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Abstract
The rapid expansion of the fast fashion industry brings about environmental concerns such as dyestuffs-related water pollu-
tions and waste textiles. Conventional wastewater-disposal strategies emphasize the optimization of photocatalytic activity 
to improve pollutant degradation efficiency, while the absorptivity, recyclability and sustainability of photocatalysts are 
always ignored. The overproduced textiles are still in urgent of being recycled and reutilized in eco-friendly approaches. 
In this work, a scalable dyeing technology is employed to achieve green and sustainable reutilization of waste textiles. The 
functionalized  TiO2/reduced graphene oxide wool fabrics show excellent sustainability, remarkable adsorbing capacity and 
enhanced photocatalytic performance. By taking advantage of these properties, we develop an integrated strategy of night-
time adsorption and day-time photodegradation which could significantly optimize the dyestuffs degradation efficiency. The 
concept of waste textiles reutilization and wastewater treatment in this work provides practical potential for efficient and 
sustainable environmental remediation.
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Introduction

Nowadays, water pollution has been paid much attention 
due to the crisis of water resources. The textile industry 
is estimated to be responsible for approximately 20% of 
global clean water pollution arising from dyeing and fin-
ishing production [1]. Especially the rapid development 
of fast fashion market, which leads to increasing overpro-
duction and overconsumption of textiles, accelerating the 
water contamination by organic dyestuffs [2]. To address 
the water pollution concerns, the conversion of solar energy 
to degrade pollutants in water has been considered as one 
of the most efficient and effective solutions. Photocatalysts 
such as  TiO2 nanoparticles are widely employed due to their 
high catalytic stability, cost-effective property and moderate 
demands for the ambient condition [3–5]. However, the fast 
recombination rate of photogenerated electron–hole  (e−/h+) 
pairs and weak adsorbing affinity of nanoparticles toward 
target contaminants restrict the photocatalytic performance 

of  TiO2, and affect the overall degradation efficiency [6, 7]. 
Moreover, the particle-based  TiO2 photocatalysts tend to 
sink down into the water, which reduces their recyclability 
and sustainability in practical applications.

Recent studies put more emphasis on optimizing the pol-
lutant degradation efficiency of  TiO2 by improving its pho-
tocatalytic performance. This was achieved through various 
doping materials, including metallic doping, non-metallic 
doping and noble-metal loading [8, 9]. Among these doping 
materials, carbonaceous materials such as carbon nanotube 
and graphene are more favorable owing to their superior 
properties in transporting electrons, good optical transmit-
tance, large specific surface and strong adsorption capacity 
[10–13]. The integration of graphene and  TiO2 improves 
the photocatalytic performance of  TiO2 by increasing uti-
lization rates of solar energy and prolonging lifetime of 
electron–hole pairs [14, 15]. However, the photocatalysts 
would no longer photodegrade contaminations without the 
participation of illuminations, such as on heavy cloudy days 
or even at night. Enhancing the adsorbing affinity of pho-
tocatalysts towards pollutants and taking full advantage of 
night-time adsorption as alternative ways to accelerate pol-
lutant degradation are always ignored. It is highly desirable 
to fabricate recyclable and sustainable photocatalysts with 
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massive absorption towards pollutants at night and enhanced 
photocatalytic performance to optimize the overall degrada-
tion efficiency.

On the other hand, the fast fashion industry generates 
approximately 92 million tons of textile wastes annually 
around the world, most of which end up in landfills or 
incinerations [16]. Even though reuse and recycle of waste 
textiles as environmentally-friendly solutions have been put 
forward, there are only a small amount of intact textiles that 
can be reused in the conventional ways through donating, 
swapping and reselling [17]. For those obsolescent garments 
which are not suitable to wear, their fabrics and fibres can be 
separated and recycled into new products by chemical dis-
solution and remanufacture [18, 19]. The challenges in the 
separations of blending fibres such as cotton/polymer and 
wool/polymers and potential secondary pollution in chemi-
cal dissolution of synthetic fibres hinder the effective and 
sustainable recycles of waste garments. To date, it still leaves 
a vacancy to reutilize waste textiles in a green manner.

Herein, we propose a scalable dyeing technology to syn-
chronously realize the sustainable reutilization of waste 
textiles and efficient degradation of dyestuffs in wastewa-
ter. The  TiO2/reduced graphene oxide (rGO) functionalized 
fabrics originated from waste wool fabrics exhibit the splen-
did adsorbing ability and enhanced photocatalytic perfor-
mance, with a maximum adsorbing capacity of 427.35 mg/g 
to methylene blue (MB) analyzed by Langmuir adsorption 
isotherms, and complete photodegradation of MB (100 mL, 
10 mg/L) within 60 min under 150 W Xenon lamp. Notably, 
by integrating night-time absorption prior to photodegra-
dation, the overall photodegradation could be shortened to 
30 min. The strong bonding between  TiO2/rGO composites 
and fabric substrates ensures the functionalized fabrics can 
stably and sustainably photodegrade dyestuffs in aqueous 
solution.

Experimental Section

Preparation of GO Dispersion and  TiO2/GO 
Composite Dispersion

Graphene oxide dispersion was prepared from expandable 
graphite flakes by a modified Hummers method which has 
been introduced in my previous work [20, 21]. 0.5 g expand-
able graphite was heated at 750 W in the microwave oven 
for 30 s to form expanded graphite. Then expanded graphite, 
 H2SO4 (100 mL, 98 wt%) and  KMnO4 (5 g) were mixed 
and stirred for 24 h. The mixture was slowly diluted with 
100 mL deionized water in an ice bath and followed by  H2O2 
(10 mL 35 wt%). HCl (100 mL 10 wt%) was then added 
to the mixture. Finally, graphene oxide was obtained after 
being centrifuged. The  TiO2 nanoparticles were purchased 

from Sigma-Aldrich. 1000 mg  TiO2 nanoparticles were dis-
persed in 50 mL deionized water to obtain 20 mg/mL  TiO2 
dispersion. Different mass of dry GO (52.63 mg, 111 mg, 
176 mg and 250 mg) was added to  TiO2 dispersion to form 4 
groups of  TiO2/GO dispersion  (TiO2/5%GO,  TiO2/10% GO, 
 TiO2/15%GO and  TiO2/20%GO). The  TiO2/GO dispersions 
were then well dispersed by ultrasonication at 50 ℃ for 4 h.

Pad Dyeing of Wool Fabric

Before the pad-dying process, the pristine wool fabric sub-
strate was pre-washed in deionized water and dried in the 
oven. The  TiO2/GO composite dispersion was transferred 
into the bath of the pad-dyeing machine. Each pristine wool 
fabric was padded 3 cycles in the machine and dried in the 
oven at 60 ℃ after each cycle. To ensure the GO/TiO2 com-
posites were firmly and stably coated on the fabric surface, 
the coated wool fabrics were immersed in the L-ascorbic 
acid (L-AA) solvent in a water bath at 80 ℃ for 24 h. The 
L-AA acid treatment induced the reduction of the graphene 
oxide on the surface. Finally, the functionalized fabrics were 
achieved.

Dark Adsorption Test

Dark adsorption experiment was carried out in a dark envi-
ronment and at room temperature (20 °C) by immersing 
 TiO2/rGO coated wool fabrics into 100 mL MB solutions 
with different concentrations ranging from 5 to 20 mg/L. 
The adsorption equilibrium was reached when the concen-
tration of MB solutions kept stable. The adsorption capacity 
was calculated using the following equation:

where C0 and Ce represent the initial and equilibrium con-
centrations of MB (mg/L) respectively, m stands for the mass 
of  TiO2/rGO composites (g) and V is the volume of the solu-
tion (L).

Photocatalytic Degradation Measurements

All the photocatalytic experiments were carried out under 
a 150 W Xenon lamp (PLS-SXE300, Beijing Perfect light 
Co., Ltd).  TiO2/rGO functionalized fabrics were immersed 
in 100 mL MB solution with an initial concentration of 
10 mg/L. The irradiation was given out immediately once 
photocatalysts were settled down to avoid any dark adsorp-
tions. The vertical distance between the solution plane level 
and lamp was fixed at 10 cm (Fig. S5). For comparison, 
photocatalytic degradation of MB in the presence of pure 
 TiO2 coated wool fabrics was also studied under the same 

(1)qe =

(

C0 − Ce

m

)

× V
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conditions. The concentration of MB was recorded at the 
same interval time and analyzed using M550 UV/Visible 
Spectrophotometer. The degradation rates were calculated 
by the equation below:

where A0 and A are the initial and remaining concentration 
of MB.

Characterization of the  TiO2/rGO Coated Wool Fabric

The surface morphology and crystal structure were char-
acterized by Zeiss Ultra 55 Scanning Electron Micro-
scope (SEM) and FEI Tecnai T20 Transmission Electron 
Microscope (TEM). The elemental analysis and mapping 
of  TiO2/rGO Coated fabric were analyzed from an energy-
dispersive X-ray spectrometer (EDX) by FEI Quanta 250. 
The Raman spectra of the  TiO2/GO and  TiO2/rGO coated 
fabrics were carried out using a Horiba Raman spectrometer 
with a 633 nm excitation wavelength. The X-ray diffrac-
tion (XRD) patterns were recorded on an XRD5 spectrom-
eter (Type PANaytical X’Pert Pro) at operating voltage of 
40 kV and current at 40 mA using Cu Kα irradiation. The 
Fourier transform infrared (FTIR) spectra were recorded by 
Bruker Hyperion 3000 IR Microscope. X-ray photoelectron 

(2)�(%) = 1 −

(

A

A0

)

× 100%

spectroscopy (XPS) was measured by ESCALAB 250 Xi. 
Photoluminescence (PL) emission spectra were obtained 
from LabRam HR Evolution with a 325 nm edge filter.

Results and Discussion

Preparation of Functionalized Fabrics

Figure 1 shows the basic concept that waste textiles are reu-
tilized in wastewater treatment. The fast fashion industries 
take responsibility for the large amounts of waste textiles and 
dyestuffs-related wastewater. Herein, these overproduced 
textiles could be transferred into  TiO2/rGO functionalized 
fabrics with abundant adsorption and enhanced photocata-
lytic property through pad dyeing technology. The dyestuff 
molecules in textile wastewater are massively absorbed on 
the surface of functionalized fabrics and photodegraded in 
a green approach.

The reutilization of waste fabrics is illustrated in Fig. 2a, 
which exhibits the fabrication of  TiO2/rGO functionalized 
fabrics from pieces of wool fabrics by pad dyeing tech-
nology. The graphene oxide (GO) was synthesized from 
expandable graphite according to our previous papers [22, 
23]. We introduce the pad dyeing approach, which provides 
considerable force from two spinning compression rollers, 
to assist the  TiO2/rGO nanoparticles firmly and stably coated 

Fig. 1  Concept of waste textiles reutilization and wastewater treatment
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on the surface of fabrics. Finally, the functionalized fab-
rics coated by  TiO2/5%rGO,  TiO2/10%rGO,  TiO2/15%rGO, 
 TiO2/20%rGO and pure  TiO2 nanoparticles were achieved. 
They are defined as FF-5%rGO, FF-10%rGO, FF-15%rGO, 
FF-20%rGO and FF-TiO2, respectively. The fabrications 
of GO and  TiO2/rGO functionalized fabric (FF-rGO) are 
explained in the experimental section. The images of pristine 
wool fabrics after pad dyeing and L-AA reduction are shown 
in Fig. S1. The tensile stress of FF-rGO has increased com-
pared with pristine wool fabrics, which can be attributed to 

the binding forces between rGO sheets on the fabric surface 
(Fig. S2). The element distributions of Ti, C, N and O in FF-
rGO were captured by EDX mapping (Fig. 2b and Fig. S3), 
where the elements are evenly distributed. The atom percent-
age of Ti decreases from 19.02 to 13.16% and O decreases 
from 38.95 to 24.59%, indicating more  TiO2 nanoparticles in 
FF-5%rGO than those in FF-20%rGO (Fig. 2c). Such results 
demonstrate the actual contents of  TiO2/rGO composite on 
the fabric surface were in excellent accordance with experi-
mental expectation.

Fig. 2  a Schematic illustration of the fabrication of FF-rGO. b EDX mapping images of FF-20%rGO. c The surface elements in various FF-rGO
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Characterizations

Before pad dyeing, pristine wool fibre shows obvious over-
lapping scale structure (Fig. 3a). After dyeing and reduc-
tion of GO, it can be apparently observed that  TiO2/15% 
rGO particles have been homogenously and densely coated 
on the wool fibre surface (Fig. 3b). The high-magnification 
SEM image reveals  TiO2 nanoparticles are wrapped by rGO 
sheets on the fibre surface. TEM image in Fig. S4a con-
firms the coexistence of  TiO2 and rGO, with  TiO2 wrapped 
by transparent, layered rGO sheets. High-resolution TEM 
image further indicates the diameter of  TiO2 nanoparticles 
is around 50 nm which belongs to anatase  TiO2 (Fig. S4b) 
[24]. The diffraction peaks in the XRD patterns in Fig. 3c 
can be marked as (101), (004), (200), (105), (211), (204), 
(215) crystal planes of  TiO2 (JCPDS NO. 21-1272), which 

are corresponding to anatase phase [25]. The crystallite 
size was calculated by the Scherrer equation (result listed 
in Table S1). According to the analysis, the intensity of dif-
fraction peaks decreases when incorporating rGO into  TiO2, 
indicating the formation of finer crystallite size. The finest 
grain size of  TiO2 is 15.84 nm from FF-15%rGO, which sug-
gests that 15% rGO is more favorable to modify  TiO2 with 
finer crystallite size.

Figure 3d exhibits the Raman spectra of FF-GO, FF-
15%GO and FF-15%rGO. The peaks at 156  (Eg), 399  (B1g), 
513  (A1g) and 639  (Eg)  cm−1 are ascribed to the anatase 
phase of  TiO2. The D band (peak at 1350  cm−1) corresponds 
to the defects and disordered carbons while the G band (peak 
at 1595  cm−1) contributes to ordered sp2-bonded carbon 
[26]. The intensity ratio of the D and G band, recorded as 
ID/IG, was employed to measure the disorder and defects, 

Fig. 3  Characterizations of FF-rGO. a SEM image of pristine wool 
fibres. b SEM image of FF-15%rGO. c XRD patterns of FF-rGO. d 
Raman spectra of FF-GO, FF-15%GO and FF-15%rGO. e FTIR spec-

tra of FF-TiO2, FF-15%GO and FF-15%rGO. f PL spectra of FF-TiO2 
and FF-15%rGO. g XPS spectra of FF-15%rGO. h Peak deconvolu-
tion of C (1s). i Peak deconvolution of Ti (2p)
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which is the main characteristic to influence electrical con-
ductivity [27]. The ID/IG values of FF-GO, FF-15%GO and 
FF-15%rGO were calculated into 0.932, 0.948 and 1.017, 
respectively. Such results indicate the GO on the fabric sur-
face has been slightly reduced by the incorporation of  TiO2 
nanoparticles, while largely reduced into rGO when the 
chemical reduction method was applied. The electrical con-
ductivity of rGO increased throughout the reduction, which 
would facilitate electron transferring from  TiO2 to rGO and 
hinder the recombination of electron–hole pairs.

By analyzing the FTIR spectra of FF-  TiO2, FF-15%GO 
and FF-15% rGO, we observed peaks around 3300  cm−1 
which are corresponding to O–H stretching vibration of 
hydroxyl groups in all functionalized fabrics (Fig. 3e). The 
hydroxyl groups are beneficial to accept photo-induced holes 
and convert into ·OH radicals which significantly contributes 
to photocatalytic enhancement [28]. The presence of a peak 
at 1629  cm−1 is assigned to skeletal C=C vibration in rGO, 
which is corresponded to  sp2 character. Similar characters 
were observed for bands at 1238 and 1038  cm−1, which are 
attributed to C–OH stretching vibration and C–O stretching 
vibration in the epoxy group, respectively [29]. The peaks 
at 1396 and 400–700  cm−1 suggest the presence of Ti–O–C 
and Ti–O–Ti respectively, indicating the formation of chemi-
cal interactions between functional groups in rGO and sur-
face hydroxyl groups of  TiO2 nanoparticles [30].

Photoluminescence (PL) Spectra is widely employed 
to investigate the behaviors of photoinduced  e−/h+ pairs, 
including trapping, immigration and transfer of charge car-
ries [31]. PL phenomenon occurs due to the emitted photons, 
which is from the exceeded energy when the recombination 
of charge carrier takes place under irradiation. The weak-
ened PL signal observed in FF-15%rGO in Fig. 3f indicates 
that photoelectrons were either trapped by defect sites (e.g., 
oxygen vacancies) or immigrating from  TiO2 surface to rGO 
sheets prior to their recombination with holes [32]. Under 
both circumstances, the recombination behavior of photoin-
duced  e−/h+ pairs will be effectively blocked and the lifetime 
of charge carries will be promoted, accounting for enhanced 
photocatalytic activity in FF-15%rGO.

We further investigated the chemical nature of modified 
wool fabrics through XPS, which confirms the existence of 
C, N, O and Ti compositions in FF-15%rGO (Fig. 3g). The 
high resolution of C 1s XPS spectra (Fig. 3h) suggests the 
existence of C–C bond (284.7 eV) and C–O–C of the epoxy 
group (286.6 eV). The absence of C=O (carboxyl group) 
indicates GO in the composite has been reduced, which is in 
accordance with Raman results. The peaks located at 458.9 
and 465.0 eV are related to Ti  2p1/2 and Ti  2p3/2 spin-orbital 
splitting photoelectrons from C–Ti bond (Fig. 3i), suggest-
ing the chemical bond between  TiO2 and rGO has been well 
formed [33].

Absorbing Capacity of FF‑rGO

The dark adsorption test was employed to measure the 
absorbing capability of FF-rGO without irradiations. The 
adsorption of pollutants such as MB is mostly based on 
physical interactions as shown in the theoretical schematic 
illustration (Fig. 4a). Electrostatic interaction as well as π- 
π stacking between MB molecular and functional groups 
in rGO play important roles in the generation of adsorb-
ing behavior [34]. The adsorption isotherm of various FF-
rGO was studied to quantitatively investigate the amount 
of MB molecular left in solution when the adsorption pro-
cess reaches equilibrium. MB molecules are more favora-
bly absorbed by the FF-rGO instead of FF-TiO2 as shown 
in Fig. 4b. Especially for FF-15%rGO, whose equilibrating 
adsorbing capacity reaches 145.68 mg/g (R2 = 0.99) at an 
initial MB concentration of 20 mg/L and is much larger than 
that of FF-TiO2 (71.15 mg/g, R2 = 0.97). The adsorbing abil-
ity increases with higher contents of rGO incorporated in 
FF-rGO from 5 to 15%. However, less MB molecule was 
absorbed even more rGO was incorporated (20%), which 
could be explained by the lower exposure of functional 
groups in FF-20%rGO caused by overlapping behavior of 
exceeded rGO sheets.

Several mathematical models have been implemented 
to describe the equilibrium of adsorption. The Langmuir 
model and Freundlich model are most frequently and widely 
spread among them. When applying the Langmuir model, 
there is a hypothesis that the uptake of dyes only occurs on 
a homogenous surface by monolayer adsorption [35]. The 
equation shows as:

where qmax (mg/g) is the maximum adsorbing capacity cor-
responding to complete monolayer coverage, KL (L/g) is a 
constant related to adsorption capacity and energy of adsorp-
tion. The results from Langmuir model in Fig. 4c show 
that the maximum adsorption for FF-15%rGO predicts to 
be 427.35 mg/g. The higher correction coefficients of R2 
(R2 = 0.957) suggest the excellent fitting of experimental 
data by the Langmuir model, while FF-TiO2 only obtains 
maximum adsorption with 80.76 mg/g (R2 = 0.978). The dra-
matic improved maximum adsorbing capability indicates the 
great significance of 15%rGO incorporated in FF-rGO in 
adsorption enhancement of dyes, which is also confirmed 
by the comparative table of recent reports about adsorbing 
capacities of various adsorbents to MB (Table S2). While the 
Freundlich model assumes that the adsorption takes place 
on a heterogeneous surface [36]. The equation is represented 
by:

(3)
Ce

qe
=

Ce

qmax

+
1

qmaxKL
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 where kf (L/g) and n are the Freundlich constants, repre-
senting adsorption capacity and adsorption intensity respec-
tively. The calculated values from the Freundlich model 
in Fig. 4d show an improved adsorption capacity of FF-
15%rGO ( kf=1.37 L/g, R2 = 0.998). The values of n are all 
between 1 and 10, indicating MB molecules are favorable 
adsorbed both on FF-TiO2 and FF-rGO. The lower R2 of 
FF-TiO2 in the Freundlich model (R2 = 0.811) than that in 
the Langmuir model (R2 = 0.978) suggests the adsorption 
activity of FF-TiO2 takes place most likely on a homogenous 
surface. On the contrary, FF-20%rGO exhibits totally oppo-
site results with a lower R2 (R2 = 0.821) in the Langmuir 
model and higher R2 (R2 = 0.969) in the Freundlich model, 
as represented in Table S3. Such results suggest more rGO 
sheets were wrapped on the fabrics to form heterogeneous 
surfaces and these extra rGO sheets make negative effects 
to the adsorption of MB.

(4)Lnq
e
= Lnk

f
+

1

n
Lnc

e

Enhanced Photocatalytic Performance of FF‑rGO

The photocatalytic performance of FF-rGO was evaluated 
by degrading MB solution under a 150 W Xenon lamp as 
shown in Fig. S5. For comparison, FF-TiO2 was evaluated 
under the same condition to discover the influences of rGO 
on the overall photocatalytic activity. The curves of MB 
degradation against time with different functionalized fab-
rics indicate the photocatalytic degradation performance 
has been improved when the fabrics were incorporated 
with rGO (Fig. 5a). More specifically, more than 80% of 
MB was removed after 30 min’s photocatalysis and 95% of 
MB was removed after 60 min’s photocatalysis in terms of 
FF-15%rGO, while these degradation rates decline to 50% 
for 30 min’s photocatalysis and 80% for 60 min’s photoca-
talysis in terms of FF-TiO2, respectively. The photocatalytic 
efficiency has almost doubled due to the presence of rGO in 
 TiO2/15%rGO composite. Although when increasing rGO 
content to 20%, the photocatalytic efficiency of FF-20%rGO 
was slightly decreased compared with that of FF-15%rGO. 
This is mostly because the extra rGO sheets brought about 
blockage between the light and  TiO2 nanoparticles, resulting 

Fig. 4  a Schematic diagram of interactions between MB molecular 
and rGO sheets. b Adsorption isotherms of MB absorbed by FF-TiO2 
and FF-rGO under room temperature (20°C). c Adsorption isotherms 

of MB analyzed by Langmuir model. d Adsorption isotherms of MB 
analyzed by Freundlich model
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in luminous energy loss in the transporting process. Fig-
ure 5b presents the UV–Vis adsorption spectra of MB aque-
ous during photodegradation for FF-15%rGO. The continu-
ous decrease of the characteristic peak at 664 nm indicates 
the photodegradation was in progress. The sharp decrease 
of MB characteristic peak in the first 30 min suggests the 
degradation rate was fast at the beginning due to the abun-
dant MB in the aqueous. The color of MB changed from 
blue to colorless demonstrates the chromophore of MB was 
removed and the benzene rings were cracked down during 
the photodegradation process (Fig. 5b) [37].

To have better understanding of photocatalytic efficiency 
regarding the above photocatalysis. The photocatalytic 
degradation kinetics was investigated by pseudo-first-order 
kinetics [38], represented as:

where k is the photocatalytic reaction apparent rate con-
stant and t is the irradiation time. The slopes of curves 
in Fig. 5c were calculated as 0.0319 (R2 = 0.958), 0.0406 

(5)Ln
A

A
0

= kt

(R2 = 0.992), 0.0394 (R2 = 0.999), 0.0528 (R2 = 0.985) and 
0.0481 (R2 = 0.990) for FF-TiO2, FF-5%rGO, FF-10%rGO, 
FF-15%rGO and FF-20%rGO, respectively. The k values of 
FF-rGO are much higher than that of FF-TiO2, which further 
proves the introduction of rGO has significant effects on 
photocatalytic enhancement.

The improved photocatalysis was beneficial from the 
incorporation of rGO which extends the lifetimes of sepa-
rated electron–hole pairs by providing alternative paths for 
electron transportation. During the photocatalysis, MB was 
mainly degraded by photoinduced holes ( h+

VB
 ) and oxygen 

active species ( ⋅OH and ⋅O−
2
 ), which are derived from  TiO2 

photocatalysts under irradiation [39]. The schematic mecha-
nism of the photodegradation process of MB by FF-rGO is 
illustrated in Fig. 5d. Electrons  (e−) were firstly promoted 
from the valence band (VB) to the conduction band (CB) of 
 TiO2 under light irradiation, leaving holes ( h+

VB
 ) with posi-

tive charges in the VB. The photoinduced electrons could 
immediately react with oxygen ( O2 ) to create superoxide 
radical ( ⋅O−

2
 ), which is presented by:

Fig. 5  a The photocatalytic degradation of MB over different func-
tionalized fabrics. b The absorption spectra of MB photodegraded by 
FF-15%rGO. c Kinetic linear simulation curves for photodegradation 

of MB over different fabrics. d Schematic diagram showing electron 
transporting path during photodegradation of MB
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Alternatively, by the presence of rGO sheets, electrons 
could also transport from CB of  TiO2 to rGO sheets which 
inhibits the recombination of electron–hole pairs and pro-
longs the effective lifetimes of separated carries. The elec-
tron transport between  TiO2 and rGO can be presented by:

The production of ⋅O−
2
 would contribute to generate ⋅OH . 

The h+
VB

 and ⋅OH played primary and secondary roles dur-
ing the photodegradation of MB, respectively. The inhibi-
tion of recombination between electron–hole in the pre-
vious process also extended the lifetime of h+

VB
 , enabling 

(6)TiO2 + h� → e−
CB

+ h+
VB

(7)e−
CB

+ O2 → ⋅O−
2

(8)e−
CB

→ e−(Graphene)

(9)e−(Graphene) + O2 → ⋅O−
2

their reactions with H2O to generate more ⋅OH which could 
directly oxidize MB. The reaction process can be illustrated 
by:

Integration of Night‑Time Adsorption and Day‑Time 
Photodegradation

Under the scenario of practical application, most traditional 
photocatalysts are typically designed to functionalize in the 
daytime when sufficient light irradiations are supported. 

(10)⋅O−
2
+ H2O → ⋅OH

(11)h+
VB

+ H2O → ⋅OH

(12)⋅OH +MB → CO2 + H2O

(13)h+
VB

+MB → CO2 + H2O

Fig. 6  a The integration of dark adsorption and photodegradation 
(PD) of MB over different fabrics. b The absorption spectra of MB by 
FF-15%rGO throughout dark adsorption and photodegradation. c The 
comparisons of degradation rates within and without 6 h’ adsorption 

after the first 15 min’ photodegradation of MB by different fabrics. d 
The comparisons of degradation rates within and without 6 h’ adsorp-
tion by FF-15%rGO
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The FF-rGO introduced here not only enhances the photo-
catalytic performance under light irradiation, it is also pos-
sessed of abundant adsorption with pollutants even without 
irradiation participated, especially in the nighttime when 
the functionalized fabrics could take full advantage of. The 
collaboration of day-time photodegradation and night-time 
adsorption optimizes the degradation efficiency of pollut-
ants. Figure 6a shows the adsorption and degradation pro-
cess of MB by FF-TiO2 and FF-rGO during six-hour dark 
adsorption and one-hour photocatalysis. After six hours’ 
adsorption, the MB concentration in solution with FF-TiO2 
did not show any declines which suggests FF-TiO2 was not 
capable of absorbing MB molecules in a such short time, 
while the significant declines of MB concentration in solu-
tion with FF-rGO indicate the rapid absorbability of FF-
rGO. The following one-hour photodegradation results show 
a great improvement of total degradation efficiency by FF-
rGO. Figure 6b presents the UV–Vis adsorption spectra of 
MB aqueous during the adsorption and photocatalysis for 

FF-15%rGO. The sharp decline of MB concentration after 
15 min’ of photocatalysis demonstrates large amounts of 
MB molecules were aggregated and absorbed on the pho-
tocatalysts surface before photodegradation, and instantly 
photodegraded once the irradiation was generated.

The comparisons of photocatalytic performance within 
and without six-hour pre-adsorption are shown in Fig. 6c 
and d, respectively. At the first 15 min’ photodegradation, 
there is a significant increase of degradation rate for FF-
rGO within six-hour pre-adsorption (Fig. 6c). Typically 
for FF-15%rGO and FF-20%rGO, which increases 26.3% 
and 24.7%, respectively. The continuous photodegradation 
performance of FF-15%rGO shows 98% of MB has been 
photodegraded within 30 min if six-hour pre-adsorption 
was performed, while 60 min was taken to photodegrade 
such level of MB if no extra pre-adsorption activity was 
carried out (Fig. 6d). Table S4 summarizes the photodegra-
dation efficiency of  TiO2-based materials, which indicates 
the remarkable degradation intensity of FF-15%rGO and 

Fig. 7  Sustainability of FF-rGO. a Recyclability of continuous dark adsorption and photodegradation of MB by FF-15%rGO. b Wash test of FF-
15%rGO. c Stability of photocatalysts on FF-15%rGO
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significant enhancement in overall degradation intensity if 
extra pre-adsorption was participated. We have also ana-
lyzed the adsorbing and photocatalytic activity of FF-rGO 
against another organic pollutant (Rhodamine B (RhB)) in 
water under the same condition. The similar adsorption and 
photodegradation performance of FF-rGO both in MB and 
RhB aqueous indicate that  TiO2/rGO coated wool fabrics 
can be applied to water purification affected by various dye-
stuffs (Fig. S6).

Sustainability of FF‑rGO

The stability and durability of the adsorption and photo-
degradation performance of FF-15%rGO were evaluated as 
shown in Fig. 7a. The adsorption efficiency changes from 
55% for the 1st cycle to 46% for the 4th cycle, and overall 
degradation efficiency changes from 98% for the 1st cycle 

to 92% for the 4th cycle. The overall performance does not 
obviously deteriorate after four cycles, revealing the out-
standing sustainability of FF-15%rGO.

By considering the adsorption and photocatalytic activi-
ties always take place underwater, FF-rGO requires more 
stability of photocatalysts on wool fabrics. We immersed 
FF-15%rGO into deionized water under ultrasonic treatment 
for 20 min for each wash cycle. The wash test indicates that 
the photocatalytic performance of FF-15%rGO only slightly 
reduced after 3 washing cycles (Fig. 7b). The 30-day soak-
ing test proves that photocatalysts  (TiO2/rGO nanoparticles) 
could be more stably coated on wool fabric surface under-
water compared with non-rGO incorporated photocatalysts 
(Fig. 7c). Such reliable stability in water is beneficial from 
the presence of strong bonds between rGO and  TiO2 nano-
particles, which has been confirmed in FTIR (Fig. 3e) and 
XPS (Fig. 3g) analysis.

Fig. 8  Wasted socks reutilization in degradation of large-amount 
dyestuffs contaminations. a Pad dye wasted socks into  TiO2/15%rGO 
functionalized socks. b The adsorption and photodegradation of 4 
L MB (10 mg/L) by functionalized sock over 120 h, 12-h nighttime 

adsorption and 12-h daytime photodegradation for each day. c The 
corresponding absorption spectra of MB. d The color change of MB 
solutions at 0 h, 36 h, 72 h and 120 h
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Practical Application in Degradation 
of Large‑Amount Dyestuffs Contamination

We carried out the experiment to identify the waste textile 
reutilization and its practical application in the degradation 
of large-amount dyestuffs contaminations. Figure 8a shows 
the wasted socks were pad dyed by  TiO2/15%rGO to achieve 
the optimized adsorbing and photocatalytic capacities. The 
functionalized sock was immersed in a tank with 4 L MB 
solution (10 mg/L) for 120 h (continuous alternation of 12 h’ 
night-time adsorption and 12 h’ day-time photocatalysis). 
More than 93% of MB in solution was removed after 120-h 
continuous adsorption and photodegradation (Fig. 8b). The 
dark grey area and light grey area in Fig. 8c represents the 
contribution of adsorption and photocatalysis to the overall 
degradation of dyestuff, respectively. The color change of 
MB solution in Fig. 8d and Fig. S7 suggests the effective 
adsorbing and degrading progress. It indicates that the inte-
grated system of night-time adsorption and day-time photo-
catalysis optimizes the overall degradation of dyestuffs and 
have great significance to wastewater treatment.

Conclusion

In summary, we have introduced a concept to reutilize waste 
textiles in a green and sustainable manner through pad dye-
ing technology. The  TiO2/rGO functionalized fabrics exhibit 
decent sustainability, improved adsorbing and photocatalytic 
performance, displaying great potentials to solve the con-
cerns of overproduced textiles and water contaminations 
arising from fast fashion industry. The FF-15%rGO pre-
sents the best adsorbing and photocatalytic performance, 
with a maximum adsorbing capacity of 427.35 mg/g for MB 
and complete photodegradation of MB (100 mL, 10 mg/L) 
within 60 min. Particularly, we integrated pre-adsorption 
and photodegradation as a combined system, which signifi-
cantly shortened the photodegradation process to 30 min. 
Such a collaborative system takes full advantages of night-
time adsorption and prominently improves the overall deg-
radation efficiency in practical applications, paving a new 
route for environmental remediation.
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