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ABSTRACT

For the first time, this study presents solar photocatalytic processing of the real

dye wastes remaining after finishing polyester/cotton (P/C) blends, rather than

a pure organic dye solution as widely reported. A commonly used microen-

capsulation-based one-bath dyeing is investigated systematically, in order to

simulate the real dyeing environment and to generate real dye wastes. The

generated dye wastes are subsequently tackled by facile cotton fabric-based

photocatalytic degradation involving a visible light-active TiO2 photocatalyst

under solar light. Importantly, such a TiO2 photocatalyst is prepared without

any calcination, doping, or coupling with plasmonic metal nanoparticles or

narrow-band-gap semiconductors. As a result, the present visible light-re-

sponsive cotton fabric-based photocatalytic degradation of the simulated real

dye wastes is expected to stimulate various industries for achieving simulta-

neous effective dyeing and processing of the dye wastes remained. This study

also contributes to energy saving and environmental protection.

Introduction

Dyeing manufacturing is an essential procedure in

many industries, but any dyeing processes leave dye

wastes. Without proper treatment, the dye wastes are

most likely to influx into the environment, causing

many serious problems, such as aesthetic problems,

and toxic threat to the aquatic living organisms and

human beings [1]. As a result, facile but effective

methods used to handle the dye wastes, remaining

after dyeing, are urgently needed, so as to protect the

environment and biological circles. Various methods

have been employed to handle the dye wastes, such

as adsorption, chemical precipitation, membrane fil-

tration, biological treatment, and photocatalytic

degradation [2–13], among which photocatalytic

degradation under solar irradiation conditions is the

most feasible way to realize the energy conservation

and environmental protection. This is because of (1)

exploitation of the inexhaustible, renewable solar

energy [1] and (2) water and carbon dioxide as the

final reaction products after the photocatalysis [14].

Due to the odourless, non-toxic and chemically

stable properties of TiO2-based photocatalysts, they

are widely employed and deeply analysed for pro-

cessing organic wastes [15]. However, TiO2 possesses
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a large energy band gap and is insensitive to visible

light which occupies a large part of solar light [16]. As

a result, to make TiO2 visible light-active is significant

to harvest more solar energy for photocatalysis. This

study explores visible light-responsive TiO2

nanoparticles, without any complex calcination,

doping, or coupling with plasmonic metal nanopar-

ticles or narrow-band-gap semiconductors [17].

Unfortunately, TiO2 particles down to nanoscale are

extremely difficult to recycle. A support material is

therefore needed to carry and immobilize these TiO2

nanoparticles. In this study, a flexible cotton fabric is

employed as the support to produce a fabric-based

photocatalyst using a facile dip-pad-cure method

[18], which is a traditional post-finishing process for

textiles. The dipping process is to first adsorb the

finishing agent, in this case TiO2 nanoparticles, onto

the cotton fabric, followed by padding under pres-

sure to remove the excess TiO2 nanoparticles without

good adhesion to the cotton fabric and finally curing

at high temperatures to immobilize TiO2 nanoparti-

cles on the cotton fabric. After the dip-pad-cure

process, strong interfacial adhesion between the cot-

ton fabric and TiO2 nanoparticles is suggested to be

formed, especially considering the hydrogen bonding

interactions between the abundant hydroxyl groups

on both the cotton fabric and the surface of TiO2

nanoparticles. The prepared portable, flexible cotton

fabric-based photocatalyst can then be easily recycled

and reused, indicating little secondary environmental

pollution as caused by TiO2 nanoparticles, which can

usually be observed when neat TiO2 nanopowder is

employed as the photocatalyst to handle the

wastewater [19].

In this study, self-made real dye wastes, in dyeing

popular polyester/cotton (P/C) blends, are used as

the target to be tackled. For dyeing P/C blends,

various dyeing parameters are also investigated sys-

tematically, so as to simulate the real dyeing envi-

ronment and to generate the real dye wastes, rather

than a pure organic dye pollutant as reported in most

publications [20–22]. Here, a common microencap-

sulation-based one-bath dyeing method is employed

for efficient dyeing and generating real dye wastes.

This dyeing method involves the sustained release of

microencapsulated disperse dye for dyeing polyester

under high temperature and pressure conditions;

cotton is simultaneously dyed with reactive dye in

the dye bath, realizing effective one-bath dyeing of

the P/C blends. Subsequently, the dye wastes

remaining after the one-bath dyeing are handled by

the cotton fabric-based solar photocatalysis.

Experimental

Materials

Titanium tetraisopropoxide (TTIP) of AR grade was

supplied by Oriental Chemicals and Lab. Supplies

Ltd. (Hong Kong SAR, China). All P/C blends (65/

35, plain weave, specific density of 125 g/m2) were

supplied by Wujiang Textile Co. (China). The anionic

dispersing agent NNO (polyoxyethylene octanol) and

the nonionic penetrating agent JFC (sodium bis-

naphthalenesulphonate) were provided by Gaoqiao

Fine Chemicals Co. Ltd. (China). The Duisburg

sodium sulphate (anhydrous sodium sulphate),

caustic soda, sodium hydrosulphite, and soap flakes

were provided by Shanghai Zhenxing Chemicals Co.

Ltd. (China). All the chemicals used in the study were

of reagent grade. CI microencapsulated disperse dye,

Blue 79, was fabricated by ourselves (the molecular

structure of the disperse dye Blue 79 is given in

Fig. S1, Supporting Information (SI)). Polyurea

microcapsules containing the disperse dye were

prepared by an interfacial polymerization reaction in

an emulsion form. Argazol Blue NF-BG (a reactive

dye) was supplied by Shanghai Yayun Co. (China),

which can be fixed under neutral pH and high-tem-

perature conditions without alkali, thus being suit-

able for the one-bath dyeing of P/C blends. The pH

buffering agent was also obtained from Shanghai

Yayun Co. (China). All other chemicals were pur-

chased from Sigma-Aldrich and used as received.

One-bath dyeing of P/C blends

The P/C blends were dyed in an IR dyeing machine

(Rapid, Tai Wan) according to the one-bath dyeing

profiles shown in Figs. S2 and S3 (SI) corresponding

to the microcapsulation-related strategy and a con-

ventional method without involving microcapsula-

tion, respectively. The dosage of the ingredients used

for making the dye bath, with microcapsulation

involved, is presented in Table S1 of SI, and the other

conventional one without involving microcapsulation

is given in Table S2 (SI). Note that the dye bath, in

both cases, was kept neutral. The dyeing substrate
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was the P/C blends (65/35), with a size of

10 9 16 cm2.

As for the conventional method without involving

microcapsulation, after the dyeing process the col-

orized P/C bends were thoroughly washed through

continuous rinsing, reduction clearing, rinsing,

soaping, and rinsing to remove the dye stains from

the colorized P/C fabric surface. The soaping process

was carried out at 90 �C for 20 min, using 2.0 g/L of

soap flakes at a liquor ratio of 1:20. The clearing

process by reduction treatment was conducted at

85 �C for 15 min, with NaOH (2.0 g/L) and sodium

hydrosulphite (2.0 g/L) at a liquor ratio of 1:20.

Regarding the present strategy with microcapsu-

lation involved, the cleaning process is given as fol-

lows: once the temperature was cooled to 80 �C, the
dyed samples were collected, followed by rinsing

and soaping at 90 �C for 20 min, with 2 g/L of soap

flakes at a liquor ratio of 1:20.

Synthesis of TiO2 nanohydrosol

To fabricate the cotton fabric-based photocatalyst,

TiO2 nanohydrosol was first synthesized [17]. Briefly,

TTIP was drop-added (one drop per second) into a

mixed acid solution under vigorous mechanical stir-

ring at 83 * 90 �C for 4 h, along with stepwise

addition of deionized (DI) water, to realize the con-

trolled hydrolysis of TTIP. The resulting milk-like sol

was then cooled to 60 �C, leading to its increased

fluid viscosity. The subsequent 15-h stirring resulted

in transparent bluish sol, followed by cooling to room

temperature and then ageing for 2 weeks to obtain

the final hydrosol containing TiO2 nanoparticles

(10 wt%). The TiO2 nanopowder was obtained by

drying the prepared TiO2 hydrosol at room

temperature.

Fabrication of a cotton fabric-based
photocatalyst

The as-prepared TiO2 hydrosols were used to func-

tionalize a cotton fabric through forming a thin

coating of TiO2 nanoparticles on the cotton fabric

(white, woven), by dip-pad-cure processing, as

commonly used to finish textile materials. The TiO2

nanohydrosol with a 2% concentration was adopted

to finish the cotton fabric, and the resultant finished

cotton fabric had a wet pickup of 80%. The final mass

ratio of dried cotton to the inorganic TiO2 coating is

1/0.016 (g/g).

Photocatalytic degradation of simulated real
dye wastes

After the dyeing and washing processes, the micro-

capsulated disperse dye was first removed from the

dye bath by filtration, leaving most reactive dye as

residual wastes to be tackled. The cotton-based pho-

tocatalyst, namely the TiO2-functionalized cotton

fabric (0.5 g), was cut into small pieces and then

added into the residual dye bath (20.0 g). The dye

bath with the cotton-based photocatalyst was then

exposed to a source of simulated sunlight in a light

fastness tester (XENOTEST ALPHA LM) according to

the standard of ISO 105-B02:1988.

Recycling performance of the cotton fabric-
based photocatalyst

Upon completion of the photocatalytic processing of

the dye waste, a new cycle was consequently con-

ducted according to the following steps: (1) recycling

of the photocatalytically functionalized cotton fabrics

by simply collecting them from the photocatalytic

reaction solution; (2) thoroughly washing them with

DI water followed by drying with the assistance of

compressed gases at room temperature; (3) reusing

the dried functionalized cotton fabrics in a new cycle

with the same procedures mentioned above for the

photocatalytic processing of the dye wastes remain-

ing after the one-bath dyeing; and (4) repeating the

above (1) to (3) until total five runs were completed.

Characterization

SEM observation was performed on a JSM-5600LV

electron microscope (JEOL, Japan). The microcap-

sules were sprinkled onto a sample plate and were

then sputter-coated with gold prior to examination.

The colour yield (K/S) values of each sample were

measured using a Datacolor SF600 instrument illu-

minated by a D65 LED. The photocatalytic degrada-

tion of the dye wastewater that leaves behind after

the one-bath dyeing was monitored on an U-3310

UV/vis spectrophotometer at kmax of 597 nm. The

washing and rubbing fastnesses were determined

according to the standards ISO/DIS 105-C03:1989

and ISO 105X-12:1993, respectively. The powder XRD
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patterns were read on a Bruker D8 Advance X-ray

diffractometer (Bruker AXS, Karlsruhe, Germany).

TEM images coupled with SAED patterns were cap-

tured using a JEOL JEM-2011 TEM at an acceleration

voltage of 100 kV. The specimen employed for TEM

measurements was prepared by dropping a diluted

TiO2 nanohydrosol onto a silicon wafer, followed by

drying at room temperature.

Results and discussion

The main content of this study is presented in Fig. 1,

primarily including the microencapsulation-related

one-bath dyeing of P/C blends, generation of real

dye wastes, fabrication of a cotton fabric-based pho-

tocatalyst with a hydrosol containing visible light-

responsive TiO2 nanoparticles, and final processing

of the real dye wastes by the cotton fabric-based

photocatalytic degradation under simulated solar

light.

SEM observation of the prepared microcapsules

containing the disperse dye Blue 79 is shown in

Fig. S4 (SI). The microcapsules can be well dispersed

in the water media, facilitating the one-bath dyeing

process. Various dyeing parameters are systemati-

cally investigated for the one-bath dyeing, as shown

in Fig. 2. Figure 2a depicts plots of K/S value of the

dyed P/C blends as a function of the liquor ratio for

the systems involving conventional one-bath dyeing

and microencapsulation-related one-bath dyeing. As

the liquor ratio increases, the K/S value of the dyed

P/C blends is lowered for both the systems, but the

conventional system is obviously more vulnerable

with the change of the liquor ratio, as judged by the a

much larger K/S value dropping tendency with

decreasing the liquor ratio. This implies the more

stable and viable microencapsulation-related one-

bath dyeing. Except at the liquor ratio of 1:10,

impressive levelling of the dyed P/C blends could be

observed for all other liquor ratios as investigated. As

a result, the optimal liquor ratio for the present one-

bath dyeing with microencapsulated disperse dye

can be determined as 1:20. With the fixed ratio, the

influence of the dyeing temperature on the K/S value

of the dyed P/C blends is then investigated (Fig. 2b).

Dye species and textile substrates are also varied,

including single reactive dye for dyeing a pure cotton

substrate, single microencapsulated disperse dye for

dyeing a pure polyester substrate, and combined

reactive dye with microencapsulated disperse dye for

dyeing P/C blends. The K/S value of the dyed cotton

using the reactive dye reaches the maximum at

100 �C and thereafter levels off. In comparison, the

K/S value of the dyed polyester reaches the maxi-

mum at 130 �C, which is larger than that of the dyed

cotton. The K/S values of dyed P/C blends at dif-

ferent dyeing temperatures just lie between those of

dyed polyester and dyed cotton. It seems that the

optimal dyeing temperature for the P/C blends using

Figure 1 Schematic presentation of the main content of the

present study, including the microencapsulation-related one-bath

dyeing of P/C blends, generation of dye wastes, incorporation of

the TiO2 nanoparticles onto the cotton fabric, and cotton fabric-

based solar photocatalytic degradation of the simulated real dye

wastes.

J Mater Sci (2017) 52:9922–9930 9925



the microencapsulated disperse dye coupled with

reactive dye is around 130 �C, although the K/S

value changes much more slowly at temperatures of

higher than 110 �C. Finally, we examine the impact of

heat preservation time on the K/S value of the dyed

P/C blends, with a fixed liquor ratio of 1:20 and heat

preservation at 130 �C, as shown in Fig. 2c. The K/S

value keeps almost constant with varying heat

preservation time, and 30 min appears sufficient to

produce a high K/S value, excellent levelness, and

impressive fastness properties. For more detailed

information on the dyeing test results, Tables S3 and

S4 (SI) can be referred to. The comprehensive prop-

erties of the dyed P/C blends prepared by the pre-

sent microencapsulation-related technology are

found to be superior to that for the conventional

dyeing method. Therefore, the former is more desir-

able for producing high-quality colorized P/C

blends. After the microencapsulation-related dyeing

process, dye wastes are collected for the following

photocatalytic degradation.

Facile cotton fabric-based solar photocatalysis is

employed to deal with the simulated real dye wastes.

The visible light-responsive TiO2 nanohydrosol was

first prepared, with characterization results presented

in Fig. 3. A photoimage of the prepared TiO2

nanohydrosol is shown in Fig. 3a, which shows good

dispersibility and uniformity. Figure 3b gives the

XRD pattern of the prepared TiO2 nanoparticles,

confirming their dominant anatase crystallization

phase (JCPDS No. 21-1272), even though a trace

amount of brookite TiO2 can also be evidenced from

the XRD band at * 30.8o, corresponding to the

brookite (121) plane [23]. According to the Scherrer

equation and the anatase (101) reflection, the crys-

tallite size of TiO2 nanoparticles is calculated to be

approximately 4.82 nm. The broadening of the

diffraction peaks is also an indication of a small size

of the TiO2 nanoparticles on average. Based on the

Rietveld analysis using pseudo-Voigt model for peak

fitting (Fig. S5 of SI), an average crystal size is also

estimated to be around 4.7 nm, very close to the one

calculated by the Scherrer equation. Figure 3c pre-

sents a TEM image coupled with a SAED pattern (see

inset) of the TiO2 nanoparticles (as highlighted by red

circles), which have an average size of about 4.05 nm,

close to that estimated from the XRD pattern. A

crystalline lattice spacing of *0.36 nm (Fig. 3c), cor-

responding to (101) crystallographic plane of anatase

TiO2, also confirms the presence of the main anatase

phase [24]. The energy band gap of our synthesized

TiO2 nanoparticles is around 2.98 eV, as calculated

from the Tauc plot of transformed Kubelka–Munk

Figure 2 Optimizing the dyeing parameters to simulate real dyeing

processing and to generate real dye wastes. a Investigation of the

influence of the liquor ratio on the K/S value of the dyed P/C blends,

and comparison of the dyeing effect between the conventional one-

bath dyeing and the present microencapsulation-related one-bath

dyeing. b Plots of the K/S value of the dyed fabric as a function of

the dyeing temperature for three different dyeing systems, i.e. single

reactive dye for pure cotton, single microencapsulated disperse dye

for pure polyester, and combined reactive dye with microencapsu-

lated disperse dye for P/C blends. c Plot of the K/S value of the dyed

P/C blends as a function of dyeing time, in this case heat

preservation time, for the one-bath dyeing, with microencapsulated

disperse dye coupled with reactive dye.
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(a)

(b)

Figure 4 SEM observation of the bare cotton fabric (a) and cotton fabric-based photocatalyst (b); the corresponding magnified SEM

images are presented in the right side.

Figure 3 Characterization of

the synthesized TiO2. a A

photoimage of the synthesized

TiO2 nanohydrosol. b XRD

pattern of the prepared TiO2

nanoparticles. c TEM image of

the TiO2 nanoparticles; inset

shows the corresponding

SAED pattern. d Tauc plots of

transformed Kubelka–Munk

function versus the energy of

light for different types of

TiO2 including the as-

synthesized visible light-

responsive TiO2, commercial

P25, and commercial TiO2

with the pure anatase phase.

J Mater Sci (2017) 52:9922–9930 9927



function versus the energy of light (Fig. 3d), being

smaller than 3.15 and 3.10 eV for commercial anatase

and P25, respectively.

To coat the TiO2 nanoparticles onto a cotton fabric,

a dip-pad-cure method was adopted using the pre-

pared TiO2 nanohydrosol. The schematic presenta-

tion of the dip-pad-cure process is also given in

Fig. S6 of SI. SEM observation of the bare cotton

fabric and the TiO2 nanoparticles-finished cotton

fabric is shown in Fig. 4a, b, respectively. Attributed

to the hydrogen bonding interactions between the

abundant hydroxyl groups on both the cotton fabric

and the surface of the TiO2 nanoparticles, strong

interfacial interactions between the cotton fabric and

the TiO2 nanoparticles are suggested to be formed.

From Fig. 4b, a TiO2 coating layer, with roughness,

can be observed on the cotton fabric surface after the

dip-pad-cure finishing process, in contrast to the

smooth surface of the bare cotton fabric (Fig. 4a), thus

evidencing the fine incorporation of TiO2 nanoparti-

cles onto the cotton fabric.

With the cotton fabric-based photocatalyst, pro-

cessing the real dye wastes left behind after the one-

bath dyeing is thereafter carried out (Fig. 5). The dye

wastes can be efficiently purified by simulated solar

irradiation for only 60 min. By contrast, in the

Figure 5 Cotton fabric-based solar photocatalytic degradation of the

simulated real dye wastes, as generated after the microencapsulation-

related one-bath dyeing process. a Solar photocatalytic degradation of

the simulated real dye wastes using the cotton fabric-based

photocatalyst, along with the control test without any photocatalysts.

b Recycling performance of the cotton fabric-based photocatalyst

through total six runs of repeated usage. c An understanding of the

cotton fabric-based solar photocatalysis mechanism.

9928 J Mater Sci (2017) 52:9922–9930



absence of the cotton-based photocatalyst, the solar

light irradiation only generates a little impact on the

dye wastes (Fig. 5a). The recycling performance of

the cotton fabric-based photocatalyst was also eval-

uated, and total six runs of repeated usage were

performed (see Fig. 5b). It shows impressive recy-

cling performance; after six runs of repeated usage,

only a little degradation of the photocatalysis per-

formance can be detected in spite of an intense

washing procedure involved in each reuse cycle. We

ascribe the stable cotton fabric-based photocatalytic

degradation of the dye wastes to the strong interac-

tions between the visible light-responsive ultra-small

TiO2 nanoparticles and cotton fabric base, as a result

of the hydrogen bonding interactions between the

hydroxyls on the surface of the TiO2 nanoparticles

and the hydroxyls of the cotton fabric. The mecha-

nism behind the highly effective solar-light-driven

photocatalytic degradation of the real dye wastes is

described as follows: the solar light first drives pro-

motion of the electrons from the valence band (VB) to

the conduction band (CB), leaving an equal number

of holes in the VB. Both photogenerated electrons and

holes can react with surrounding species such as

oxygen and water, respectively, to produce reactive

oxygen species (ROS) that subsequently scavenge the

organic dye species, which leads to the final pro-

duction of water and carbon dioxide, as schemati-

cally shown in Fig. 5c and also reported elsewhere

[25].

Conclusions

This study investigates solar-light-driven photocat-

alytic degradation of real dye wastes remaining after

dyeing the popular P/C blends with a cotton fabric-

based photocatalyst. Such a portable, flexible photo-

catalyst is prepared by immobilizing visible light-

sensitive TiO2 nanoparticles onto the cotton fabric,

which shows satisfactory recycling and reuse per-

formance, most likely resulting from the strong

interfacial interactions between the TiO2 nanoparti-

cles and the cotton fabric. Therefore, the work pre-

sented here will bring a certain economic value to

various industries, especially those involving

colouration and finishing of textiles and related

materials. This work is also expected to contribute to

energy saving and environmental protection.
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