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1. Introduction

End-of-life waste management has become an increasingly urgent 
issue that has prompted research into how transitioning from a 
linear to a circular textile economy can prolong product life and 
decrease solid waste in landfills [1, 2]. In the United States, textiles 
accounted for 5.8 % of total municipal solid waste in 2018, with 
only 14.7 % of this waste being recycled according to the 
Environmental Protection Agency (EPA) [3]. In 2015, the growth 
of cotton and production of finished textiles required 98 billion 
kilograms of non-renewable resources such as oil, chemicals, and 
fertilizers [4]. Textile recycling has become attractive to prevent 
its accumulation in landfills, limit the usage of nonrenewable re-
sources, and lessen the environmental damage caused by its 

manufacturing. For recycling waste cotton, the development of 
recycling practices that can be used regardless of variability in 
the post-consumer products, fiber aging, and the production of 
high-quality products from recycled cotton that are marketable 
must be addressed [5]. 

Research into textile dye removal from cotton has aimed to 
extend the product life cycle while retaining the structural integrity 
of the material [2, 6]. Using ozonation, sonolysis, Fenton’s proc-
esses, biodegradation, and base chemicals, dye removal and degra-
dation from wastewater and textiles has been achieved, though 
each method has advantages and disadvantages [7-10] For in-
stance, sonolysis results in decolorization of dyed textiles, but 
the kinetics are very slow if not coupled with other techniques 
(i.e., hydrogen peroxide, ozone, and Fenton). Fenton’s photo-
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catalysis is feasible for the treatment of high concentration dye 
chemicals in textiles, however the reaction time is slow and requires 
low pH conditions (< 3.5) [11]. Biological processes have gained 
more attention due to their ecological benefit, however the high 
cost of enzymes, ability to control bacteria formation, creation of 
secondary pollutants, and low biodegradability of dye chemicals 
limits the value of these techniques [12, 13]. Base chemicals, includ-
ing sodium hydroxide (NaOH), have been used to treat cotton fabric 
and cellulose [14-16]. This treatment method can also have added 
benefits such as low cost and simplicity of use. NaOH has been 
chosen in several studies as an effective, environmentally friendly 
chemical to enhance the dissolution of cellulose at higher concen-
trations [17-23]. Research, however, on the use of NaOH to specifi-
cally decolorize dyed cotton fabric has not been extensive. 
Therefore, using NaOH treatment for decolorization from textile 
is worthy to be investigated.

Crystal violet (CV), also known as gentian violet, is a triphenyl-
methane synthetic dye that has many relevant uses, from dyeing 
and whitening fabric to its use as a topical treatment for fungal 
and bacterial infections [24, 25]. Azo dyes, such as CV, are com-
monly chosen as dyes for cotton textiles [26], leading to the 
selection of CV as a representative textile dye for this study.  
Studies have shown that CV solution can be decolorized using 
the hydroxide ion (OH-) [27-29]. The conjugated double bonds 
in chromophores of CV give it specific color [16]. When CV 
reacts with NaOH, a dissociated hydroxide ion bonds to the 
central carbon, causing decolorization as the product is no longer 
conjugated. 

In general, the reaction between CV and NaOH has only been 
studied extensively in aqueous solutions rather than in fabric. The 
novelty of this study is the elucidation of the reaction between 
CV and NaOH incorporated into solid material. After CV interacted 
with the cellulose in cotton fabric, different concentrations of NaOH 
were used to study the extent of decolorization. The results revealed 
that the decolorization of CV was dependent on the concentration 
of NaOH and that the molecular structure of cellulose remained 
unaffected after this reaction. To determine the molecular structure, 
morphology of the samples, and the extent of decolorization after 
the reaction, several characterization techniques were applied, in-
cluding FTIR, Raman spectroscopy, XRD, SEM, and EDS. In addition 
to the characterization, mechanical strength and colorimetric analy-
sis were also studied to understand the effect of CV and NaOH 
on the cotton fabric.

2. Experimental Section

2.1. Materials and Sample Preparation

Powdered crystal violet (CV, C25H30N3Cl, ACS reagent, ≥90.0 %) 
and pellet form sodium hydroxide (NaOH, ACS reagent, ≥97.0 
%) were purchased from Sigma-Aldrich and were utilized without 
pretreatment. Cotton fabric samples procured from Arthur R. 
Johnson Co., Inc., Brooklyn, N.Y. were provided by the Fashion 
Institute of Technology (FIT, U.S.A). Deionized water (~20 mΩ/cm, 
Direct-Q3, Millipore Sigma) was used to make 1.0 × 10-4 M CV 
stock solution and 0.1, 0.5, and 1.0 M NaOH stock solutions. 

To prepare the CV-dyed cotton fabric samples, 1.5 cm × 1.5 cm 
squares of cotton fabric were placed in separate beakers containing 
10 mL of 1.0 × 10-4 M CV solution. After ensuring that the pieces 
were fully submerged and covered by CV solution, the samples 
were left to soak overnight at room temperature. The CV-dyed 
samples were taken out of solution and placed into an oven overnight 
at ~60 oC. After removing the samples from the oven, 10 mL of 
the NaOH solutions were added to each dyed fabric sample. The 
fabric was kept in the NaOH solution overnight and removed the 
following day. The samples were placed in separate Petri dishes 
and again put in the oven to dry overnight at ~60 oC.

2.2. Characterization and Mechanical Testing

The infrared spectra were obtained with a Nicolet iS50 FTIR spec-
trometer (Thermo Fisher Scientific) equipped with an attenuated 
total reflectance (ATR) accessory. The samples were contacted with 
a diamond ATR crystal and the FTIR spectra (32 scans) were recorded 
between 400~4000 cm-1 with a resolution of 4 cm-1. Raman spectra 
were obtained using a Horiba-Jobin XploRATM PLUS Confocal 
Raman Microscope equipped with a 785 nm laser. Before collecting 
the Raman spectra of the sample, the spectrometer was calibrated 
via silicon material using a 100X objective and a 1200 gr/mm grating. 
The Raman spectra were collected in the 300~1800 cm-1 and 
2800~3300 cm-1 Raman shift regions. The acquisition time was 
10 seconds and then each spectrum was accumulated from 60 
scans. Crystallite structures of the as-received and treated samples 
were examined using XRD. The XRD patterns were collected with 
a Philips PW1729/APD3520 diffractometer with copper radiation 
(λ=1.54184 Å) in the 2θ range of 20~80 o with a step size of 
0.02 o. The surface topography and content were probed by SEM 
and EDS techniques, respectively. The SEM images were taken 
with LEO 1550 SFEG SEM (Zeiss) with an EDS detector from EDAX, 
and software/electronics from iXRFsystems. The samples were coat-
ed with nominally 6 nm of gold to reduce charging. Additionally, 
the samples were imaged using a Robinson backscatter detector 
(RBSD) and 20 keV electrons. Color measurements of the samples 
were performed using a ColorReader (Datacolor, U.S.A) and color 
values were compared by means of CIELAB parameters. The tensile 
strength, Young’s modulus, and toughness of the woven cotton 
muslin samples were measured using an Instron 5542 testing station. 
The diameter of the cotton yarn sample was 250~300 μm and 
the length of the sample was 150 mm. The extension rate was 
set at 2 mm/min.

3. Results and Discussion

3.1. Effect of NaOH Concentrations on CV Decolorization

To understand the decolorization of CV-dyed cotton fabric, digital 
photography and spectroscopic techniques, such as Fourier trans-
form infrared and Raman spectroscopy, were applied. The cotton 
fabric as-received (Fig. 1(a)) had a yellow-like color. After the 
interaction between the positively charged CV (carbocation) and 
the negatively charged cotton fabric (OH-), the color changed 
from yellow to bluish-violet (Fig. 1(b)) [24, 28]. As shown in 
Fig. 1(c)-(e), the fading of the violet color increased with increasing 
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NaOH concentration. The decolorization of CV in an alkaline 
(i.e., NaOH) aqueous media has been well documented. The 
rate of CV decolorization expressed as -r = k[CV][NaOH] where 
k is the rate constant [30]. Based on the rate equation, the CV 
decolorization reaction is first-order with respect to [NaOH]. It 
is worth noting that a bluish color was still evident in the 
NaOH-treated samples even at high NaOH concentrations 
(NaOH/CV = 1.0 × 103 ~ 5.0 × 103). Because CV was fully 
decolorized in the liquid phase reaction under similar ex-
perimental conditions (Fig. 1(f)), it is expected that a cellulose-CV 
interaction decreases the decolorization rate, suggesting that the 
bond between cellulose and CV is stronger than the interaction 
between water and CV. This finding has two potential 
explanations. There may be an attractive force between the pos-
itively charged CV and negatively charged surface of the fabric 
causing adsorption [31]. When treated with NaOH, if attractive 
forces were predominantly present then it would be expected 
that the violet color of CV would be present in solution, which 
was not observed. Alternatively, there may be hydrogen bonding 
between cellulose and CV, supported by a probable overlapping 
of C-H and O-H peaks in the FTIR spectra of Fig. 2 [32].

3.2. Vibrational Spectroscopies 

FTIR spectroscopy was utilized to examine the structural changes 
and the interaction of CV with NaOH. The IR spectra of the 
as-received and treated samples are displayed in Fig. 2. For 
reference, the IR spectrum of the solid-phase CV is displayed 
in Fig. S1(I). The full spectra in the range 500~4000 cm-1 can 
be seen in Fig. 2(I). In the region of 500~1250 cm-1 shown 
in Fig. 2(II), multiple peak assignments related to the structure 
of cellulose can be made. The peaks at 1160, 1054, and 900 
cm-1 are attributed to C-O-C asymmetric bridge stretching, C-O 
stretching vibrations, and β-glycosidic linkages found in cellulose 
I or C1H deformation, respectively [33-38]. A strong peak is pres-
ent in the samples treated with 0.5 M and 1.0 M NaOH at 880 
cm-1, which is due to the presence of the alkali [39]. Multiple 
assignments around 1106 cm-1 have been reported related to 
the C-O-C glycosidic ether and antisymmetric stretching of the 
pyranose ring [37, 40].

As shown in Fig. 2(III, 1250~1750 cm-1 wavenumber range), 

a small peak at ~1424 cm-1 is present in samples (a) and (b), 
which becomes broader and increases in intensity in samples (c-e) 
as NaOH concentration increases. The peak in samples (a) and 
(b) is assigned to CH2 symmetric bending of the ring structures 
in cellulose, while the same peak for samples (c-e) is due to NaOH 
(Fig. S2(I)) [39, 41]. The peak at 1588 cm-1 is only present in sample 
(b) and indicates C=C stretching of an aromatic ring vibration 
in the aromatic nuclei of CV [42]. Please note that the IR spectrum 
of 0.1 M CV also shows a weak peak at 1588 cm-1, while the peak 
is not visible in the 1.0 × 10-4 M CV IR spectrum due to the 
strong -OH bending mode peak at 1640 cm-1 as shown in Fig. 
S1(I). To reduce the impact of -OH on the CV peak intensity, a 
solid phase CV sample was used, and the spectrum clearly reveals 
that the peak at 1588 cm-1 is due to the CV. As shown in Fig. 
2(III), after NaOH treatment, the 1588 cm-1 peak disappeared due 
to surface coverage by NaOH.

In Fig. 2(IV), all samples displayed peaks at 2851 cm-1 and 2896 
cm-1, suggesting -CH stretching, however sample (e) showed a lower 
intensity compared to samples (a)-(d) [35, 40]. There are peaks 
of similar intensities at 3275 cm-1 and 3330 cm-1 in all samples 
that are attributed to the O-H bond in the O(2)H-O(6) and O(3)H-O(5) 
inter- and intramolecular hydrogen bonds of cellulose [24, 39, 43, 
44]. The inset in Fig. 2(IV) shows the absence of a peak that would 
have implied a transition from cellulose I to II. This result is encour-
aging because cellulose crystal transformation from I to II may 
occur at high NaOH concentrations (>3 M) [33, 39]. Based on 
the FTIR spectra analysis, it can be concluded that the cellulose 
structure of the cotton fabric was unaffected by both CV and NaOH 
under the experimental conditions.

As a complementary technique to the FTIR, Raman spectroscopy 
is also widely used to acquire structural information on organic/in-
organic materials. The Raman spectra of the cotton fabric, CV-dyed 
fabric (control), and NaOH-treated samples are presented in Fig. 
3. The cotton fabric spectrum contains strong bands at ~1098 
cm-1 and ~1122 cm-1 which correspond to the asymmetric and 
symmetric C-O-C stretching band in a glycosidic linkage, re-
spectively (Fig. 3(I)) [45]. These peaks were also shown on the 
control and NaOH-treated samples’ spectra. In addition to the same 
peak positions, the intensity ratio of these bands (I1098cm-1/I1122cm-1) 
was not changed much, indicating that the molecular structure 

a b c

d

e

f

Fig. 1. Images of (a) cotton fabric (b) control (cotton fabric+1.0×10-4 M CV) sample (c) control sample treated by 0.1 M NaOH (d) control
sample treated by 0.5 M NaOH (e) control sample treated by 1.0 M NaOH; ISO=800, 1/60 exposure time (f) 1.0 × 10-4 M M CV 
solution reaction with 0.1 M NaOH solution
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of cellulose was not affected by CV dyeing and decolorization 
processing. 

In the case of the control sample’s Raman spectrum (Fig. 3(I, 
b)), unique CV bands are shown in addition to the cotton fabric 
Raman band. The peak positions are well matched to band positions 
in the 0.1 M and solid CV Raman spectra as shown in Fig. S1(II): 
< 450 cm-1 (C+-phenyl stretching and C-N-N mode), 900~1400 
cm-1 (ring skeletal vibration and C-H in-plane bending mode), 
1500~1650 cm-1 (C-H bending and C-C stretching mode in a ring 
structure) [46-50]. It is worthwhile to note that Raman spectroscopy 
has advantages over FTIR spectroscopy in identifying the CV species 
in aqueous solutions due to Raman spectroscopy’s insensitivity 
to water molecules (see the 0.1 M CV peaks in Fig. S1(I) and (II)) 
[51]. Fig. 3(I-c,d,e) shows Raman spectra for the 0.1, 0.5, and 1.0 
M NaOH-treated control samples. The CV-related bands disappear 
after treatment with NaOH. A similar result was shown in the 
IR spectra (Fig. 2(III)). Furthermore, the Raman spectra of the 
NaOH-treated samples are very similar to the cotton fabric spectrum 

(Fig. 3(I-a)), indicating that most surface CV species disappeared 
or were covered by NaOH. The Raman spectra in the 2800~3300 
cm-1 region (Fig. 3(II)) shows a peak at ~2896 cm-1, which is assigned 
to a typical C-H bond stretching mode and was not affected by 
CV and NaOH treatment [45, 52]. Note again that Raman spectro-
scopy is insensitive to the hydroxyl vibration, while IR spectra 
contains a broad/strong O-H band at ~3275 cm-1 and ~3330 cm-1 
(Fig. 2 (IV)). 

It has been reported that using surface-enhanced Raman scatter-
ing (SERS) technique with metal nanoparticles, such as gold or 
silver, could improve the quality of the CV Raman spectrum by 
decreasing the fluorescent background [53, 54]. It is worthwhile 
to comment that using a 785 nm laser can possibly avoid the fluo-
rescence issues as shown in Fig. 3(I). Since the presence of CV 
was visually observed and color parameters indicated dye presence 
on each sample (Fig. 6 in the Colorimetric assays section), it is 
concluded that Raman spectroscopy has a limitation to detect CV 
concentrations below 10-4 M.

        

Ⅱ

Ⅲ Ⅳ

Fig. 2. FTIR spectra of (a) cotton fabric (b) control (cotton fabric+1.0 × 10-4 M CV) sample (c) control sample treated by 0.1 M NaOH (d)
control sample treated by 0.5 M NaOH (e) control sample treated by 1.0 M NaOH; (I) Wavenumber region (cm-1) = 500~4000 cm-1,
(II) Wavenumber region (cm-1) = 500~1250 cm-1, (III) Wavenumber region (cm-1) = 1250~1750 cm-1, (IV) Wavenumber region (cm-1)
= 2800~4000 cm-1. For comparison purposes, the IR spectra were normalized by the CH stretching (2800~3000 cm-1) bands.

Ⅰ
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3.3. Powder X-ray Diffraction (XRD)

The crystalline structures of the as-received and CV/NaOH-treated 
samples were investigated using X-ray diffraction (XRD) 
techniques as shown in Fig. 4. For comparison purposes, all spectra 
were normalized by an aluminum substrate peak (65o). The 
characteristic peaks (15.1, 16.9, 22.9, and 34.8o), which are 
assigned to cellulose I, are observed in all samples. It has been 
reported that the cellulose I structure can transition to cellulose 
II, shown by 12o and 20o diffraction patterns, with treatment of 
high concentrations of NaOH [55]. Because the cellulose peak 
positions were not shifted, it could be concluded that the bulk 

Fig. 4. XRD patterns of the (a) cotton fabric (b) control (cotton fabric+1.0 
× 10-4 M CV) sample (c) sample treated by 0.1 M NaOH (d) 
sample treated by 0.5 M NaOH (e) sample treated by 1.0 M 
NaOH. Inset: FWHM and crystallite size of cellulose.

material had not lost significant crystallinity during the treatment 
process. In the case of the 0.5 M and 1.0 M NaOH-treated samples, 
NaOH characteristic peaks are observed at 30.7, 35.6, 40.2, 41.9, 
47.0, and 48.6o, and peak intensity of cellulose was not affected 
by NaOH treatment. To support that the cellulose structure was 
unaffected by CV/NaOH treatment, the crystallite size of cellulose 
was calculated using the Scherrer equation, D = 0.9λ/(B∙cosθ), where 
λ is the wavelength (1.54184 Å) of the X-ray used in the experiment, 
B is the full width at half maximum (FWHM) of the cellulose 
I peak (22.9 o), and θ is the Bragg’s angle of the cellulose I peak 
(22.9 o). As shown in Fig. 4 (inset), the FWHM and crystallize 
size of cellulose were constant, confirming the consistency of the 
cellulose crystalline structure. 

3.4. Scanning Electron Microscopy (SEM) and Energy 
Dispersive X-ray Spectroscopy (EDS)

To characterize possible changes in fiber morphology and chemistry 
due to treatment, SEM images were collected in addition to EDS 
analysis. Fig. 5 shows low resolution images (a~d), high resolution 
images (a’~d’), and EDS results (a”~d”) of the cotton fabric, 
CV-dyed, and NaOH-treated samples. The mesh dimensions of 
the cotton fabric were ~300 μm × 300 μm and the fabric strands 
show a flat and smooth surface (Fig. 5(a’)). As expected, carbon 
(C) and oxygen (O) were dominant chemical components, both 
observed at ~0.25 and ~0.5 keV, respectively (Fig. 5(a”)). It was 
also noticed that the cotton fabric contained trace amounts of 
an impurity, potassium (K), as a weak peak of K shows at ~3.2 
keV. Compared to the cotton fabric, the CV-dyed sample (Fig. 
5(b’)) shows no distinct differences on neither the fabric surface 
nor in the chemical composition (Fig. 5(b”)), except for the dis-
appearance of the K peak, indicating that the impurity was removed 
during the dying process. Although the mesh of the cotton fabric 
was not changed, the strand surfaces were all covered by CV. 
In the case of NaOH-treated samples, no significant changes (i.e., 

a b

Fig. 3. Raman (785 nm excitation wavelength) spectra of (a) cotton fabric (b) control (cotton fabric+1.0 × 10-4 MCV) sample (c) control sample
treated by 0.1 M NaOH (d) control sample treated by 0.5 M NaOH (e) control sample treated by 1.0 M NaOH; (I) Raman shift region
(Δν) = 300~1800 cm-1, (II) Raman shift region (Δν) = 2800~3300 cm-1. For comparison purposes, the Raman spectra were normalized
by the ~1098 cm-1 peak.
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mesh dimension and deweaving) on fabric surfaces were noted 
(Fig. 5 (c-e)). However, it should be highlighted that surface CV 
had disappeared after interacting with 0.1 M NaOH (Fig. 5 (c’)), 
and that the strand’s surface became smooth and round. 
Furthermore, the EDS result provides the presence of sodium (Na), 
which is shown at ~1.1 keV (Fig. 5 (c”)). Because of the increasing 
NaOH concentration, the Na peak intensity also increased, and 
the presence of absorbed Na-containing deposits on strands were 
clear. Although the presence of NaOH is proved through FTIR 
(Fig. 2), Raman (Fig. 3), and XRD (Fig. 4), EDS shows the highest 

sensitivity for NaOH detecting: EDS (0.1 M NaOH) > FTIR and 
XRD (0.5 M NaOH) > Raman (1.0 M NaOH). Please note that 
Raman spectroscopy remained as the most sensitive technique for 
detecting CV. From the spectroscopic and microscopic results, it 
is concluded that the crystalline structure of cellulose (or cellulose 
I) was not affected by CV and NaOH, though the chemical composi-
tions on the strands’ surfaces were varied.

3.5. Colorimetric Assays 

In conjunction with vibrational spectroscopic analyses, which 

Fig. 5. SEM images and the corresponding EDS results of the (a, a’, a”) cotton fabric, (b, b’, b”) control sample (cotton fabric+1.0 × 10-4 M 
CV), (c, c’, c”) control sample treated by 0.1 M NaOH, (d, d’, d”) control sample treated by 0.5 M NaOH, (e, e’, e”) control sample
treated by 1.0 M NaOH.

a a’ a“

b b’ b“

c c’ c“

d d’ d“

e e’ e“
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provided insight into functional groups present in the samples, 
a colorimeter was used to measure CIELAB coordinates. Data 
provided by FTIR and Raman spectroscopies showed that peaks 
associated with the presence of CV were not detected. Contrary 
to this data, a violet hue remained on all samples after treatment, 
indicating the presence of CV. The lack of detection of CV in 
the treated samples could be explained by a detection limit 
of both FTIR and Raman spectrometers. This would prevent 
detection of the reaction products and low CV concentrations, 
such as that remaining on the fabric. CIELAB coordinates are 
valuable for characterizing visible changes that may not be dis-
tinguishable using the aforementioned methods [56, 57]. These 
parameters were measured to compare the colorimetry data of 
CV-dyed and NaOH-treated samples to the fabric as-received 
(Table 1). 

Optical images and the relationship between the L*, a*, and 
b* values of each sample are displayed in Fig. 6. It is expected 
that for the sample to be fully decolorized, all values must match 
those of the fabric as-received. All three parameters for comparing 
samples must be identical to conclude that they have an identical 
hue. As the concentration of NaOH was increased, the L* (brightness), 
a* (red-green coordinate), and b* (yellow-blue coordinate) values

Table 1. CIELAB Coordinates of Cotton Fabric, Control (cotton fabric+1.0 
× 10-4 M CV), and NaOH-Treated Samples. (L* corresponds 
to brightness (100 = white, 0 = black), a* to the red-green 
coordinate (positive sign = red, negative sign = green), and 
b* to the yellow-blue coordinate (positive sign = yellow, neg-
ative sign = blue))

Samples
CIELAB values

L* a* b* ∆


Cotton fabric 84.88 2.26 12.16 0

Control 38.16 23.19 -38.48 72.01
Control + 0.1 M NaOH 60.16 4.46 -18.17 39.19

Control + 0.5 M NaOH 68.4 2.87 -11.1 28.51

Control + 1.0 M NaOH 73.48 2.6 -3.74 19.57

a b c d e

Fig. 6. CIELAB (L*, a*, and b*) values of (a) cotton fabric (b) control 
(cotton fabric+1.0 × 10-4 M CV) sample (c) control sample 
treated by 0.1 M NaOH (d) control sample treated by 0.5 M 
NaOH (e) control sample treated by 1.0 M NaOH.

shifted towards those of the cotton fabric sample. For instance, it 
was observed that CV-dyed fabric treated with a higher NaOH concen-
tration had a greater L* shift from the control sample L* value 
(38.16) to the cotton fabric L* value (84.88). Comparably, since the 
b* values are negative for the samples dyed with CV, this represents 
that yellow radiation was absorbed, indicating that these samples 
appear more blue than yellow [58].   represents the distance between 
two color points in the CIELAB space [59]. These values were calculated 

using the formula , with L*, 
a*, and b* from Table 1. The values decreased as the concentration 
of NaOH was increased, demonstrating that the violet color faded. 
However, since the lowest value (19.57) is not 0, it is evident 
that CV remained on the fabric.

3.6. Mechanical Properties

To investigate the influence of the treatment on mechanical prop-
erties of the woven cotton muslin samples, tensile testing was 
conducted on as-received and CV/NaOH-treated cotton fibers. 
The stress transfer at the fiber interface can be observed by the 
stress-strain curve as shown in Fig. 7(A). When the load reached 
the ultimate tensile strength, the dropping of the stress-strain 
curve differed among the samples. The control and 0.1 M 
NaOH-treated samples show a moderate slope, indicating that 
the entangled fiber matrix did not break at the same time. 
Inversely, the slope of the stress-strain curve of the remaining 
samples showed is steep, suggesting that the fiber matrix broke 
immediately. 

The calculated ultimate tensile strength is shown in Fig. 7(B). 
The tensile strength of the samples is similar to the work done 
by Herrera-Franco and Valadez-González [60]. The Young’s 
modulus and elongation at break of the samples are shown 
in Fig. 7(C-D). Evidently, the Young’s modulus of the treated 
samples increased with increasing NaOH concentration. 
Consistently, the samples treated with higher NaOH concen-
tration showed lower elongation at break, indicating lower frac-
ture toughness.

a b

c d

Fig. 7. Mechanical testing analysis of (A) stress strain curve, (B) ultimate 
tensile strength, (C) Young’s modulus, and (D) Elongation at break.
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4. Conclusions

Hypothesizing that increasing the concentration of NaOH affects 
the extent to which CV-stained cotton fabric is decolorized, this 
article compared NaOH-treated samples against a control sample 
and the fabric as-received. Results from FTIR and Raman data 
suggested that all NaOH-treated samples successfully converted 
CV to the product, while colorimetry data indicated that a violet 
hue remained in all samples. XRD showed insignificant loss of 
crystallinity in each sample. SEM images were taken to study the 
surface morphology of the fabric after being decolorized, with results 
showing no unweaving of individual strands. The colorimetry re-
sults found that as increased concentrations of NaOH were applied, 
L*, a*, and b* values more closely resembled those of the as-received 
cotton fabric sample. When comparing the  value of CV-dyed fabric 
treated with 1.0 M NaOH to the fabric as-received, the value did 
not return to zero, indicating that CV remained on the surface. 
Additionally, the structural integrity of the fabric did not diminish 
with increasing NaOH, suggesting the stability of cotton fabric 
under the testing conditions (0.1 M NaOH~ 1.0 M NaOH). Samples 
showed increased Young’s modulus with increasing concentrations 
of NaOH. Those treated with lower concentrations of NaOH showed 
higher elongation at the breaking point, suggesting fracture tough-
ness decreases when cellulose fabric is treated with higher concen-
trations of NaOH.

As seen from the spectrometer and colorimeter data, as well 
as the images of the fabric samples, it is evident that there was 
both a cellulose-CV and CV-NaOH interaction. An improvement 
could be made to increase the dye removal rate of crystal violet 
(as well as other synthetic dyes). In this study the authors ran 
the tests in the static condition only to convert CV to the product 
as a function of NaOH at room temperature. A mixing method 
should be considered to accelerate the rate of the reaction, in addition 
to studying temperature effects. Furthermore, future work will con-
sider in-situ characterization methods to verify chemical reaction 
mechanisms, particularly those related to solid-liquid phase 
interactions.
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