectrum from pH 12 solution, 
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which shows a considerable abundance of protonated hydrolysis product, shows a 

predominance in abundance of sodiated hydrolysis product. This could be explained by the 

difference in pH condition since the sodium ion from sodium hydroxide would dominate the 

population of positive ion in alkaline solution while the proton from hydrochloride acid would 

be the major positive ion in an acidic environment.  

 

 

Figure 29 (a) Full spectrum of Reactive Yellow 174 solution heated at pH 12 featuring the 

absence of native dye  
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Figure 29 (b) Zoom in spectrum of protonated and sodiated Reactive Yellow 174 hydrolysis 

product in Vinyl Sulfone and Triazne group 

    

Figure 29 (c) Structure of protonated hydrolysis product in Vinyl Sulfone and 

Monofluorotriazine group 
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Figure 29 (d) Structure of sodiated hydrolysis product in Vinyl Sulfone and 

Monofluorotriazine group 

4.2.2. MS/MS analysis on native dye and hydrolysis product 

 Doubly charged sodiated reactive Yellow 174 dye molecule at m/z 419.5109 was 

selected as precursor ion for MS/MS analysis. The MS/MS spectrum was presented in Figure 

30 (a). At this fragmentation conditions, a series of fragments with m/z of 312.0117, 338.9996, 

and 351.9888 were observed. As shown in Figure 30 (a), the peak of m/z 351.9888 with a mass 

loss of 135.0416 was produced by removing the vinyl sulfone group as well as the ether group 

on the left part of the structure. The peak of m/z 338.996 and m/z 312.0117 were produced by 

losing additional C2H4 group and SO3 group, respectively. By examining the exact mass 

difference between each of the product ions and precursor ion, the fragmentation pathway of 

unhydrolyzed Reactive Yellow 174 under CID could be established.  
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 Figure 30 (a) MS/MS spectrum of doubly charged native Reactive Yellow 174  

 MS/MS spectra of sodiated Reactive Yellow 174 hydrolysis product in 

monofluorotriazine group from pH 12 and pH 3 were presented in Figure 30 (b). As is shown 

in the spectra, MS/MS spectra on m/z 418.5121 at pH 12 and pH 3 shared a same peak 

distribution. The most abundant peak at m/z 350.9915 and the peak at 338.0012 were due to 

the loss of vinyl sulfone group alone with the alkyl chain on left of the ether group. The next 

abundant fragment with a m/z of 409.9915, which corresponded to the loss of –OH group from 

the triazine ring. By examining the fragmentation pattern of Reactive Yellow 174 hydrolysis 

product, it proofs that the most vulnerable part in this dye is around the ether group since a 

majority of products are related to the breaking of this part.  
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Figure 30 (b) MS/MS spectrum of doubly charged Reactive Yellow 174 hydrolysis product 

in monofluorotriazine group 

MS/MS spectra on the peak of m/z 416.5553 from pH 12 solution was presented in 

Figure 30 (c). With collision energy at 15, a series fragment ions with m/z of 408.0093, 

348.5124, 339.9987, and 327.0044 were observed. Among them, 408.0093 was produced by 

losing one OH group from the precursor ion while the peak of 348.5124 was produced by 

converting the ether group into a hydroxyl group with a loss of vinyl sulfone group. Based on 

this results, the product ions with m/z of 339.9987 and 327.0044 were generated by losing 

additional OH group and CH2NO group, respectively.  The structure of product ion with m/z 

348.5124 is shown in Figure 30 (d) 
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Figure 30 (c) MS/MS spectrum of doubly charged Reactive Yellow 174 hydrolysis product 

in Vinyl Sulfone and monofluorotriazine  

SO O

O-

S
O

O
O-S

O

O
OH

N
N

H
N

N

N

N

OH

H
N

HO
NH

NH2O

Chemical Formula: C22H19N9O12S3
2-

Exact Mass: 697.0326
m/z: 348.5163  

Figure 30 (d) Structure of fragment ion with m/z 348.5 showing the detachment of Vinyl 

Sulfone group 

4.2.3. Reaction monitoring on hydrolysis of Reactive Yellow 174 by LC-MS 

Figure 31 (a) showed a series of DAD chromatograms obtained from the alkaline 

hydrolysis of Reactive Yellow 174 at different time stages. The detection wavelength was set 
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at 430 nm. By checking the change in retention time, it is observed that as the reaction proceeds 

over time, the original dye peak was converted into something with higher polarity. This 

conversion of polarity reached completion after 30 minutes of reaction, the reaction was able 

to convert the native dye molecule into a different form with higher polarity. The detail 

composition of each system will be examined by comparing the MS spectra.  

 

Figure 31 (a) DAD chromatogram of hydrolysis of reactive Yellow 174 dye at different time 

Additionally, the LC-MS spectra corresponding with the DAD chromatogram of the 

reaction at different times was extracted and presented in Figure 31 (b). In these spectra, a 

series of peaks representing the products from different stages of the reactions were found. For 

instance, the peak at m/z 408.5238 represents the unreacted dye, the peak of 407.5265 

represents the hydrolysis product in monofluorotriazine group, and the peak of m/z 416.5538 

represents the hydrolysis product in vinyl sulfone and monofluorotriazine group. Since all six 

of the spectra were gathered using the same condition, the change in the peak abundance ratio 
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over time could also be interpreted as the progress of hydrolysis reaction over time. At the 

starting stage of the reaction, specifically, from 5 to 10 minutes, there was a predominance of 

m/z 408.5238 peak and a 407.5265 peak that is almost one-fifth of the 408.5238 peak. This 

suggest that there was already some single hydrolysis product in the starting material.  

As the reaction time reaches 20 minutes, the peak abundance of m/z 407.5485 and 

416.55538 increased while the peak abundance of m/z 408.5238 was reducing. These results 

suggested that after 20 minutes of reaction, a considerable amount of starting material was 

converted into the hydrolysis product through nucleophilic substitution on monofluorotriazine 

(MFT) group. By comparing the level of increasing in peak abundance of m/z 407.5485 to the 

same of 416.5538, it is reasonable to speculate that the generation of singly hydrolyzed product 

is easier than the generation of doubly hydrolyzed product. Then at 30 minutes, although the 

peak of m/z 408.5 still had a noticeable abundance, it was believed that most of the starting 

material had been converted into the hydrolysis product since the interfering of isotropic 

distribution between the peak of m/z 407.5485 and 408.5489 found in 20-minute spectrum has 

disappeared. As the reaction reached 60 minutes and then 120 minutes, it was observed that 

the peak of m/z 407.5322 was reduced and the peak of m/z 416.5538 got increased. This 

suggested that at the beginning of hydrolysis reaction, the native dye would be hydrolyzed at 

monofluorotriazine group through nucleophilic substitution. Then at 120 minutes, these single 

hydrolysis product gets hydrolyzed at the vinyl sulfone group via nucleophilic addition.  

Another noticeable peak which was not shown in Figure 31 (b) is the peak of m/z 

348.5538, which was identified as the degradation product of the dye.  A table summarizing 

the abundance of the peaks discussed above is presented in Table 2.  
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Figure 31 (b) LC-MS spectra on Hydrolysis of Reactive Yellow 174 at different time 

Table 2 Peak Abundance of the hydrolysis products at different condition  

Mass to charge ratio 407.5485 408.5489 416.5538 348.5273 
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 To verify the influence of alkaline concentration on the progress of reaction. Another 

group of spectra obtained from reactions with different concentrations of sodium hydroxide 

was presented in Figure 31 (c) and the peak abundance of native and hydrolysis product was 

enlisted in Table 1. As is shown in these spectra, in reaction with 0.15% NaOH, the peak of 

m/z 407.5445 was detected and the peak abundance of m/z 348.5376 is lower than that of 

416.5491. This suggests that at this concentration, most of the native dye have been converted 

into the hydrolysis product. As the concentration of sodium hydroxide increases, the peak 

abundance ratio between m/z 348.5376 and m/z 416.5491 increases. This suggests that 

although the increasing alkaline concentration would push the reaction to completion, it also 

promotes the degradation of the dye. Additionally, this means that to preserve the structural 

integrity of the dye, the concentration of alkaline needs to be controlled at a certain level.  

 

Figure 31 (c) LC-MS spectra on Hydrolysis of Reactive Yellow 174 with different alkaline 

concentration 
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4.2.4. LC-MS Study on the Hydrolysis of undegraded Reactive Yellow 174 fabrics 

In order to study the behavior of the fabrics under different pH conditions, DAD 

chromatograms were obtained from the hydrolysis of undegraded fabrics at different pH 

conditions (Figure 32 (a)). As is shown in these chromatograms, both of the acid and the 

alkaline were able to remove a certain amount of colorant from the fabrics, but considering the 

area of DAD peak, the alkaline conditions were able to remove more dye from the fabrics.  

  

Figure 32 (a) DAD Chromatogram on the hydrolysis of Reactive Yellow 174 fabric at 

different pH condition 

 The MS spectra extracted from the DAD chromatogram are shown in Figure 23 (b). 

Basic hydrolysis showed a peak of m/z 179.0439, which represents the deprotonated glucose, 

and a peak with m/z 348.4919 representing the degraded reaction product of the hydrolysis 

product. These spectra in Figure 23 (b) suggests that sodium hydroxide is able to hydrolyze 

the reactive dye on the fabrics but also results in a degradation of dye on vinyl sulfone group. 
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Figure 32 (b) LC-MS on the hydrolysis of Reactive Yellow at different pH condition 

 To verify the influence of sodium hydroxide concentration in this process, another set 

of reactions was carried out with increased alkaline concentration. As is shown in Figure 32 

(c), as the sodium hydroxide concentration increases, the ratio between peak m/z 348.5175 and 

m/z 416.5286 increases dramatically. This suggests that an increased concentration of sodium 

hydroxide would hydrolyze the dye on the fabrics and promote the degradation of dye.  

 

Figure 32 (c) LC-MS on the alkaline hydrolysis of Reactive Yellow at different concentration 
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4.3. Characterization of degraded fabrics 

4.3.1. Spectral properties of Reactive Yellow 174 Fabrics with and without 

degradation 

The absorption curve of Reactive Yellow 174 colored fabrics before and after the 

degradation was presented in Figure 33.  It is expected that the λmax of the undegraded fabrics 

will be around 440 nm. With this in mind, it will be expected that for degraded fabrics the λmax 

absorption will decrese due to the change of dye concentration on the fabrics. This suggests 

that there is a noticeable amount of dye lost during the degradation which caused a decrease in 

dye concentration on the fabrics. Additionally, this figure indicates that even after 90 days of 

degradation, there is still a considerable amount of intact dye on the fabrics, which means that 

if the degraded fabrics were treated in the same condition as the fabrics without degradation, 

the results will show a certain level of similarity.  

 

Figure 33 Absorption Curve before and after the Degradation 
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4.3.2. GC-MS spectra on degraded fabrics extraction 

GC-MS is usually used to detect volatile compounds in a certain mixture.(12) Modern 

GC-MS are often equipped with library search program to generate a match based on a 

collection of EI spectra. The purpose of this GC-MS study to extract and detect possible 

generation of volatile compounds due to degradation of dye.  The chromatogram of degraded 

white control fabrics washing liquid was presented in Figure 34 (a). As is shown in this 

chromatogram, most of the peaks with significant abundance are located within a retention 

time range of 14 to 17 minutes. A high abundance peak can be observed at 22.8 minutes.  

A closer examination at 14 to 17 minutes showed that among all the peak in this region, 

peaks at 15.236, 15.464, and 16.519 minutes showed even higher abundance than others. The 

MS spectra of these three peaks were presented in Figure 34 (b) to Figure 34 (d). According to 

the report of MS system, with match quality of nearly 99 percent, they were identified as 

hexadecanoic acid-methyl ester, n-Hexadecanoic acid, and Octadecanoic acid - methyl ester, 

respectively. All of these three compounds could be classified as fatty acid or fatty acid ester. 

The most common use of fatty acids and fatty acid esters in the textile industry to serve as 

surfactants in detergents or wetting agents. Regarding the peak at 22.853 minutes which is 

shown in Figure 34 (e), it is identified as γ-Sitosterol, which a kind of cholesterol commonly 

was found in plants. 
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Figure 34 (a) GC Chromatogram of degraded white fabrics washing liquid

 

Figure 34 (b) MS spectrum of peak at 15.236 minutes and system match 
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Figure 34 (c) MS spectrum of peak at 15.464 minutes and system match 

 

Figure 34 (d) MS spectrum of peak at 16.519 minutes and system match 
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Figure 34 (e) MS spectrum of peak at 22.853 minutes and system match 

The GC Chromatogram from the washing liquid of degraded Reactive Yellow 174 

fabric is presented in Figure 35 (a). Like the chromatogram from white control, it has a 

concentration of peaks in retention time ranging from 13 to 17 minutes. It also has a separate 

peak at 22.842 minutes. Two additional peaks were detected at 10.529 and 12.047 minutes. 

This suggested that although the white fabrics and the yellow fabrics might have some 

similarities in their degradation products, the yellow has some unique products.  
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Figure 35 (a) GC Chromatogram of degraded Reactive Yellow 174 fabrics washing liquid 

According to the report from GC-MS system, the peak of 14.348 and 15.233 minutes 

were identified as tetradecanoic acid, 12-methyl-, methyl ester and hexadecanoic acid, methyl 

ester, respectively. And the peak at 22.842 was identified as beta-sitosterol, which is another 

kind of planetary steroid like gamma-sitosterol identified in the chromatogram of white fabrics. 

The additional two peaks at 10.529 and 12.047 minutes were identified on the EI database as 

dodecamethylcyclohexasiloxane, a kind of silicone compound where silica atoms served as the 

backbone of its ring structure. Figure 35 (b) to (d) shows the MS of these peaks mentioned 
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above. It is noticeable that none of these peaks except the peak at 15.233 minutes were 

identified with a perfect quality, which means that match result from the system may have a 

certain level of variation from the actual compound.   

 

Figure 35 (b) MS spectrum of peak at 12.047 minutes and system match 

 

Figure 35 (c) MS spectrum of peak at 15.236 minutes and system match 
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Figure 35 (d) MS spectrum of peak at 22.842 minutes and system match 

A table of compounds identified from the chromatogram by the GC-MS system is 

presented in Table 3. According to this table, there was mainly three type of compounds found 

in these two washing: fatty acid and its ester, silicone oil derivatives like siloxane, and gamma- 

Sitosterol. To study the origin of these compounds, the sample history of these fabrics was 

reviewed. According to the procedure report from Cotton Incorporation, in the bleaching 

process, both of the white and yellow fabrics were treated with hydrogen peroxide as well as a 

series of textile auxiliaries such as SULTAFON™ D, Marlube™ CMN, and Marquest™ PB. 

Among them, nonionic surfactant SULTAFON™ D serves as the wetting agent.  Marlube™ 

CMN served as a polymer lubricant between the machine and fabrics. Marquest™ PB will 

stabilize the peroxide during the bleaching.  Based on these information, it is reasonable to 

conclude that the fatty acid ester and silicone derivatives components detected by GC-MS in 

the washing liquids of degraded white and yellow fabrics could be traced back to the wetting 
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agents and lubricants used during the bleaching. The detection of gamma-Sitosterol in the 

mixture could be accounted by the fact that the soil used in the degradation experiment is 

originally designed for planetary uses such as gardening and farming, so, it is expected that a 

plant material presented on the soil could be transferred  to the surface of the fabrics as the 

degradation process progressed . 

Table 3 List of all compounds found in degraded fabrics washing liquids 

45 Days Degraded Control White Fabrics 45 Days Degraded Reactive Yellow 174 Fabrics 
Compound Name Quality Compound Name Quality

Methyl 13-methyltetradecanoate 99 Cyclohexasiloxane, dodecamethyl- 90 

Tetradecanoic acid, 12-methyl-, 

methyl ester 98 Cycloheptasiloxane, tetradecamethyl- 93 

Methyl 13-methyltetradecanoate 98 Cyclooctasiloxane, hexadecamethyl- 62 

Pentadecanoic acid 95 

pinane/BICYCLO[3.1.1]HEPTANE, 2,6,6-

TRIMETHYL- 56 

9-Hexadecenoic acid 99 Pentadecanoic acid, methyl ester 94 

Hexadecanoic acid 99 Cyclononasiloxane, octadecamethyl- 94 

cis-9-Hexadecenoic acid 97 9-Hexadecenoic acid, methyl ester, 99 

n-Hexadecanoic acid 99 9-Hexadecenoic acid, methyl ester, 99 

11-Octadecenoic acid 99 Hexadecanoic acid, methyl ester 99 

Octadecanoic acid, methyl ester 99 9-Octadecenoic acid (Z)- 91 

l-Methionine, N-

neopentyloxycarbonyl-, dodecyl 

ester 64 9-Octadecenoic acid (Z)-, methyl ester 99 
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Table 3 Continued 

Nonadecane 42 Octadecanoic acid, methyl ester 99 

SILIKONFETT 64 17-n-Hexadecyltetratriacontane 49 

SILICONE GREASE, 

SILICONFETT 45 Octadecane, 1-iodo- 64 

gamma.-Sitosterol 91 Octadecyl iodide 50 

  Octadecyl iodide 50 

  SILIKONFETT 49 

  SILIKONFETT 49 

  gamma.-Sitosterol 90 

 

5. Conclusion  

The result obtained from this research suggested that the two reactive groups on the 

structure of Reactive Yellow 174 have different reactivity where the monofluorotriazine group 

is more reactive than the Vinyl Sulfone group. Thus, the hydrolysis of Reactive Yellow dye 

molecule could be divided into three stages. The first stage of reaction involved the hydrolysis 

of the monofluorotriazine group and produced a peak of m/z 407.5207 in the mass spectrum. 

In the next stage of the reaction, this product of m/z 407.5207 got hydrolyzed further on the 

vinyl sulfone group which produced a peak of 416.5260 m/z. At the last stage of the reaction, 

the peak of 416.5260 m/z was reduced to 348.5163 m/z by cleaving the vinyl sulfone group 

from the dye structure at the ether bond.  
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Regarding the hydrolysis of Reactive Yellow 174 colored fabrics, hydrolysis under 

alkaline condition was more advantageous than the acid condition since they were able to 

cleave glucose units from the fabrics as well as remove the dye from the fabrics. 

Results from GC-MS analysis suggested that there was still a certain quantity of auxiliaries 

left on the fabrics after the degradation since most of the compounds identified by the database 

could trace back to the wetting agents and detergents that were introduced during the 

production process. 

6. Future works 

Based on the result from this study, one part of the future work will be focused on the 

development of an enzymatic method to cleave the fabrics. Because of the efficiency 

specificity of enzyme towards the glycosidic bond, it is expected that the product will have a 

structure where the reactive dye is bonded to one or multiple glucose units. Meanwhile, 

synthesis reaction will be performed to synthesize this type of dye-sugar compound as 

standard. 

Another future direction of this study is the analysis of soil. There is a chance that some of 

the degradation product or even the dye has leached to the soil, so an extraction method will 

be developed to extract dye from the soil. 
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Appendix A 

Structure of all hydrolysis product from Reactive Yellow 174 
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