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Abstract

Textile processing with low hazardous chemicals in one step through a nano-assisted technique for multi-functional purposes
is an important task. Here, the toxic carrier was replaced with zinc acetate in dyeing to modify the polyester fabric through
the synthesis of zinc oxide nanoparticles (ZnO-NPs), whereas polyester after conventional dyeing was followed by other
required finishing to achieve functional properties. Disperse blue 19 and zinc acetate were used on different pre-treated
fabrics at 130 °C for 1 h in diverse alkaline media. The dyeing effluent showed almost no remaining dye providing a clean
route for the simultaneous nano-assisted processing. This eco-friendly, time-, and energy-saving technique exhibited an even
distribution of ZnO-NPs on the fabric with reasonable dye adsorption. NaOH, as an alkaline, caused the smallest ZnO-NPs
with the highest evenness. However, applying air plasma as a clean activation route on the fabric alongside alkali processing
produced a higher color strength with the lowest cytotoxicity. Furthermore, the mechanical, physical, and chemical properties
of polyester fabrics improved as noticeable achievements. Besides, excellent color fastness against washing, rubbing, and
light obtained on all dyed and ZnO-NPs synthesized samples indicated the successful attachment of dye and nanoparticles on
the fabric. In addition, the efficient product showed antibacterial features against S. aureus. Lastly, better stability in alkaline
media specified for the dyed fabric included synthesized ZnO-NPs which led to an industrially advanced multi-functional
product.
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Introduction

Disperse dyes are the main category of dyes utilized in
the PET fibers dyeing that are used at 130 °C or boiled
alongside the carrier, or the PET first impregnated in the
dye bath with suitable dispersants, then dried, and cured
at 190-220 °C (Nunn 1979). Carrier by improving dye
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uptake, quickening rate of dyeing, and reducing the heat
of dyeing can decrease glass transition temperature (7,)
(Arcoria et al. 1985). Environmental contamination,
toxicity, and unpleasant odor are the main problems
of most carriers (Choudhury 2006). Therefore dyeing
without a carrier requires more attention to be considered;
for example, Harifi and Montazer used nano-TiO, for



Low-hazardous multi-functional textile through one-step nano-assisted processing

dyeing polyester fabric with disperse dyes without a
carrier. Pre-treating PET with nano-TiO, affected the
dyeing adsorption positively, and more nano-TiO, usage
produced higher K/S (color strength). This is free from
the disadvantages of dyeing with a carrier, for example,
toxicity (Harifi and Montazer 2013).

Besides, other methods of coloration were considered,
such as PET dyeing with microencapsulated disperse dyes
without dispersing agents, penetrating agents, leveling
agents, or other auxiliaries. In this manner, the quality of
dyed polyester fabric without reduction clearing was at
least as good as traditionally dyed fabric after washing and
reduction clearing (Yi et al. 2005). Also, Bhuiyan et al.
reported PET dyeing with henna at various temperatures
deprived of utilizing dangerous metallic dye fixatives. The
dye absorption by fiber and the subsequent shade deepness
increased at a higher temperature (Bhuiyan et al. 2018).

Rezaie et al. used eco-friendly joint CuO-NPs to nano-
colorize wool fibers in a one-step process as a green and
economical method. The process was done with copper
acetate solution non-polluting reduction on the wool fabric
in alkali media, resulting in antibacterial effects and tensile
strength improvement with good color fastness (Rezaie
et al. 2017). Also, Ahmed et al. prepared PET fabric with
four different disperse dyes in an aqueous solution of
polyethylene glycol with 100% pick-up. Polyethylene glycol
acted as a fiber plasticizer, and the swelling agent produced
excellent color indices, leveling, and fastness properties
(Ahmed et al. 2020).

Meanwhile, zinc oxide was used in anti-corrosion, anti-
bacterial, and UV absorbent products as relatively bio-safe
and biocompatible material. Moreover, it was discovered
that nanostructured metal oxide exhibits desirable
morphological, functional, biocompatible, non-toxic, and
catalytic properties (Hasnidawani et al. 2016; Wahab et al.
2013). Therefore, making these nanoparticles from their
acetate salt is thought to be a safe alternative to using dye
carriers.

Moreover, the low wettability and lack of polyester (PET)
functional groups cause difficulties in dyeing and finishing.
Several methods were used to solve these problems, such
as hydrolysis, aminolysis, and plasma treatment before
dyeing and finishing (Mirjalili and Karimi 2013; Afshari
etal. 2019).

There are some reports on the local fabrication of ZnO
nanoparticles (ZnO-NPs) on PET fabrics. Aminolysis
and in-position production of ZnO-NPs of PET were
concurrently accomplished using triethanolamine (TEA)
and zinc acetate (Poortavasoly and Montazer 2014). Also,
ZnO-NPs are produced with suitable quality through
hydrothermal growth using zinc acetate and sodium
hydroxide. The sodium hydroxide yielded a higher

production than hexamethylenetetramine (HMTA). In
addition, no solvent or calcination is required to obtain
different morphologies by using NaOH in various
concentrations (Osman and Mustafa 2015). Further, zinc
oxide nanoparticles and the hydrolysis of polyester fabric
were done by sodium hydroxide at different conditions,
ultrasound, and stirrer resulting in spherical and rod-
shaped ZnO-NPs (Mohammadi et al. 2016).

Air plasma was already used as a green and
environmentally friendly activator to enhance the
wettability, wicking, and decreasing soiling of polyester
fabric (Morent et al. 2008; Yaman et al. 2009; Samanta
et al. 2009; Raffaele-Addamo et al. 2003; Singh and
Qureshi 2005). For instance, Kerkeni et al. used
atmospheric air plasma as a pre-activator on polyester
fabric, and better wettability and dyeing were reported
with curcumin at 90 and 130 °C (Kerkeni et al. 2012).
Also, nanosilver better adhesion was reported on raw
polyester pre-treated with Ar/N, plasma (GorenSek
et al. 2010). Ebrahimi et al. stated that plasma treatment
improved the performance of various ionic lubricants on
polyester fabric. The atmospheric air plasma-treated fabric
coated with anionic, cationic, and non-ionic emulsions
showed more surface reactivity toward different ionic
emulsions (Ebrahimi et al. 2011).

It is clear that the conventional dyeing and finishing
of PET fabric is multi-step processing, including 3 or 4
different steps of NPs synthesis, dyeing, and fixing, and
is regarded as a time-consuming process. Moreover,
due to the carrier, it is significantly hazardous without
considering its environmental harmfulness. Here, it was
hypothesized that zinc acetate with acetate group replaced
the carrier possibly attracted by the ester groups of PET
fabric, leading to more interaction of amino groups of
disperse dye with the polyester chains. In this study, for
the first time, the simultaneous disperse dyeing, and in situ
production of ZnO-NPs on PET fabric was reported at
130 °C for 1 h. It means that alongside creating a fabric
with multi-functional features through more cost-and time-
effective methods in a one-step procedure, the carrier-
free nano-assisted method led to an eco-friendly product
with free-dye effluent. This was done without alkali and
with various alkalis, including NaOH and Na,COj;. In
addition, the influence of air plasma pre-treatment as a
clean physical surface activator was investigated. Finally,
this clean route eventuated the lowest environmental
contamination. FT-IR spectroscopy, UV—Vis spectroscopy,
light, washing and rubbing fastness, tensile, crease
recovery angle, bending length, and air permeability tests
were carried out to confirm the synthesized nanoparticles
on the surface and show the shade, depth, and strength
of dye without a carrier and other properties of the dyed
fabrics. Antibacterial tests and alkali resistance were also
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considered offering reasonable bacteria killing and good
stability against alkali media. Finally, the various dyeing
effluents were considerably reasonable regarding color, as
almost no dye molecule can be found in the remaining dye
baths.

Experimental
Materials and methods

A 100% polyester fabric with a weight of 88 g/m? was pro-
vided from Hejab, ShahreKord, Iran and zinc acetate dihy-
drate (Zn(CH;COO),-2H,0, 219.49 g/mol, NaOH, and
Na,CO; were purchased from Merck Co. Germany. C.I.
Disperse Blue 19 was provided by ex-Ciba (Swiss) with the
structure presented in Fig. 1.

The plasma instrument was used from Adecco Co, Iran,
with a speed of 5 m/min, power of 2.7 KW, and passage of
12 rounds.

Initially, washing of fabric was done in a bath containing
1 g/L non-ionic detergent with L:G=50:1 (liquor to good
ratio) at 60 °C for 20 min before synthesis and dyeing. Next,

O NH,

O ,,-N

it was washed with purified water and dehydrated at ambient
conditions.

HT reactor was used in all experiments of in situ
fabrication of ZnO-NPs. The settings and materials
used are shown in Table 1. In this table the following
abbreviations were used: R =raw material + dye,
Zn =raw material + zinc acetate + dye, ZnP =raw
material + zinc acetate + dye + air plasma pre-treatment,
Hy =raw material + dye + sodium hydroxide, HyZn =raw
material + zinc acetate 4+ dye + sodium hydroxide,
HyZnP =raw material + zinc acetate + dye + air
plasma pre-treatment 4+ sodium hydroxide, C=raw
material + dye + sodium carbonate, CZn =raw
material + zinc acetate + dye + sodium carbonate,
CZnP =raw material 4+ zinc acetate + dye + air plasma pre-
treatment 4+ sodium carbonate. The synthesis was performed
in HT reactor at 130 °C with L:G=150:1 for 1 h.

Characterization

The synthesized ZnO-NPs on the polyester fabric were
distinguished with Fourier transform infrared (FT-IR)
spectroscopy with Nicolet spectrometer (France) to
investigate the surface chemical changes and synthesis of
ZnO-NPs PET fabrics.

X-ray diffraction analysis (XRD) (Siemens D5000)
was used to determine the presence and type of deposited
nanoparticles on the surface of polyester fabric with CuKa
radiation source (1=1.541874°A) at 40 kV.

A color eye XTH spectrophotometer (standard illuminant
D65/10°) was employed for assessing the shade of dyed
fabrics, which three color coordinates including L*
(lightness), a* (redness-greenness), and b* (yellowness-
blueness) were used. AE of dyed fabrics was calculated by
Eq. (1), and it is the difference between the dyed sample
compared with the untreated one (Andreola et al. 2008).

2 * 2 * 270.
AE = [(L; - L)* + (a} — a})* + (b3 — b))% (1)
Fig. 1 Chemical structure of C.I. Disperse Blue 19
Tablg 1 Experimentql . Experiments 1 5 3
conditions for preparing various
polyester fabric samples in high Samples R* Zn*  ZnP? Hy*  HyZn* HyZnP* ct CZn* CZnP?
temperature (HT) for 1 h
Zinc acetate (owf %) — 10 10 — 10 10 — 10 10
Dye (1% owf) + + + + + + + + +
Air plasma - - + - - + - - +
Pre-treatment
NaOH (pH=10) - - - + + + - - -
Na,CO; (pH=10) - - - - - - + + +

4Rraw material, Zn zinc acetate, P air plasma pre-treatment, Hy sodium hydroxide, C sodium carbonate
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From Eq. (2), the weight variation percentage (AW %) of
the dyed and synthesized fabrics was evaluated, with deter-
mining weights of the samples before (W,) and after (W,)
the curing:

AW% = [(W,—W,) /W] x 100 )

An Instron (USA) was used to study the tensile strength
of treated and untreated fabrics. A 10-cm gauge distance,
a broadening amount of 75 mm/min, and a 10,000-N load
cell were used. Samples were cut to 15x3 cm? tested three
times, and the average was reported. The stiffness tester of
Shirley was utilized for analyzing the bending length of the
fabrics in the warp direction. Another Shirley instrument
was utilized to determine the crease recovery angle of cut
samples to 1 x 2 inch®. The treated fabrics were folded in
the warp direction and located below the weight of 1 kg for
1 min. After the pressure was removed, the treated fabrics
were rested for 1 min. Finally, the angle among the two
exposed ends of the treated fabric was verified. Three repeats
were executed for all the mechanical properties tests, and the
mean and variation coefficient (CV %) were stated.

The air permeability of treated and raw samples also was
calculated by the Shirley device, each one 5 times, and the
average of the results and CV % was stated.

The antibacterial property of nano-zinc oxide dyed
polyester samples was investigated derived from the
measurable test procedure (AATCC-100) concerning both
Staphylococcus aureus as a Gram-positive and Escherichia
coli as a Gram-negative pathogenic bacteria. The reduction
of bacteria in treated samples was specified in Eq. (3):

R% = [(A-B)/A] x 100 3)

where R, A, and B are the percentage of bacteria reduction,
and the number of bacterial colonies from control and
treated samples, respectively.

The cytotoxicity of dyed PET/ZnO-NPs samples was
analyzed via standard main human skin fibroblast dependent
on ISO 10993-5 (biological evaluation of medical devices-
part 5-tests for vitro cytotoxicity) (ISO 1999). The cell
viability percentage was studied by assessing the solution's
absorbance of cured (abs ) and raw (abs,, ;) samples
using Eq. (4):

sample

Cell viability (%) = (abSmpie/abS ongor) X 100 )

Here the standard main human skin fibroblast was utilized
for the cytotoxicity investigation. Fibroblasts were cultured
in DMEM (1X) + GlutMAX™ added with 10% fetal calf
serum (FCS), protected in a moistened ambient at 37 °C
and 5% CO,. Cells were transferred to a 21-well plate and
protected for 24 h. Pristine PET and treated samples were cut
into 1 1 in* and soaked in 2 ml nutrient agar for 24 h. The

nutrient agar with leakage ingredients was supplemented
to the cultured cells and protected for 24 h. The cells were
reincubated for an additional 24 h in a new medium and
afterward verified with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) examination. The
absorbance of each sample (including raw and control) was
calculated three times at 570 nm.

The color fastness properties to light, wash, and rub for
treated samples were examined according to ISO 105-B01,
ISO 105-C10, and ISO 105-X12 standard methods (Chrysler
1990; Yilmaz 2020).

The produced ZnO-NPs on the polyester fabric were
characterized with field emission scanning electron
microscopy (FESEM) via MIRA3 TESCAN-XMU, the
Czech Republic, provided energy-dispersive spectroscopy
(EDS) to distinguish the component structure. The FESEM
power variety was between 3 and 30 kV, and the images
were taken at a power of 15 kV. Particle sizes, shapes
(morphologies), and distribution of nanoparticles were
determined by image analysis of FESEM pictures.

Alkali resistance was also done on samples using a 50
mL boiling solution of 20% (w/v) sodium hydroxide in 55
min. In addition, the solution color, time of degradation, and
shape of decomposed samples were reported.

The various dyeing effluents were recognized with
UV-Vis spectroscopy to study the amount of remaining dye
in the effluents.

Results and discussion

Synthesis of ZnO-NPs with dyeing in non-alkali
media

The polyester fabric was treated with the synthesis of ZnO-
NPs alongside dyeing in the H.T. reactors at 130 °C. After
1 h, the blue-dyed samples with different shades were
removed from the reactors and washed and tested.

The mechanisms of chemical reactions between zinc
acetate (as the precursor) and PET fabric are described in
reactions 5-12:

Zn(CH,;C00), + H,0 — Zn** + 2CH,COO" )
H,0 - OH™ + H* (6)
H' + CH,COO~ — CH,COOH @)
Zn** + 20H™ — Zn(OH), ®)
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Zn(OH),Dehydration ZnO + H,O0 )
nZn(OH), — (ZnO), + nH,0 (10)

PET — COO — PET + Zn(OH),
— PET — OH + PET — COO — Zn(OH) an
PET — COO — Zn(OH) + nZn(OH),

12
— PET — COO — (ZnO), + nH,0 (12)

In reaction 5, hydrolysis of zinc acetate, and in reac-
tions 8-10, two nucleation and growth steps of ZnO nano-
particles are considered. The Zn(OH), as Zn nuclei in the
first step was formed and then changed to ZnO and H,0O
because of dehydration. After that, more ZnO in the media
proceeded to the creation of nZnO-NPs (Growth). The
modified PET reacts with Zn nuclei (Zn(OH),) (reaction
11) to form Zn(OH), followed by the growth of ZnO-NPs

PET fiber

Air plasma

Z < o
O @) O
OQCl)/ ' ‘S?o§cl)/ %Cl)/

Air plasma pre-treated PET fiber

4

2

C.I1. Disperse Blue 19

Zinc acetate ¢\

Dyed and ZnO-NPs synthesized PET substrate

Fig.2 Schematic of physically activated PET by air plasma, dyeing
with disperse dye along with in situ synthesis of ZnO-NPs

@ Springer

(reaction 12). The air plasma pre-treatment, dyeing, and
in situ synthesis of ZnO-NPs is displayed in Fig. 2. It
seems that treating the PET surface with plasma leads
to the formation of OH and COO radicals on the surface
causes possible reactions with Zn>* ions from one side,
and the amine (NH,) group of the dye from the other side
forms organo-metallic complexes. Besides, these ions can
make bigger complexes among two amine groups of two
dye molecules resulting in a stronger linkage between
dye molecules and the fabric surface alongside physical
entrapments.

Synthesis of ZnO-NPs with dyeing in alkali media

It has already been proved that alkaline media causes a
smaller and better distribution of nanoparticles on substrates
(Alias and Mohamad 2014). Here, various alkaline (NaOH
and Na,CO;) were used in the synthesis process to compare
them. The chemical reactions between zinc acetate and
sodium hydroxide are described in reactions 13—15 (Oskam
2006; Du et al. 2004; Li et al. 1999; Uekawa et al. 2004):

Zn(CH;C00),.2H,0 + 2NaOH

13

— Zn(OH), + 2CH;COONa + 2H,0 (13)
Zn(OH), + 2H,0 — Zn(OH);” + 2H* (14)
Zn(OH)}™ - ZnO + H,0 + 20H" (15)

The ZnO nanostructure formation mechanism is a
complex process that is mostly considered in the two key
stages of ZnO nuclei generation and ZnO crystal growth.
Zn(OH)42_ compounds attend as fundamental growing
parts for the fabrication of ZnO-NPs. Zinc acetate may first
change to Zn(OH), colloids in alkali media, as presented in
reaction 13, and then part of Zn(OH), colloids dissociates
to Zn>* and OH™ (Zn(OH),>~ +2H™") based on reaction 14.

Finally, ZnO can be grown according to reaction 15 at
the supersaturation degree of Zn** and OH™ concentration.
In other words, at pH > 8.0, Zn(OH)4’2 with a dehydration
reaction (and since OH™ at balance contains the high
chemical potential of), can be converted to ZnO (Uekawa
et al. 2004).

The final multifunctional dyed and ZnO-NPs in situ syn-
thesized PET substrate are demonstrated in Fig. 3.

The chemical reactions between zinc acetate and sodium
carbonate are described in reactions 16-22:

Na,CO; + H,0 - 2Na* + CO3™ + H,0 (16)

COJ™ + H,0 - HCO; + OH~ (17)



Low-hazardous multi-functional textile through one-step nano-assisted processing

Zinc acetate + Dye + Alkaline: NaOH or Na:COs

HT reactor: 130°C,1h

Polyester fabric

Dye + Alkaline: NaOH or Na.COs

HT reactor: 130°C, 1 h

Polyester fabric

Dyed & ZnO-NPs synthesized fabric
with multifunctional properties

Dyed fabric

Fig.3 Schematic of in situ production and loading of ZnO-NPs alongside carrier-free dyeing of PET fabric

HCO; + H,0 — H,CO; + OH~ (18)
Zn** + 20H™ — Zn(OH), (19)

Zn(OH), + 20H™ — Zn(OH);” - ZnO + 20H™ + H,0

(20)
Zn(CH,;C00), + 60H™ + 3Zn** — 2Zn,(OH), (CH,CO0)

@1
Zn,(OH);(CH;C0O0) — 2ZnO + CH;COOH + H,0

(22)

The alkaline solution of sodium carbonate supplied the
essential hydroxyl ions (-OH™) in the production bath. Then,
zinc salt hydrolyzes in the alkaline solution and forms zinc
hydroxide, which turns to Zn(OH)42_ as a metastable com-
plex and produces the essential amount of OH™ ions. This
substitute with acetate ion makes Zn,(OH);(CH;COO)
in little OH™ ions extent. Finally, Zn,(OH);(CH;COO)/
Zn(OH)42_ turns to ZnO at high temperatures.

The sodium carbonate as an alkali source attacks the
PET structure generating hydroxyl (-OH™) and carboxylate
(—=COQO7) functional groups (Reaction 23):

PET — COO - PET + OH™ — PET - COO™ + HO - PET  (23)

Normalized FT-IR

1.4

1.2

Absorbance

0 500 1000 1500 2000

2500 3000 3500 4000 4500

Wavenumber (cm-1)

——R ——HyZn CZn

Fig.4 Normalized FT-IR patterns of various samples
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The modified PET performed as an active site for the
formation of ZnO-NPs on the polyester (reaction 24):

PET — COO™ + Zn?* + 20H™ — PET — COOZnO + H,0
(24)
Here dyeing with the synthesis of ZnO-NPs was carried
out using 1 owf % dye and other required chemicals such as
alkaline and zinc salt. Then warm water was used for rinsing
the dyed fabric, and reduction clearing was carried out for
30 min at 60 °C using a 50:1 liquor ratio in a bath containing
10 owf % NaOH and 10 owf % Na,S,0, to eliminate extra
dye and auxiliaries.

FT-IR analysis

The FT-IR spectra were normalized at 1410 cm™". In gen-
eral, this band (in-plane bending of ring C-H coupled with
stretching of ring C—C) is considered insensitive and often
used as a reference band to normalize spectral intensity
(Dave et al. 2014). Figure 4 clarifies the FT-IR results of R,
HyZn, and CZn samples. It is clear that alkali reduced some
important peaks, such as 2908 and 2967 cm™! correlated
to C—H stretching vibration; 1716 cm™!, sharp peak inter-
related to C=0 vibration in the ester group, and 1577 and
1614 cm™!corresponded to C—C stretching vibration.

The peaks at 1019, 1099, 1260, and 1339 cm™! are
associated with C—O stretching vibration in ester and car-
boxylic acid; 3431 cm™! corresponds to O-H of hydroxyl

group stretching vibration, and 729, 875, and 972 cm™" are
associated with C-H bending vibration, C—H (out-of-plane
CH=CH bending), and C-H (in-plane CH=CH bending)
correspondingly (Afshari et al. 2019; Allahyarzadeh et al.
2013; Kiigiik and Ovecoglu 2018). Finally, the nanoparti-
cles cause an immense shift in the FT-IR peak. The peak
revealed between 550 and 453 cm™! (504 cm™ in this study)
indicated the conversion of Zn(OH), to ZnO. The ZnO peak
amid 464 and 419 cm™! (434 cm™" in this study) was previ-
ously reported (Anna et al. 2008; Li et al. 2004; Ghule et al.
2006). Thus, the peaks at 434 and 504 cm™' can be related
to ZnO-NPs that can approve the successful production of
ZnO-NPs on the surface of the fabric.

XRD analysis

XRD patterns of five different samples are depicted in Fig. 5.
Those peaks at 20 =17-25° are related to the crystalline
part of polyester (Harifi and Montazer 2014a; Poortavasoly
et al. 2014). The sample R without zinc salt showed no
considerable difference; however, a shoulder can be seen at
20 =17°. The synthesized samples, especially HyZn using
sodium hydroxide, indicated six different peaks at (100),
(002), (101), (102), (110), and (103) planes identified in
20 =31.88, 34.55, and 36.48° confirmed the hexagonal
structure of Wurtzite according to JCPDS file No. 36-1451.
Besides, no other peaks related to Zn(OH), can be seen.

Counts
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Fig.5 XRD patterns of various samples
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Table 2 Weight change of

c Experiments 1
different samples

2 3

Samples R

Zn ZnP  Hy HyZn HyZnP C CZn  CZnP

Weight before treatment (g) 0.337
Weight after treatment (g) 0.337
AW% 0.0

0.340 0321 0.328 0335 0307 0316 0.328 0.311
0.340 0.321 0.327 0334 0305 0315 0.3250.310
0.0 0.0 -03 -03 =06 -03 -09 -03

LIEpLY
[1im
View field: 5.96 jim| |Data(m/dly): 03/03/20 |

MIRA3 TESC|

RMRC FESEM

Fig.6 FESEM images of al) to a3) Zn, HyZn, and CZn samples in 35 kX

Also, the peak intensity of ZnO with a hexagonal structure
in HyZn is higher than in other samples.

Weight change

The effect of synthesis, dyeing, and hydrolysis on PET fabric
was investigated by calculating weight change during the
processing with AW% of 0.0 to — 0.9; here, 0.0 belongs to
1st experiment (R, Zn, and ZnP samples) with no alkali,
and — 0.3, — 0.6 and — 0.9 is related to other samples,
indicating breakage of ester chains in PET fabric, creation
of oligomers, and additional low molar mass particles
detached from the PET fabric, while hydrolysis is taken
place. Table 2 demonstrates the weight of fabrics before and
after simultaneous synthesis, hydrolysis, and dyeing.

Morphological studies

The synthesis of ZnO-NPs can be approved by FESEM
images in Fig. 6. However, their shape and distribution are
different due to the various synthesis conditions. The ZnO-
NPs on the Zn sample are spherical with uneven distribution
due to a lack of alkali. The smaller size with better distribu-
tion of ZnO-NPs can be observed on the samples treated
in alkali media, such as HyZn with bead-like shape nano-
particles as the best sample. More concentration of alkali

(pH=10) led to bigger size nanoparticles such as CZn sam-
ple (Nair et al. 2009). The findings here are very similar to
the others as the spherical shape is reported at a lower pH
(6-7) and bead or rod shapes at a higher pH (10-12) (Wahab
et al. 2009).

Influence of air plasma pre-treatment on dyeing of samples
included ZnO-NPs

By using air plasma as a pre-treatment, the polyester fab-
ric was activated, and cracks and pores formed on the sur-
face can be seen on ZnP and HyZnP samples. ZnP showed
agglomeration and uneven distribution of nanoparticles, and
HyZnP showed a smaller with better distribution of ZnO-
NPs. The shape of the nanoparticles is bead-like. The size
of nanoparticles in CZnP is bigger with lower evenness. Fig-
ure 7 shows the distribution of particles on the pre-treated
sample with air plasma. The size of zinc oxide nanoparticles
is within 38-94 nm.

Color strength
Colorimetric properties of the fabrics, such as L*, a*, and
b*, were calculated based on AATCC test method 173-2006

in illuminant D65, CIE 10° standard observer, and large area
view. To have an opaque view, samples were folded twice.
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View field: 5.95 ym |Date(midly): 03/03/20

>

MIRAS TES|

RMRC FESEM

Fig.7 FESEM images of al) to a3) ZnP, HyZnP, and CZnP samples in 35 kX

Table 3 Colorimetric

- Experiments 1 2 3

characteristics of the dyed

samples included ZnO-NPs Samples R Zn ZnP Hy HyZn HyZnP C CZn CZnP
L* 37.6 38.2 37.2 40.1 37.0 37.1 38.0 38.5 385
a* 4.7 43 4.1 3.6 4.9 4.5 39 46 4.7
b* -399 -396 -—-385 -390 -40.1 -394 -388 —403 -402
K/S 3.13 3.73 4.14 3.63 4.07 4.35 3.51 391 422
AE - 0.78 1.57 2.87 0.66 0.73 1.42 0.99 0.95
Absorbance 0.1 0.07 0.04 0.09 0.05 0.08 0.05 004 0

L*, b*, and a* are symbols for properties of color. Star (*) is part of their symbols. It doesn't mean definig

somthingas asterisk

Table 3 signifies the colorimetric features of PET samples.
Low L* values specify a suitable color amount. Besides, the
little positive values of a* and large negative numbers of b*
suggested the combination of a little red and deep blue color,
which exclusively approves the blue color of the used dye.

The color strength of treated samples was calculated
using Kubelka—Munk Eq. 25:

(1-R)?

K/S =
/ 2R

(25)
where R, K, and S stand for reflectance percentage, absorption
coefficient, and scattering coefficient of dyes, respectively.
The A,,,, at which the absorbance was taken is 612 nm.

The dye diffusion into the fiber improves by lower crys-
tallinity, and amorphous regions are better for penetration
of the dye molecules (Zhao et al. 2014). Therefore, it seems
that the crystallinity of treated samples was reduced due to
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hydrolysis and ZnO-NPs synthesis alongside air plasma pre-
treatment. This may prepare a sufficient amorphous region
for good dye uptake.

The K/S of various samples is shown in Table 3. The
highest K/S is related to HyZnP with NaOH and ZnO-NPs
pre-treated with air plasma. Other results signify the effects
of synthesized ZnO-NPs or different alkalis. For instance,
the lowest K/S is related to R without additive. Furthermore,
the dyed sample with a carrier (CR) neither with alkali
media and ZnO-NPs nor pre-treated with air plasma showed
lower K/S (3.80) compared with other samples. The order of
K/S values for different samples is:

HyZnP > CZnP > ZnP > HyZn > CZn > CR > Zn > Hy > C >R

This shows that the stronger alkali and zinc salt alongside
air plasma pre-treatment leads to a stronger color. Further,
alkali and zinc salt ended with high K/S values indicating
the effect of alkali on the color strength compared with other
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Table 4 The color fastness and

. Experiments 1 2 3

related ARGB of various dyed

samples included ZnO-NPs Samples R Zn ZnP Hy HyZn HyZnP C CZn CZnP
Washing Fastness 5 5 5 5 4-5 5 5 4-5 5
ARGB 8.0 8.5 45 1.8 12.6 6.6 6.4 14.1 7.4
Dry rubbing fastness 5 5 5 5 5 5 5 5 5
ARGB 8.0 8.5 45 1.9 2.6 6.6 6.4 4.0 7.4
Wet rubbing 4-5 5 5 4-5 5 4-5 5 4-5 5
Fastness
ARGB 16.6 132 88 18.3 2.4 20.8 14.8 16.1 10.2
Light 7 7-8 8 6 7 7-8 8 8
Fastness
ARGB 18.9 16.7 14.1 194 6.6 18.3 17.2 12.8 134

samples. In other words, carrier dyeing leads to more K/S
compared with the raw or alkaline and Zn samples only.

Color fastness

One of the important factors in the usage of dyed textiles
is calculating color fastness (Emam et al. 2014). The color
fastness of samples was examined, and the outcomes are
shown in Table 4. To be more precise ARGB of mentioned
samples were calculated according to Eq. 26:

1/2

ARGB = (B, - B,)* + (G, — G)* + (R, = R))?) (26)

The color fastness of 4-5 was recorded for HyZn and
CZn, and 5 for other samples against washing, according
to the grayscale, showed excellent washing fastness. The
rubbing fastness of samples was also recorded sound
results with a dry rubbing fastness of 5 for all tested
samples, a wet rubbing fastness of 5 for most samples,
and 4-5 for R, Hy, HyZnP, and CZn. The color fastness
of samples against the light was also excellent. The result
of 8 based on a blue scale for most samples (treated with
ZnO-NPs) was recorded. Color fading in sunlight happens
mainly by photo-degradation of the chemical structures
of dyes. UV absorbers and antioxidants lead to a slight
decrease in dye uptake and, in most cases, improve the
light fastness (Li et al. 2018).

The synthesis of ZnO-NPs along with dyeing acted as
UV absorbers improved the light fastness (Nourbakhsh
et al. 2018). The dye molecules interacted with Zn*,
and reactive groups of PET formed the organo-metallic
complexes that prevented the degradation of dyes through
the radicals produced from ZnO-NPs under the lights. As
evidenced, light fastness results indicated no changes in
the sample color after 30 h under UV irradiation.

Also, discoloration of CI Reactive Black 5 in an
aqueous solution was carried out by adding a piece of

nano-titanium dioxide-treated fabric into the dye solution
under UV-A irradiation. By using UV spectra, complete
discoloration of the dye was achieved (Montazer and
Hashemikia 2012). This shows that the dyed treated fab-
ric can be applied for discoloration of free dye in effluent
through a photocatalysis mechanism.

ZnO content

In order to find the changes in the ZnO-NPs content of
PET fabric, five samples were put in a furnace for 3 h
at 600 C to analyze the weight changes. The first and
second samples were raw and synthesized/dyed fabric
(HyZn), and the third, fourth, and fifth samples were the
second samples after washing, rubbing, and lighting. It
was revealed that the rubbing fastness caused the most
removal of ZnO-NPs with a reduction of 1.7% while
washing reduced by 1.2% and lighting declined the
least value of 1%. Thus, it seems that the simultaneous
synthesis and dyeing of PET fabric has no significant
influence on the ZnO-NPs content of the fabric.

Antibacterial activities

The antibacterial activities of treated samples were tested
using a Gram-positive bacterium; S. aureus, and a Gram-
negative one; E. coli. The samples were placed on agar
plates containing the mentioned bacteria. After incuba-
tion in the dark for 24 h, the grown bacteria of both types
filled the untreated sample; however, the growth of bac-
teria was inhibited for S. aureus for some treated sam-
ples. On the other hand, no inhibition of bacteria growth
was found against E. coli, similar to the previous report
(Ashraf et al. 2014) (Fig. 8.).

The Zn (92.5%), ZnP (76%), and HyZn (99%) approved
the inhibition of S. aureus growth, according to Fig. 9.
However, R and CZn failed to show the inhibition of
bacteria growth. Both physical and chemical interactions
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caused inhibition of bacteria growth. The zeta potential
of ZnO is+24 mV at pH=7.2, while the bacteria’s sur-
face is negatively charged. Therefore, the attachment of
bacteria to the ZnO surface can be due to electrostatic
interactions (Du et al. 2021). Also, penetration of the
tiny ZnO-NPs to the cell membranes leads to their frag-
mentation and malfunctioning (Applerot et al. 2009) and
causes bacteria death. The production of reactive oxygen

species (ROS) is the second major factor, which includes
‘OH, H,0,, and 022, which lead to cell death resulting
from damaging DNA, cell membranes, and cellular pro-
teins. Hydroxyl radical (OH) is the most sensitive oxy-
gen radical and reacts very rapidly with approximately
all molecules in living cells (Moody and Hassan 1982).
Such reactions may be recombined with two OH radicals
to create hydrogen peroxide (H,0,), a weaker oxidizer

Fig. 8 Antibacterial properties of treated and untreated samples against E. coli

Fig.9 Antibacterial properties of treated and untreated samples against S. aureus

Table5 Cell viabili.ty' of various 570 nm R 7nP HyZn CZn Raw Control

dyed samples containing ZnO-

NPs A 0.306 0.017 0.156 0.012 0.013 0.149 0.127
B 0.382 0.040 0.143 0.019 0.025 0.221 0.143
C 0.331 0.030 0.170 0.006 0.012 0.157 0.163
Mean 0.339 0.029 0.156 0.012 0.016 0.175 0.144
Cell viability % 2354 20.1 108.3 8.3 11.1 121.5 -
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ZnP HyZn

CZn

Raw

Fig. 10 Cell growth pictures of various dyed samples included ZnO-NPs

that causes cell destruction by hydroxyl radicals formed
through the Fenton reaction (Hassan and Fridovich 1979).

The smaller ZnO-NPs with a better distribution on the
PET surface make more bacteria growth inhibition (HyZn).

The large surface area of the nanoparticles improves dif-
fusion into the cell membrane. The agglomerated particles
with bigger size and uneven distribution on the plasma pre-
treated sample (ZnP) were directed to lower antibacterial
activity compared to the sample (Zn) without pre-treatment.
Moreover, weaker alkali in CZn resulted in the growth of
both bacteria. R sample with no ZnO-NPs on the surface
caused bacterial growth.

Cytotoxicity results

According to ISO 10993-5, mean cell viability over 70%
in a textile makes a good compatible substrate with human

dermal fibroblasts (Montazer et al. 2015). The related results
are reported in Table 5.

The cell growth pictures of treated fabrics are demon-
strated in Fig. 10. Based on Table 5, R, ZnP, and raw sam-
ples indicated acceptable cell viability results. It is also
revealed that the dye alone has a very interesting outcome
for human body skin. In comparing the mentioned three
samples with those samples indicating good antibacterial
effects (i.e., Zn, ZnP, and HyZn), it can be considered that
ZnP (air plasma pre-treated) is presented in both groups,
which can be proposed as a safe antibacterial sample for
straight use, especially in medical applications. This can be
related to the use of safe, dry processing of air plasma along
with biocidal materials of ZnO-NPs that reduce the toxicity
of the final product (Montazer et al. 2015).

Furthermore, the air plasma pre-treatment increases the
ZnO-NPs agglomeration (Fig. 7-al), and the bigger size

Table 6 Mechanical properties of various dyed samples included ZnO-NPs

Experiments 1 2 3

Samples R Zn ZnP Hy HyZn HyZnP C CZn CZnP Control Raw
Breaking tenacity (MPa) 57.5 60.9 58.7 574 57.7 58 57.9 58.7 58.6 583 57.5
C.V.% 3.55 1.49 2.62 3.18 3.24 5.63 3.37 4.57 5.02 2.88 1.02
Elongation % 41.11 47.78 50.28 4528 4694 50.27 4528  46.67  50.00 28.32 23.61
C.V.% 2.53 2.60 2.53 2.13 2.05 2.47 2.13 3.09 5.71 3.11 2.04
Bending length (cm) 1.8 1.6 1.6 1.7 1.4 1.6 1.6 1.6 1.6 1.5 2.7
C.V.% 2.73 2.68 2.15 2.34 2.17 2.29 293 2.88 2.61 2.59 2.37
Crease recovery angle (°) 155 175 161 169 162 162 163 150 166 157 110
CV.% 1.89 2.84 2.95 2.78 321 241 1.82 1.46 3.11 2.65 2.34
Air permeability (cm*s/cm?)  68.8 66.0 95.6 71.6 112.4 78.6 77.2 95.4 90.6 71.6 63.2
C.V.% 3.71 3.23 2.89 2.44 1.96 2.39 2.27 3.12 1.46 1.97 1.74
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particles (agglomerated) decrease the toxicity of ZnO-NPs
that can also be considered as the diminished gathering of
intracellular Zn ions (Fang et al. 2017). Thus, the air plasma
pre-treatment helps to diminish the adverse influence of
ZnO-NPs on the safety of the treated samples.

Mechanical properties

The dyed ZnO-NPs synthesized samples made changes in
the physical structures of the samples.

Mechanical properties of the treated samples, including
raw and control (raw fabric treated with distilled water at
130 °C for 1 h) samples, are summarized in Table 6.

Zn, ZnP, CZn, and CZnP samples had the best results
regarding the breaking tenacity. The formation and growth of
cracks throughout the tensile measurement were prolonged
(Allahyarzadeh et al. 2013); however, the synthesized
ZnO-NPs caused acceptable breaking tenacity presumably
because of the filling of the formed pits (especially for the
pre-treated samples); thus, mechanical load distributed
uniformly on the surface of the fabric (Harifi and Montazer
2014b). Moreover, the extent of alkali hydrolysis for
the synthesized ZnO-NPs samples was less than alkali-
hydrolyzed samples, as part of alkali consumed with zinc
salt to form zinc hydroxide for the fabrication of ZnO-NPs.
The breaking tenacity of other samples demonstrated little
difference with each other.

ZnP, HyZnP, and CZnP samples have the highest elon-
gation percentage, indicating that air plasma pre-treatment
produces appropriate mechanical results in addition to other
beneficial and safe effects. Conversely, the control and raw
samples had the lowest elongation percentage.

The bending lengths of all samples are lower than the raw
sample as a result of ZnO-NPs synthesis and hydrolysis of
PET. This leads to a soft handle with lower rigidity (Allah-
yarzadeh et al. 2013). The treated samples with enhanced
flexibility indicated a higher wrinkle reclamation angle. The
crease recovery angle of 110° was recorded for the raw rigid
sample; however, all treated samples showed a higher crease
recovery angle. This may be because locally producing ZnO-
NPs on PET fabric allows penetration of nanoparticles into
fabric structure formed nano-cross-linking between the PET
chains. Thus, with an external force, fabric deformation
occurs; consequently, nano-cross-linked chains try to restore
their original state, leading to a higher crease recovery angle
(Memon et al. 2016; Shady et al. 2012). In addition, the
air plasma pre-treated samples may cause chemical cross-
linking due to the formation of free radicals attributed to the
air plasma pre-treatment or oligomers. This may produce
a very thin cross-linked layer on the surface leading to an
increased crease recovery angle (Bhat and Benjamin 1989).

@ Springer

Air permeability measures the proportion of airflow tran-
sient vertically along a definite part in an arranged air pres-
sure differential among the two sides of textile fabrics. Many
features, such as temperature and pressure, polymer nature
and morphology, penetrant molecule dimension and activ-
ity, are important in the permeability of polymers (Peterlin
1975). In this study, the air permeability of treated samples
improved noticeably as more chain flexibility (which was
approved by the crease recovery angle) increased the pen-
etrant diffusivity or permeability (Sorrentino et al. 2012).
Further, alkaline hydrolysis developed permeability since
fiber diameter and thickness diminished, and hydrophilic
groups were introduced after alkali hydrolysis (Han et al.
2016). Likewise, using air plasma as a pre-treatment makes
pores and cracks promote permeability. At last, the perme-
ability of a polymer can be affected by chain orientation and
in situ production of ZnO-NPs that led to the microvoids’
development (Sorrentino et al. 2012; Tabatabaei et al. 2008).
In this process, by in situ synthesis of ZnO-NPs, removing
loose fibers from the fabric surface can effortlessly pass air
through the fabric’s pores (Talebi and Montazer 2020), as
the air permeability is directly related to the textile porosity
(Lee and Obendorf 2001).

Resistance in alkali media

Polyester quickly decomposes in an alkaline solution of
sodium hydroxide (NaOH) through more treatment time
and NaOH above 20%, and in lower concentrations, the
fabric loses its weight (Rezaie and Montazer 2017). This
occurs through the breakage of PET chains by the NaOH
attack on the ester bond of fabric, resulting in hydroxyl end
groups. The effect of alkali hydrolysis was studied on dyed,
and ZnO-NPs synthesized PET fabrics. Separate baths con-
taining a 50 mL solution of 20% (w/v) sodium hydroxide
were prepared, and samples of the same weight (0.1 g) were
put in them, boiling for 55 min. All solution's color was
clear at first; however, after 20 min, the raw sample was
entirely decomposed and transformed into a white solution.
Other colored samples were gradually torn into small blue
pieces and then turned into dark and black colored pieces
and finally formed a white layer of semi-hard NaOH residue
with some parts of the samples. These changes were first
started by Zn and HyZnP (35 min) and then R, ZnP, and
Hy (42 min). This was prolonged for HyZn, C, CZn, and
CZnP for 55 min to decompose incompletely. The PET fab-
ric synthesized and hydrolyzed with Na,CO; showed more
resistance against alkali media of NaOH than other samples.

This achievement may have some causes; the first
nano-cross-linking amid the chemical structure due to the
production of ZnO-NPs and hydrolysis of PET fabric in
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Fig. 11 Pictures of the remaining dye bath of various dyed samples included ZnO-NPs

alkali media occurred, and separation of PET chains was
avoided. Second, using C.I. Disperse Blue 19 with amine
groups can influence hydrolysis; the mechanism is much
similar to that of ester hydrolysis; however, it is much
slower. In addition, the separation of the hydrolyzed parts
from the backbone can be prevented by cross-linking the
separated oligomers with polymeric chains. At last, in situ
production of ZnO-NPs and distribution on the fabric sur-
face reduced the essential ester bonds on the PET for
hydroxyl anion nucleophilic attack. Hence, the synthe-
sized samples presented higher stability in a concentrated
alkali media of NaOH and retarded the hydrolysis of the
synthesized PET (Rezaie and Montazer 2017).

Effluent studies

UV-Vis spectroscopy was used to consider the remain-
ing dye molecules in different synthesized and dyed bath
effluent. It seems that the synthesis and dyeing in one
step can be mentioned as a clean method for producing
the desired color alongside multifunctional properties.
Few dye molecules remained in the dye bath, particularly
in the simultaneous synthesis of ZnO-NPs, as confirmed
by the UV-Vis results. The remaining synthesized ZnO-
NPs as nano-photocatalysts can also degrade effluent’s
dye under sunlight (Jamil et al. 2020). More residual dye
molecules remained in the dye bath without ZnO-NPs (R
and Hy samples) even though the total dye remaining was
very low (the UV absorbance of all samples was between
0 and 0.1). This shows that the introduced process is fac-
ile, cost-effective, and environmentally friendly due to the

very low remaining chemical compounds. The results of
UV absorbance are displayed in Table 3.

Further, to study the effect of alkaline itself on the color
of the dye, three samples were made, including dye solu-
tion and NaOH (Na+ D), dye with Na,CO; (C+D), and
dye solution in boil condition (D + B) that were treated in
the same condition of dyeing. According to UV absorbance,
alkali media has a low effect on the color of the dye's chemi-
cal structure. However, the minor dye solubility at higher
pH causes an important improvement in dye absorption
through the growing attraction of the dye to the PET fabric.
The decomposition of dyes is related to the substituents of
dye and functional groups in their chemical structure. For
instance, most of the azo dyes with functional groups of
amide, cyano, and ester decompose in alkali media must be
used at pH=4-5 (Shakra et al. 1979). The used dye in this
work has an anthraquinone structure that is stable in alkali
media.

The sample without alkali or ZnO-NPs showed clear
effluent because of the presence of polyester fabric in
the bath to the uptake of dye. However, more dye uptake
occurred in other samples due to the influence of alkaline
and ZnO-NPs. Also, the UV-Vis spectra revealed that more
dye molecules remained in the baths without ZnO-NPs.

The pictures of the remaining baths presented in Fig. 11
show a clear solution with no color confirmed by the
UV-Vis spectra.

Finally, the outcomes are summarized in Fig. 12, as the
polyester fabric demonstrates outstanding results with multi-
functional properties.
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One step facile in situ synthesis & dyeing: PET fabric + Zinc acetate + C.l. Disperse Blue 19 + Alkaline
(Dye-free effluent)
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Fig. 12 Schematic of the outcomes of one-step facile ZnO-NPs synthesis and dyeing of PET fabric

Conclusion

Here, an eco-friendly one-step route for ZnO-NPs synthe-
sizing and dyeing of the raw and air plasma pre-treated pol-
yester fabrics was introduced using Disperse Blue 19 and
zinc acetate with and without alkaline. Dye-free effluent was
achieved as a clean way of this concurrent process without
hazardous colored effluent of conventional disperse dyeing
of PET fabric. The lack of carrier in this procedure and the
use of zinc salt had combinatory results, which led to higher
color strength besides clean dyeing effluent reducing process-
ing steps to one and resulting in much lower energy, time,
and production cost. Furthermore, this can be used on the
industrial scale to preserve many of the mentioned achieve-
ments considering the extensive application of PET fabric.
The synthesis of ZnO-NPs was proved by FESEM images
and FT-IR patterns, as the HyZn sample showed the smallest
particles with the best distribution. Further, the color strength
of samples (K/S) indicated better strength between the synthe-
sized ZnO-NPs samples. In addition, the HyZn sample was
designated the best antibacterial effects on S. aureus; however,
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considering the cell cytotoxicity, the ZnP sample was the
acceptable sample with safe antibacterial properties for direct
application in medical purposes. Additionally, through in situ
synthesis alongside dyeing, the tensile strength, crease recov-
ery angle, and air permeability improved, and bending length
declined to propose better handling. These show the capability
of the final product to be used as a fabric with various func-
tionalities in multi-purpose applications. Besides, the color
fastness of the samples against washing, rubbing, and light
revealed reasonable stability of the accomplished synthesis
and dyeing. At last, several samples showed more resistance
against alkali media a good achievement for new applications.
All in all, the simple, clean, cost-effective, and industrially
scalable route is recommended for simultaneous dyeing and
finishing of PET fabric to obtain multi-functional features. It
was proposed that similar procedure may applied on polyester
fabric with different dyes to simplify and lower the cost of
both dyeing the fabrics and synthesizing metal oxides. Fur-
thermore, it is recommended that this process can be scaled
up for more outstanding accomplishments.
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