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Abstract

This systematic review aims at investigating different wound dressings commonly used for the healing
process and skin repair. Five databases, namely SCOPUS, Web of Science, Medline, Google Scholar, and
Cochrane Database of Systematic Reviews, up to 2020, were scanned for papers specific to the topic of concern.
The blinded randomized controlled trials, in vivo and in vitro studies comparing common wound dressings,
including traditional, natural/biological, and artificial ones were studied in the present review. Finally, the
researchers selected 22 studies. From which the datarelated to the clinical features of wound dressings and their
advantages and disadvantages) were derived. The review of literature suggests that many treatment
combinations are utilized as wound dressings based on the wound type and hospital guidelines. Nevertheless,
there are conflicting views about the most appropriate choice. The findings of the reviewed articlesindicate that
hydrogels are the most common wound dressing used for wounds and burns due to high thermal/mechanical
stability and low water evaporation. However, it is suggested to apply hybrid hydrogel membranes to overcome
the low mechanical strength of a single component.
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1. Introduction

Skin is the widest organ of the human body and plays several significant roles. The main purpose of this
multi-layered organ is to preserve the inner organs from the environment [1, 2]. It also acts as a shield against
the entry of chemicals and microorganisms [3, 4] and forms an exterior shell against fluid and salt depletion
resulting in the regulation of body temperature [5]. Histologically, skinis 1.5 mm thick and has three layers of
epidermis, dermis, and the deepest layer of hypodermis [6]. Accordingly, a wound can be defined as an injury
in any layers of skin that breaks the physical barrier, thus intervening in the normal structure of human body
and physiology [7]. The wound may occur given to acute trauma, thermal trauma, genetic disorders, injuries, or
surgical interventions [8].

Wounds can be classified based on their complexity, morphology, severity, thickness, level of contamination,
and time elapsed since the trauma occurred. Acute wounds heal easily but chronic wounds, such as surgical
incisions, need outside sutures or materials to assist the healing process. Other kinds of wounds, such as
chemical, thermal, and electric burn wounds, require intense attention and can be life-threatening if left
untreated. Therefore, a precise eval uation of the wound environment is necessary for its examination, diagnosis,
management, and treatment. Accordingly, thorough and accurate assessment of wounds necessitate examining
the extent and rel ated features of the wound, host factorsthat impact the wound status, and environmental factors
that influence the most favorable wound management [9, 10].

Wound healing involves a particular biological processthat heavily relies on physiological parameters. When
awound healing process fails to help the skin properly, germs, such as bacteria and viruses, can easily invade
our body freely [11]. Therefore, choosing the proper wound dressing materia for a particular kind of wound
necessitates a thorough understanding of the wound healing process which plays a crucial role in saving the
patients’ lives [12, 13]. In this regard, many studies have addressed a variety of physiological and biological
stages involved in the wound healing process consisting of five sequential phases of hemostasis, inflammation,
migration, proliferation, and maturation [14].

In the case of acute wounds and chronic non-healing wounds, the main goal is to heal the wound.
Nevertheless, the optimum dressing material must facilitate wound healing, also, it must decrease the loss of
electrolytes, fluid, and protein from the wound leading to less pain and infection [13, 15, 16].

Thisresearch aimed to address the efficacy of different wound dressings applied to different types of wounds.
The findings of the present study may help emergency physicians to the best decision possible in terms of the
required dressings.

2. Materialsand M ethods

This systematic review aimed to examine the classifications of wounds, proper wound dressings, and the
advantages and disadvantages of commonly used dressings. In doing so, comprehensive research was performed
to find the articles on the effectiveness of different types of wound dressings on the healing process of different
types of wounds. Cochrane Handbook was used to design the research steps, namely question formation,
inclusion criteria, search process, selection of studies, determination of article assessment criteria, extraction of
information, and discussion [17]. Moreover, a protocol was specified prior to the beginning of the research.

2.1. Inclusion Criteria

This systematic review was carried out on the original studies only in the form of randomized controlled
trialsand in vivo and in vitro studies in which different types of wound healing were used on patients. Therefore,
all parallel randomized, quasi-randomized, prospective observational, and retrospective studies were excluded
from this research. The inclusion criteria consisted of 1) a clear description of the wound healing, 2) objective



Kermanshahi/ The Iranian Journal of Textile Nano-bio Modification (IJTNBM) 1 (2022) 9-26 11

findings and measurements, and 3) publication in the English language. However, the exclusion criteria were
insufficient data, and publications in different languages. Moreover, the current review study does not include
qualitative studies as well as editorial letters, case reports or case series, meta-analyses, consensus statements,
and expert opinions.

2.2. Wound Dressing Types and Interventions

Both surface and deep wounds and burns were treated with drugs plus wound dressings, such as natural
polymers, hydrogels, polysaccharides, sulphated polysaccharides, electrospun dextran, antibacterial chitosan—
nanosilver film, chitosan film plus an antioxidant agent, chitosan-cellulose-silver nanoparticle composite films,
chitosan-alginate polyelectrolyte complex membranes, chitosan film/gel plus fucoidan, biocompatible
composite, sodium alginate-chitosan, alginates pectins, proteoglycans, keratin, collagen, silk fibroin,
ciprofloxacin hydrochloride, poly-L-lactide, ciprofloxacin hydrochloride, polyethylene glycol, and gelatine
sponges. In al studies, emergency physicians or care providers, such as wound healing practitioners, provided
therequired medical treatments. Wound dressings are used individually or in conjunction with other medications
to treat wounds.

2.3. Data Collection

Five electronic databases, namely Web of Science, SCOPUS, Medline, Google Scholar, and Cochrane
Database of Systematic Reviews, up to 2020, were scanned for papers specific to the topic of concern. The

CLENT4

following keywords were used to search for related studies: “wound”, “wound dressing”, “hydrogel”,
“collagen”, “skin damage”, and “injury” in combination with “healing procedure”, “physiological process”, and
“infection”.

The first stage involved the evaluation of all titles and abstracts of the articles concerning the eligibility
criteria. The next step included the retrieval of the full-text versions of the related studies and their evaluation
The removal of the unrelated papers was accomplished by screening the titles of the articles. The remaining
studies were carefully investigated. The data were objectively recorded through a standardized data form. The
extracted data were then examined by two reviewers who sel ected the required data based on an agreement. The
completion of data extraction took three months and the last search was performed on September 5, 2020. The
recorded dataincluded the used medications, type of wound, combination of wound healing plus drugs, recovery
time, and painful procedure. Figure 1 describes the article selection processin a PRISMA flow diagram.

2.4. Properties of the Included Studies

The search process yielded 2,394 articles, out of which 1,831 were eliminated after initial assessment since
they were irrelevant and redundant. Of the remaining 562 papers, 541 articles were not eligible; therefore, in
total, 22 studies were nominated for the final analysis. The retrieved articles were then analyzed by two
researchers who reached a consensus about the inclusion criteria. Those studies that had missing data were
categorized as unclear. The included studies were performed on both animals and patients. The applied wound
dressings were different depending on the studies, and in some cases, drugs were also used to enhance wound
healing (Table 1).
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Figure 1. PRISMA flowchart representing the study selection process
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Table 1. Characteristics of different research projects using various wound dressings
Type of wound Wound dressing Characteristics Reference
Diabetic wound bi oactive compounds-loaded Moist wound environment 18
chitosan film Low therisk of dehydration
Good antioxidant activity
Proliferative effect
Skin Hydrocortisone-loaded chitosan Low severity of the pathological features of atopic 19
inflammation nanoparticles dermatitis
Chronicwound  Activated charcoal silver dressings Reduction of healing times 20
Elimination of bacterial barriers
Osteomydlitis Chitosan with gentamicin Improvement of infection and anti-inflammatory 21
Second-degree Dendritic thioester hydrogel burn Prevention of bacterid infection 22
burn wounds dressing On-demand dissolution for atraumatic removal
Second-degree  Chitosan gel containing liposomes High epithelization 23
burn wounds loaded with epidermal growth
factor
Necrotic skindue  Hyaluronic acid sponge containing Decreased size of the full-thickness skin defect 24
to dermal burns arginine and epidermal growth Increased epithelization from the wound margin
factor Moderate inflammation
Wound Silver-containing wound dressings Faster healing time 25
infection
Keloids Hyaluronic acid Normalized keloid fibroblast characteristic features 26
Cutaneous Hydrogels with type | collagen Faster wound healing 27
wounds
Surgery trauma Polyvinyl alcohol-gelatin Good potential to be hemo-compatible and 27
esterified hydrogel moisture retentive
Excision Seed Husk of Psyllium Remarkable antibacterial activity against both 28
wounds gram-positive and gram-negative selected bacteria
Faster epitheliaization and greater rates of wound
contraction
Deep wounds Collagen sponge Shortened healing time 29
Enhanced quality of the wound repair
Dermal burns Fucoidan-chitosan films Good potential to be a potential treatment system 23
Open wounds Protein hydrogel Faster wound healing of open wounds 12
Burninjury Collagenous chitosan Faster wound healing mechanism 30
Excisional Aloe veraand curcumin loaded Strong anti-inflammatory effect 31
splint wound oxidized pectin—gelatin
Wound Cyclodextrin-based hydrogels Destroying bacteria cells preserving the gallic acid 32
infection antibacteria activity
Partial- and Poly(ethylene glycol)- Fast reepithelialisation 33
full-thickness protein hydrogels

wounds
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General wounds Hydrogel dressing Faster rate of closure and reepithdialisation 34
General wounds PV A—clay nanocomposite Relatively good swelling Appreciated vapour 35
hydrogels transmission rate

Excellent barrierity against microbe penetration and
mechanical properties.

Infectious Mentha pulegium essential oil Enhanced infected wound healing increase of 36
wounds antibacterial properties
Decrease of inflammatory phase

3. 3. Wound Dressings Characteristics

Recently, many different materials are being used to produce wound dressings. Biopolymeric nanofibers have
been studied to construct efficient wound dressings due to their properties of biocompatibility and eco-
friendliness [30, 31, 37-40]. Polysaccharides, such as chitosan, chitin, hyaluronic acid, alginates, and cellulose,
are the most studied biopolymers applied for wound treatment [41, 42].

Currently, with scientific and technological progress, more than 3000 types of dressings have been produced
to improve the healing process. However, there is still no optimal product that cures chronic ulcers, including
diabetes, pressure ulcers, and venous ulcers, which often are not fully healed [43]. It is expected that the global
wound care market will involve more than USD 24.8 hillion by 2024 from USD 19.8 billion in 2019, at a
Compound Annual Growth Rate of 4.6% from 2019 to 2024 [9].

Wound dressing studies started with the ground-breaking study of Winter [44] who took the initial stepsin
designing the first wound dressing/film as a material that can keep the wound environment wet. In this regard,
wound dressings were classified based on their wettability degrees in the eighties. Accordingly, dried wound
dressings, such as woven cotton gauze lost their popularity, and hydrogels have been introduced as the best
choice [45]. However, wound dressing selection depends on several factors, including wound site, surrounding
skin, and exudate level. Therefore, depending on the type of wound (i.e., appearance, namely necrotic, sloughy,
granulating, epithelializing [7]), the following characteristics should be present in an optimal wound dressing:
the ability to a) preserve the moisture of the environment around the wound, b) enhance the transmission of
good gases, ¢) eliminate unneeded exudates without reaching saturation on the outer surface of the wound, d)
shield the wound from infections, contaminations, or micro-organisms, €) cease the desiccation of the wound,
f) lessen the wound surface necrosis, g) trigger the growth factor, h) protect mechanically, i) be easily removed
and changed, non-allergic, elastic, biocompatible, biodegradable, and non-toxic, j) decrease the pain of the
wound and be cost-effective and commercially acceptable, and h) be easily sterilized [35].

4. 3.1. Traditional Wound Dressings

Wound dressings are commonly categorized as traditional, artificial, and natural/biological dressings [46].
Traditional wound dressings were introduced in the mid-1970s. Some problems, such as fast dehydration,
bacterial growth, and difficult removal, led to the development of cotton gauze coated with Chitosan-Ag-ZnO
nanocomposites [47]. However, such cotton gauzes expanded the capacity of swelling and enhanced
antibacterial activity against Escherichia coli and Staphylococcus aureus.
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5. 3.2. Natural/Biological Wound Dressings

Biological dressings are found to be an excellent treatment that can heal deep and chronic burns and wounds
completely. This dressing is composed of collagen-type structures, such as lipids and elastin. Collagen and
gelatin (the denatured form of collagen) are the most suitable natural macromolecules that can be used to
produce wound dressings and biomaterials that are biomimetic to human skin. Collagen extraction in water-
soluble, acid-neutral, or neutral forms is dependent on simple chemical or enzymatic hydrolysis[29]. Gelatinis
a combination of collagen-derived peptides extracted from tissues via the same collagen techniques but are
supplemented by heat treatment or acquired viaacid or alkaline collagen. Collagen type| can be simply extracted
from different mammalian connective tissues, including tendon, cornea, and skin [27]. Gelatin and collagen
have the same properties and amino acid sequence repeats of Gly-X-Y, in which X and Y are mostly proline
and hydroxyproline, respectively [31]. The main drawback of biological materials is the lack of donated skin
for profound or extensive wounds, which leads to the need for new tissue donors [48]. Common natural wound
dressings have two elements, gelatin or collagen and plant extracts or plant-based compounds [49]. The
compounds responsible for the bioactivity of wound dressings are frequently from natural sources. Dueto their
nature, they are unstable under environmental conditions, and encapsulation strategies are needed to ensure their
activity.

It is possible to use plant bioactive compounds in hydrogels, films, electrospun nanofiber matrices, and
sponges. Likewise, micro particlesand microspheres of gelatin or collagen are established as novel drug delivery
systems. Sponge-like collagen and hyaluronic acid materials filled with epigallocatechin gallate were produced
to treat chronic wounds. They had inhibitory activity against main wound enzymes, myeloperoxidase, and
collagenase, as well as strong biocompatibility [26, 29]. Wound dressings composed of hyaluronic acid sponge
with arginine and epidermal growth factor can reduce the extent of full-thickness skin defects, improve
epithelization from the wound edge, and maintain moderate inflammation [24].

This type of wound healing presents multifunctional biomaterials induced dermal regeneration and exhibits
anti-inflammatory properties. Collagen/chitosan scaffolds were filled with gelatin microspheres including
ginsenoside Rgl, a natural compound isolated from Panax notoginseng [49]. The findings of different studies
on chitosan-based wound dressings (loaded with fucoidan, liposomes, gentamicin, and hydrocortisone)
indicated that chitosan can reduce healing time, promote epithelization, and improve antibacterial activity [19,
21-23, 50].

Bioactive compounds, including minerals, omega-3-fatty acids, probiotics, vitamins, polyphenols, and
bioactive proteins or peptides, have been scrutinized for their possible usagesin functional foods nutraceuticals
and pharmaceuticals [26]. The antimicrobial activity of wound dressing is vital in preventing infection. There
are many different natural compounds with antifungal and antibacterial activities. Curcuma longa L.
(Zingiberaceae family) and its polyphenolic compound curcumin have been extensively investigated. This
compound iswidely used traditionally asan antimicrobial and it haslow side effects. A combination of curcumin
and other antimicrobial agents or silver can improve the quality of wound dressings and skin protection [20, 25,
50]. Infact, the wound healing processisfaster due to the quickened epithelialization and greater rates of wound
contraction [28].

There are several encapsulation strategies used to improve the bioactivity of wound dressings. Different
structures, such as nanoparticles, nanospheres, or nanocapsules, can be used based on the production technique.
Nanoparticles can be produced through various methods, among which the nanoprecipitation method is usually
favoured due to its simplicity which leads to unimodal distribution with desirable reproducibility. Since some
drugs, such as Ciprofloxacin, are water-soluble drugs, encapsulated nanoparticles were prepared by multiple
emulsion solvent evaporation methods [52].

Recently, alot of attention has been paid to lipid nanoparticles (LNPs). Nanostructured lipid carriers (NLCs)
and solid lipid nanoparticles (SLNs) are two main types of Lipid-based nanoparticles [53].
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The NLCs control drug release and enhance drug stability, safety, and bioavailability. Concerning drug
encapsulation capacity and stability, lipid nanoparticles have advantages over the rest of the lipid-based
nanocarriers (e.g., nano-emulsions) and nanovesicles (e.g., liposomes). Crystalline materials, like menthol, tend
to be crystallized in a solid lipid structure and leak from it when it is stored. Therefore its amount in NLC is
less, compared to SLN.5® The exceedingly unordered lipid structured matrix of NLC increased drug stability
and encapsulation. Their good release profilesled to their desirability in the nano pharmaceutical studiesaswell
as other usages. They are also developed through various advanced techniques. It is possible to produce these
systems and other lipid nanoparticles in the laboratory and on a large scale. Understanding the dynamics of
LNPs on amolecular phase in vivo and in vitro requires further efforts [53].

Encapsulation in nanostructured lipid carriers can improve antibacterial properties. The required
pharmacokinetic and pharmacodynamic characteristics can be designed through the encapsulation of the drugs
in lipid vesicles. Liposomes as antibiotic carriers have some benefits. enhanced biodistribution and
pharmacokinetics, low toxicity, target selectivity, and improved activity against extracellular pathogens. They
are particularly used to overcome bacterial drug resistance®® and enhance the treatment of infected wounds
through prevention of bacterial growth, reduction of the inflammatory phase duration, and enhancement of the
fibroblasts proliferation and collagen biosynthesis [36].

The food industry has shown interest in the nanofibers created by electrospinning due to their potential as
vehicles for the encapsulation and controlled delivery or release of bioactive compounds [50]. Jiang et a.,
reported that coaxial electrospinning is a powerful method for one-step encapsulation of fragile, water-soluble
bioactive agents, such as living organisms, DNA, and growth factors, into core-shell nanofibers [55]. The
incorporation of bioactive oil in an encapsulation system can preserve these compounds (Figure 2).

Various methods used for preparing micro particles are: spray chilling, spray drying, fluidized bed,
coacervation, extrusion, and interfacial polymerization. Some of the mentioned methods (e.g., spray drying and
extrusion) depend on the preparation of emulsions before the encapsulation. Therefore, the production of the
emulsion is essential for desirable encapsulation. Spray drying is one of the most used methods in the food
industry [32].

Cyclodextrins (CDs) can also be used as a structuring material in the production of hydrogels.
Functionalization using hydrogels, which can preserve the moist environment and increase the drug delivery
capabilities of cotton, can overcome the limits of cellulosic wound dressings [32]. The hydrogel component
preserves the moisture required for the healing process, and the cyclodextrin moiety can protect and modulate
the release of bioactive molecules. Therefore, the conjugation of cyclodextrins with hydrogels can lead to the
development of ideal wound-dressing material [56]. Pinho et a., obtained hydrogel s with beta-cyclodextrin (b)
or hydroxypropyl-beta-cyclodextrin (HPb) and hydroxypropyl methylcellulose by crosslinking with 1, 4-
butanediol diglyceryl ether under mild conditions. The hydrogels were firm and transparent, with a desirable
swelling capacity and gel-HPb had a more hydrophilic surface, in comparison to the gel-b. They reported that
gel-b and gel-HPb combined with gallic acid have proved to be a practical choice for antibacterial wound
dressing [57].



Kermanshahi/ The Iranian Journal of Textile Nano-bio Modification (IJTNBM) 1 (2022) 9-26 17

Loaded Nano- Loaded Nano- Nano- Loaded
Nanoemulsion Microcapsule  microcapsule  Microsphere i
Microsphere

Liposome Londed Micelle
Liposome

: : 1
Dendrimer Loaded Cyclodextrin Loaded Yeast oaded yeast
Cyclodextrin

Dendrimer
)
_‘_-._l. :-;_
A FO _

Figure 2. Different encapsulation structures for bioactive oils. The small dropsinside structures represent
bioactive oil in loaded systems [32]

It was also reported that the functionalization of cotton fibers with cyclodextrin-hydroxypropyl methyl
cellulose-based hydrogel can improve cotton water uptake and surface characteristics and improve its function
asawound dressing. The best conditions were achieved, only the 1-step and pretreatment methodology created
composites with stable cross-linking. They produced a composite material according to the cotton textile
substrates functionalized with cyclodextrin-hydroxypropyl methyl cellulose-based hydrogel and controlled the
drug delivery mechanism for developed composites by Fickian diffusion, according to the experimental data
fitting to the Peppas-Sahlin model. Based on the findings, the produced composites can be used to prevent or
treat chronic wounds [58, 59]. In another study, hydroxypropyl methylcellulose and 2-hydroxypropyl-beta-
cyclodextrin hydrogel were developed and utilized as a delivery system that releases its content in a pH-
dependent manner, controls the spread of microorganisms on the wounded area, and prohibits wound infection
[60].
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3.3. Artificial Wound Dressings

Synthetic materials, including non-biological materials and polymers not found in skin components, are used
to make artificial dressings [48]. Synthetic dressings must be non-toxic, biodegradable, physically stable, and
have a condition conducive to tissue repair. There has been a surge in demand for polymeric membrane products
for wound dressings.

3.3.1. Semi-Permeable Film Dressings

Thistype of wound dressing consists of adherent and transparent polyurethane-type film which enhances the
transference of CO,, O, and water vapour from the wound and allows the adherence of the dressing to the skin
[61]. This transparency feature of semi-permeable films provides the chance for assessing wound closure
without the need to remove the wound dressing. Vapour transmission rates are within the range of 300-800
9/m?/24 hours. The semi-permeable film dressings, impermeable to bacteria and liquids, contain autolytic
debridement of eschar. The flexibility of thistype of dressings makes them appropriately practical for shallow,
superficial, and epithelializing wounds with low exudates. However, the available film dressings have different
adhesive characteristics, extensibility, conformability, and vapor permeability [62]. Since adhesiveness of
dressings can affect the epidermal layer of the skin, caution must be exercised when trying to remove film
dressings

3.3.2. Semi-Per meable Foam Dressings

Foam dressings consist of hydrophilic and hydrophobic foam with adhesive borders [63]. The hydrophobic
characteristics of the outer layer preserve the liquid; however, they enhance gaseous transference and water
vapor. Silicone-based rubber foam (Silastic) easily forms to wound shape. Foam can absorb different amounts
of wound drainage based on the thickness of the wound. Foam dressings are usually used as primary dressings
for absorption and eliminate the need for secondary dressings due to their high absorption and moisture
permeability of steam [64, 65]. Foam dressings have a magjor downside which necessitates frequent dressing;
moreover, they are not ideal for dry wounds, dry cuts, and low exuding wounds
since they require exudates for healing [64].

3.3.3. Hydrogels dressing

The hydrogel-based wound dressing is among the most favorable wound care materials and meets the
regquirements for dressing, including a) sensitive subcutaneous, (b) pain reduction through cooling, and (c) the
possibility of active intervention in the wound healing process [33, 34, 65]. They promote healing faster than
traditional gauze dressings [66].

Hydrogels, because of high level of water, porosity, and soft consistency, naturally simulate natural living
tissues more closely than any artificial biological class[27, 67, 68]. If molecular collisions or secondary forces,
including ions, hydrogel bonds, or hydrophobic forces have amajor impact on the network formation, hydrogels
are called as reversible or physical gels. Physical gels can be solubilized by atering the environmental
circumstances, like temperature or pH, and the ionic strength of the solution. Chemical hydrogels are usually
made using two various methods, namely three-dimensional polymerization, in which a hydrophobic monomer
is polymerized in the presence of amultifunctional crosslinking agent or by direct cross-linking of water-soluble
polymers.
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Polymerization typically begins with free radical-generating compounds, including benzoyl peroxide, 2,2-
azo-isobutyronitrile (AIBN), and ammonium peroxodisulphate, or using ultraviolet, gamma-ray, or electron
beams [69]. Figure 3 illustrates this polymerization.

Hydrogels and hydrocolloids are developed as products to manage the moist wound healing process. Both
produce autolytic debridement, which eases the removal of dead tissues [67]. Hagan (1992) suggests a
transparent wound dressing as a thin film that has a non-adhesive central portion including hydrogel material
that contained polypropylene glycol or polyethylene glycol and isophorone diisocyanate [70]. Due to the

transparency of this product, it is possible to observe the wound healing process and it is also easy to remove
[70].
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Figure 3. @) Synthesis of hydrogels by three-dimensional polymerization. b) Synthesis of hydrogels by cross-
linking of ready-made water-soluble polymers [69]

3.3.3.1 Types of Hydrogels

Hydrogels are categorized based on their physical characteristics, such as preparation method, swelling,
origin, ionic charges, degree of biological degradation, and observed nature of the crosslinking. In physical gels,
the nature of the process is physical interaction. In a chemical process, the crossinking of chemical covalent
(smultaneous or subsequent polymerization) is used to produce chemical hydrogels. Physical hydrogels are
reversible because of structural alterations, while chemical hydrogels are permanent and irreversible due to
configured alterations. Double-network hydrogels are the other class of hydrogels. Double-network hydrogels
are developed through combining physical and chemical cross-hydrogels by electrostatic interaction. In recent
years, double-network hydrogels with high liquid absorption capacity in a wide range of pH have been used to
overcome the shortcomings of using only chemical or physical hydrogels.
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Ascan be seen in Figure 4, hydrogels can be classified according to their stimuli response as pH-responsive,
temperature-responsive, glucose-responsive, protein-based, and antigen-responsive hydrogels[72].
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Figure 4. Classification of hydrogels based on the different properties[70]

3.3.4. Hydrocoalloid Dressing

Hydrocolloid dressings are another type of interactive dressings which are commonly used. They are
composed of two layers, theinner colloidal layer and the outer water impermeable layer. Hydrocolloid dressings
are produced by combining gel-forming agents (carboxymethylcellulose, gelatin, and pectin) with other
substances, like adhesives and elastomers[72]. Hydrocoll oids can be penetrated by water vapor but not bacteria.
They also allow debridement and absorption of wound exudates [73]. Hydrocolloid dressings can be properly
used for mild to moderately exudating wounds, including traumatic wounds, minor burn wounds, pressure sores,
and management of pediatric wounds. The main advantage of these dressings is that the patients do not suffer
from the removal pain [74]. However, hydrocolloid dressings are commonly applied as a secondary dressing
and they are not recommended for the management of highly exudating wounds or neuropathic ulcers[72].

6. 3.3.5. Alginate Dressing

Alginate dressings, mainly derived from seaweed, are highly absorbent and are used for moderate to large
amounts of exudate. The fluid absorption of alginate is accompanied by sturdy hydrophilic gel formation that
maintains the wound environment moisturized. Similar to hydrocolloid dressings, alginate dressings are used
along with a secondary dressing to stay in place. It is not recommended to use alginate dressings for the
management of severe wounds with exposed bone, third-degree burn wounds, and dry wounds [72]. Table 2
summarizes various polymeric dressing materials available in the global market and their brand names, their
preferred usages, and the utilization percentages in wounds and burns care.
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7. Table 2. List of polymeric wound dressing materials currently available in the global markets[66]

Dressing type Commercial Description Application Global
names use (%)
Polymeric Films Tegaderm Films were synthesized from polyurethane  —Superficial wounds 8
Blister or any other polymeric materials ~Laser wounds
Poly skin Il — Surgery defect sites
Silon-TSR — Skintears
Opsite, Aluderm
Polymeric Foams Flexzan Foam dressings were produced by — Chronic wounds 5
Bionaich combination of hydrophilic foams and — BUMS
P hydrophobic backing or semi-permeable
Crafoams with nonabsorbent membranes, such as — Mohs surgery and wounds
Biatain polyoxyethylene _g_lycol surrounded with — Laser resurfacing wounds
polyurethane or silicone/ polyester
Cutinova
Reston
Lyofoam
Ivalon
Polymeric Hydrogels Cultinova Gel, Hydrogels were made by the combination —Chemotherapy peels 44
Biolex, TegaGel, of crosslinked hydrophili c polymers, sgch “Ulcers
as polyethylene oxide, polyvinyl
Carrasyn, NuGel,  pyrrolidone, polyvinyl acohol — Laser resurfacing
Skin Flexderm, —Average thickness wounds
Exu Dry Dressing, —Graft donor sites and
artificial
CarraSorb, and — Organs wounds
GRX wound Gel
Polymeric Alginates AlgiSite Alginate hydrogels were produced by the — Thickness burns 20
AloiDerm combination of chemical crosslinking of — Surdical wounds
9 sodium alginate algae with Mg, Ca, or Zn 9
Sorbsan salt solutions — High exudates wounds
Kaltostat — Chronic ulcers
Omiderm
Polymeric lodosorb Hydrocolloides were synthesized by — Chronic ulcers 24
Hydrocolloids immobilization of iodine onto water-
(Cadexomer), soluble modified starch based on _ BU™S
Debrisan cadexomeriodine beads, the gel was — Average thicknesswounds
formed by iodine exchange between .
gzgxtranomer), polymeric material and wound exudates. Donor graft sites

Sorbex, Duoderm

(Polymer blend)

The second form is Dextranomer, where
crosslinked dextran is grafted with

polyethylene glycol
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4. Conclusion

The awareness of the available wound dressings, their appropriate use, and their side effects is fundamental
for wound management. The main concern of wound care practitioners in this field is to find a fast-acting
medication that is both appropriate and safe and causes the lowest possible pain for the infected patients. Over
3000 wound dressings have been introduced in the market for different types of wounds and burns. The present
work provided areview of common trends and material s used for wound management to allow the devel opment
of awound dressing that can tackle the main disadvantages of each type and accelerate the healing process of
patients. Since conventional wound dressings usually do not show a suitable performance in the treatment,
researchers had recently paid attention to nanoparticles and nanofibers due to their biocompatibility and eco-
friendliness. Based on the results, there are still no one-fits-all wound dressings and even those fabricated using
nanoparticles have their deficiencies and restrictions in use. For instance, nanofibers can enhance drug delivery
while nanoemulsionscan improve drua penetration to the wound. Accordinaly, thereisaneed to conduct future
studies on fabricating wound dressing that could fulfil the needs of patients the most. (
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Abstract

In this paper was investigated dyeability cotton fabric sample using surface modification to
corona discharged method. At first. In accordance with the design of experiments. We
exposed the samples to Corona conditions with power of 100 (w) and the main current was
4A applied, at 60 and 300 secs and then dyed with Reactive Yellow K-RN Dyes. Then,
scanning electronic microscope(SEM) was used to determine the effects of this operation on
the surface morphology and also, a reflective spectrophotometer was employed to evaluate
K/S, %R and L* a* b* values. Experiments indicated that dye stability of the samples were
good and but with increased time of Corona after washing it was decline. Also, results
showed that greater time of Corona operation at a constant pressure, enhanced cracks and
pores on the surface morphology of the samples. As, Fourier transform infrared (FTIR)
spectroscopy test displayed the effects of the Corona operation on the determination of
Surface changes as well as changes in the existing functional groups in fabric after being
wash and finaly, the optimal conditions of the experiment were determined using the
statistical method of Central Composite Design. In fact, aim of this study was to investigate
the dyeing properties of cotton fabric and surface morphology changes using corona
operation and to obtain optimal dyeing conditions. The results obtained in this research
illustrated that optimize condition of cotton fabric samples dyed with the Reactive Y elow3
dye for K/S1 and K/S2 at F-value respectively, equal to 29879.53 and 15940.10, and probe
values greater than F is equal to < 0.0001.

Keywords: Cotton fabric, Corona discharge, Reactive Yellow KRN, FTIR, Reflective

Spectrophotometer.
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1. Introduction

The Cotton fiber that is known as one of the natural fibers enjoys a very complex structure and chemical
processes have a widespread utilization to modify the fibers surfaces for increase of dyeability. Moreover,
researchers have shown the extensive application of Corona discharge for modifying the fibers surfaces. Results
indicated simpler treatment and higher practicality than any other physico-chemical techniques due to the quick
treatment of the samples under atmosphere pressure [1]. Furthermore, researchers have demonstrated suitability
of the corona operation as one of the dry methods. Therefore, they identified the plasma operation as one of the
efficient techniques to promote the surface properties employed for various kinds of textile reform [2].
Numerous investigations have been done on the surface modified process of cotton as well as other fibers with
corona discharge treatment, including wool and polyester, the impact of the treated time, treated voltages and
powers on the features of cotton fibers, and the surface modified processes [3-6]. This method improves the
surface with changing the bulk propertiesin a dry system without chemicals and water. The attention has been
paid to improve the wettability, friction, adhesion, reflection of light, water repellency, soil release, printing,
dyeing and other finishing process of textile fibres and fabrics by using corona technology [7]. Nourbakhsh et
al [8] investigated the newly proposed corona discharge treatment of the cotton fabric with Cu and ZnO
nanoparticles (NPs) and demonstrated the enhanced adsorption of copper NPs through pre-treatment method of
corona discharge as well as greater self-cleaning effect and anti-bacterial function of the copper NPs than the
post-treatment. Moreover, ZnO NPs exhibited the greatest anti-bacterial and self-cleaning effects using the pre-
treatment technique. It is notable that the use of the post-treatment declined photo-catalyst activities of the ZnO
NPs. Brzezinski et.al [9] founded that modifying the PET fabrics with corona discharge increased the fibers'
surface energy and wettability of the activated samples. Research also has shown that greater ratio of oxygen to
carbon indicates the formation of multiple functional polar groups in the top fibre layer of the PET fabrics,
which have been activated with corona discharge. Because of development of the fibers' specific surfaces and
removal of the direct contact between the negative charges accumulated on the surfaces of the activated PET
fabric as well as the utilized bonding agents, adhesive ability of the fabrics remarkably enhanced, which has
been revealed by the significant enhancement in the delamination force. The aim of this study wasto investigate
the dyeing properties of cotton fabric and surface morphology changes using corona operation and to obtain
optimal dyeing conditions.

2. Experimental

2.1. Materids and Methods

At first, before Corona treatment, we selected 48 gr of the bleached cotton fabric in sizes of 50 x50 cm2 from
BABAKAN Textile Company and then washed the fabric with hot water and LCF-123 Jintery Eco anionic
detergent at 60 °C for 15 min for removing contamination from the fabric; finally dried the fabric at 80 °C in a
dryer for 1 hour.

2.2. Coronadischarge treatment
In this unit, the two sample of fabrics at sizes of 5 x 5 cm? were put at a vacuum and corona conditions for

one min and the other 5 min. Corona conditions included a system power of 100 (w) and the main current was
4A applied. Figure 1 shows the schema of the above system.
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Fig.1. Equipment employed for performing the corona treatment. 1) Power supply, 2) Container Operation, 3)
Roller, 4) Electrode spark production corona, 5) Electrode distance regulator screws up roller, and 6) Electro
motor [2].

2.3. Dyeing process

At this step, sample was taken through 2 % of Reactive dye; that is, yellow K-RN (Reactive yellow 3)
(Table.1). Tehran Dye Research Center was chosen to supply the Reactive dyes. The pre-determined L:R was
20:1 and therefore we examined the procured samples for evaluating the effects of Corona condition on
determining Lab, light reflection rate (R %) as well as K/S and determining the fabrics' washing fastness.

Table.1. Molecular structure and properties of the reactive dye known as the reactive yellow K-RN [13,14]

Name of Color Index Molecular Structure | Molecular Formula Image of Molecular structure Molecular Weight Ligth fastmess
C.IReactive Yellow H
3.CI1.13245 SOMa /@,N\H,NYNHZ
Single Azo Class | CuHisCiNgNa;0752 M i NTN 636,86 6to7
NHCOCH;

Reactive Yekkow K-REN
SO.Ma

2.4. SEM

Pieces of experimented samples of 1 x 1 cm? size were cut and placed in the Sputter Coater machine for
coating the samples with a gold layer. In the next step, we scanned the Corona-treated and untreated dyed
samples for both samples with using of SEM instrument, model LEO440 made in England, for determining the
effects of Corona condition on the fabrics' surface morphology.

2.5. Washing fastness of the samples

For this stage, we washed those samples with aweight of 5 g, which have been treated with Corona and dyed
with the reactive dye at the exposure times of one and five minutes 5 times at 80 °C in a soap bath consisting of
2 gr/L anionic soap and 4 gr/L sodium hydroxide (NaOH) with 40:1 ratio of bath mass on the fabric weight for
30min. Next, we dried the samplesin adryer for one hour and measured the Lab, % R rate as well asK/S of the
washed samples with a reflective spectrophotometer machine for determining the fabrics' colour fastness.

2.6. Reflective spectro-photometer
Asmentioned earlier, spectro-photometer ColourEye-7000A system with UV D65 standard light source and
d/8° geometrical feature was employed for measuring the samples' Lab R % rate and K/S. In fact, the experiment

was performed for determining the fabric's color fastness due to the exposure to nitrogen (N) gas cold plasma,
prior to and following the washing process.

27.FTIR

All the samples were placed in the machine jaw for experimenting the entire level of the samples. After that,
OMNI C software was employed for anal yzing the sampl es and the experiment was operated in a machine known
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as Thermo Nicollet 807 fabricated in America for proving reliability of the reflective spectrophotometer test in
order to specify the fabric's color and washing fastness.

2.8. Experimental design

In this step, Central Composite Design (CCD) was utilized for the experimental plan with 2 variables [10].
These two variables included the percentage of Reactive dye and amount of irradiation time(sec). Findings
revealed the variables range for irradiation time between 55.78 and 300sec) and percentage of Reactive dye
(0.12-0.98%), through the trial version of the Design Expert 8.0.1.0 software provided from the Stat-Ease,
Inc.(USA). Table (2) (runs 1-8) completely reports the design process of the samples of Cotton fabric with the
dye percentage and the irradiation time. Results reflected the influence of the variables on the Y1 (K/S) and Y,
(R) outputs adjusted by the third-order polynominal function (Equation 1). Though we chose the samples for 3
series of time under radiation, softness of the range of changes was randomly chosen for ranges between 4 and
12 min of radiation in 8 distinct runs. Put differently, samples with four iterations were used to perform the
|aboratory experiments:

Y=ho+ Y biXi+ Y bijXiX + Y ciXi? I >j Eq. 1
ij=1,23

Here, bp stands for an independent term according to the mean value of the experimental plan. Bi represents
the regression coefficient, explaining the effects of variables on the linear form. bij isthe regression coefficients
of the interaction terms between the variables. C; refersto the coefficients of the variables quadratic form.

Table 2. CCD for K/S and R of the fabric samples treated with Reactive dye at various irradiation times.

Run Factor 1: Factor 2: Response  Response  Response  Response
1 2 3 4
A: Time treat B: Reactive dye K/S1 K/S2 R1 R2
(sec) (%)
Control 1 60 0 Invisible Invisible Invisible Invisible
Control 2 0 1 5.28 5.15 11.54 11.48
1 206.71 0.12 0.3 0.3 16 20
2 165.00 0.55 0.9 0.7 4.0 51
3 55.78 0.81 2.2 16 9.8 12.3
4 206.71 0.98 29 21 12.8 16.2
5 165.00 0.55 0.9 0.6 39 51
6 300.00 0.55 1.6 1.2 7.2 9.2
7 165.00 0.55 0.9 0.6 39 51
8 55.78 0.29 0.8 0.6 35 44

3. Results and discussion

With regard to Figure 4, Comparison of the curves of the raw sample dyed with reactive without Corona
treatment with sample of dyed and Coronatreated at time 1 and 5 min. The Corona conditions show that before
washing rate of K/S decrease suddenly but after washing decrease gradually (aand c). Also, that before washing
rate of %R decrease suddenly but after washing increase again (b and d). Table 3 indicated that comparison of
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K/S, %R and CIELab between samples of untreated and treated with Corona before and after washing,
respectively.

Table 3. Comparison of K/S, %R and CIELab between samples of untreated and treated with Corona before
and after washing, respectively.

K/S

K/S

a -+ a
> o«
L o 3

Sample
- Untreated
Time of Corona
Amax(nm) 425
K/S 5.28
%R 11.54
L* 80.51
a* 13.12
b* 67.59
c* 68.85
he 79.01
R ——
1 MmN
5min

s M s oay v oay v oy v oay s
- s > g > e -
3% a9 a9 ¢

Wavelength(nm)

—ntreated
=1min

Smin

i Gy W e My o KR
Q> a4 > s > oa >
= % g9 49 9 9 & = k k >

Wave length(nm)
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375
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100
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16.34 16.78
7947 7834
8.23 7.32
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Fig 4. Comparison of graphs between :

a) Graph of K/S sample of untreated and treated with Corona before washing

b) Graph of %R sample of untreated and treated with Corona before washing
¢) Graph of K/S sample of untreated and treated with Corona after washing
d) Graph of %R sample of untreated and treated with Corona after washing
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As shown in Table 4, the value of the adsorption coefficient to the diffusion (K/S) of the dye raw sample
compared to the sample treated with corona (1 and 5 min) and dyed, shows a sudden decrease, which for both
before and after Washing is observed to be aimost identical, while for values of the reflectance spectrum (%R)
this value shows a gradual increase over the dyed raw sample before and after washing. This indicates that the
corona operation and degradation of the surface morphology of cotton fibers cause less dye adsorption due to
the plasticizer phenomenon and low dye penetration into the fibers, while the color wash stability isimproved
due to the hydrogen and covalent bonds between reactive dye and cotton fibers. Scheme.1, indicated the
mechanism of Corona discharge and dyeing with Reactive K-RN treatments on cotton fiber.

BEM MV 13 W Det: 38 i
Viww st 171 pm Yard University 3 pm
» BEMMAQ: T80 kn  Dstejmidy) 831303

SEM MV 130V Det: 80 | VEGAITESCAN gEMMV 150V Det: SE l

View feld: 37 % pm Yard Usiversity 10 pm Wiew flald: 171 pm Yard University l.-n. T
BEM MAQG: 501 kx  Datejmidry): 057315 SEM MAG: 7.00 kx  Date{midly): 041315

SEM HV: 15 WV Det: 58 Lis
View fleld: 374 g Vard University 8 pm
SEM MAG: 7.00 kx  Deteirvy): 051215

Fig 5. Image of SEM : @) Raw b) treated with corona at time 1 min, c) treated with corona at time five
minutes, d) treated with corona at time 1 min and then dying €) treated with corona at time 5 min and then

dying.
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Fig.5, demonstrates SEM images obtained from the Raw samples' surfaces, which were treated with Corona
at 1 and 5 min times through an electronic microscope, indicating differences in the surface morphology. As
seen, if the samples are more exposed to the plasmatic condition, they would have more effects of destructive
condition on them (b and ¢). The microscopic images of the fibersin figures (d) and (€) show well the uniform
placement of the dye in the pores of the fibers created by the corona operation, and finally we see a smooth
surface on the surface of the fibers, which is consistent with our previous results.

Current : 44 HHHHH
Power : 100 (W) é é é ‘!J ‘!J
cellulose fiber Corona discharge treatment cellulose fiber
H
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Scheme 1. The proposed mechanism of Corona discharge and dyeing with Reactive K-RN treatment on
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Studying Fig (6) as well as the peaks from the existing functional groups in the samples did not show any
significant changes [14] so that CH stretching absorption in 3000 cm® 2850 cmi! regions, ketone absorption in
1720 cm* region, and that of the sulphates in 3000 cmt and 2850 cm? regions are the same for each dyed
sample of the treated and untreated samples with Corona. However, lower absorption was seen in 2350 cm'®
region on nitrile and in 650-720 cm® region of the stretching CH alkene or alcohol. With the enhanced operation
time of Corona, peak also enhanced. Put differently, we found stronger absorption in 1150-1165 cm? region of
sulphonic acid, indicating greater treatment time of Corona with increasing the peak. Hence, the fabrics dye
fastness following the washing stage would be reasonable and for the taken samples. In fact, Corona condition
was shown to not involvein thefailed creation of washing fastnessin the fabric in comparison with the untreated
samples, reflecting minor effect of the operation on the K/S values and reflective spectrum.

3.1 Statistical analysis

Optimization of the application of the NPs reflected considerable involvement in the better function of the
textile fabrics. In contrast to the conventional optimization, it is possible to consider statistical optimization
interactions and processes between the variables to create a procedure response. In addition, RSM was
demonstrated to be a strong statistical method to analyze numerous variables because it involves fewer crucial
experimental trials as compared to the “one-factor-at-a-time” technique. On the one hand, RSM was considered
as an efficient mathematical approach for optimizing the complex processes with the capability of producing an
empirical pattern for evaluating correlations of several controlled experimental parameters with the observed
results. On the other hand, RSM has a widespread utilization in various bio-chemical, nanochemical as well as
chemical methods to examine the effect(s) of independent variables and optimize the process responses using
proper values of the parameters [10-12]. It could be said that this study was performed according to RSM and
CCD. Therefore, 8 experimental CCD runs were designed (see Table 2). We also addressed the evaluation of,
the impact(s) of independent variables such as treat time and Reactive dye percentage on the response surface
and showed %R and K/S features of the treated fabric samples. At the end, Equations (2), (3), (4), and (5) give
actual factors of the K/S and %R of the fabric samples, which were treated with Coronatreatment and Reactive
dye:

K/S= +1.40565-0.012097 Timetreat-1.31523 Reactive Yellow 3+0.001825 Time treat* Reactive Yellow
3 +0.000035 Time treat?+3.50813 Reactive Yellow 3? Eq(2)

K/S= +1.03158--0.008928 Time treat-0.965332 Reactive Yellow 3+0.001521Time treat* Reactive Yellow 3
+0.000026Time treat?+2.53548 Reactive Yellow 32 Eq(3)

Ri= +6.27415-0.054369 Time treat-5.68116 Reactive Yellow 3+0.008027 Time treat* Reactive Yellow
3+0.000159 Time treat? + 15.56296 Reactive Yellow 3? Eq(4)

R,= +7.79478-0.067927 Time treat-6.87782 Reactive Yellow 3+0.011527 Time treat* Reactive Yellow
3+0.000199 Time treat? + 19.22187 Reactive Yellow 3? Eq(5)

Therefore, we employed the final statistical model for drawing the response surface (Equations 2-5), and in
this way determined the relationship of each independent variable with K/S and %R of the fabric samples.
Figures 7 and 8 represent the response surface of the samples of fabric.

Moreover, we applied Design-Expert software with the Corona time equal to 5 minutes or 300 sec for
Reactive dye for obtaining optimum condition of the features of K/S and %R of the samples. In the next step,
we used analysis of variance (ANOVA) for the process of data analysis in order to establish interaction of
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independent variables with the responses. Then, thistest was employed for analyzing results for evaluating K/S
and %R of the mentioned samples (Tables 4, 5, 6, 7).

Results reflected significance of this new model of the fabric samples with the Reactive Yelow3 for K/S;
and K/S; at F-value equal to 29879.53 and 15940.10, and prob values greater than F, < 0.0001, (Tables 4, 5).
Consequently, the model of the treated fabric samples with the Reactive Y ellow 3 for %R, and %R, was shown

to be significant at F-value equal to 6.006x10° and 9.593x10° with the probability val ues more than F< 0.0001,
respectively (Tables 6, 7).
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Figure 7. Response surface for @) K/S; and b) %R; as the Corona time function and Reactive dye
for the fabric samples.
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36 Akbarpour / The Iranian Journal of Textile Nano-bio Modification (IJTNBM) 1 (2022) 27-38

Table 4. ANOVA result of K/S; for the fabric samples with Reactive yellow 3 at different Coronatimes

F-value

29879.53
408.38
1.229x10°
230.49
13284.57
16218.81

p-value

< 0.0001
0.0024
< 0.0001
0.0043
< 0.0001
< 0.0001

prob >F

significant

Table 5. ANOVA Result of K/S, for the samples of fabric with Reactive yellow 3 at different Corona times

F-value

15940.10
376.07
65377.40
160.15
7278.50
8472.04

p-value

< 0.0001
0.0026
< 0.0001
0.0062
0.0001
0.0001

prob >F

significant

Table 6. ANOVA result of %R; for samples of the fabric with Reactive yellow 3 at various Corona times.

F-value

6.006x10°
8624.45

2.474x10°8
4460.15

2.699x10°

3.192x10°

p-value

< 0.0001
0.0001

< 0.0001
0.0002
< 0.0001
< 0.0001

prob >F

significant

Table 7. ANOVA result of %R for samples of fabric with Reactive yellow 3 at various Coronatimes

Sour ce Sumof  df M ean
Squares Square
M odel 4.98 5 0.9960
A-Timetreat 0.0136 1 0.0136
B-Cold dye 4.10 1 4.10
AB 0.0077 1 0.0077
A? 0.4428 1 0.4428
B2 0.5406 1 0.5406
PureError 0.0001 2 0.0000
Cor Total 4.98 7
Source Sum of df Mean
Squares Square
M odel 2.66 5 0.5313
A-Timetreat 0.0125 1 0.0125
B-Cold dye 2.18 1 2.18
AB 0.0053 1 0.0053
A? 0.2426 1 0.2426
B2 0.2824 1 0.2824
PureError 0.0001 2 0.0000
Cor Total 2.66 7
Sour ce Sum of df M ean
Squares Square
M odel 100.09 5 20.02
A-Time 0.2875 1 0.2875
treat
B-Cold dye 82.47 1 82.47
AB 0.1487 1 0.1487
A? 9.00 1 9.00
B2 10.64 1 10.64
PureError 0.0001 2 0.0000
Cor Total 100.09 7
Sum of M ean
Source Squares df Square
M odel 159.88 5 31.98
A-Time 0.7185 1 07185
treat
B-Cold dye 132.36 1 132.36
AB 0.3066 1 0.3066
A? 14.05 1 14.05
B2 16.23 1 16.23
PureError 0.0001 2 0.0000
Cor Total 159.88 7

F-value
9.593x10°
21554.81

3.971x10°
9199.25

4.214x10°

4.869x10°

p-value
< 0.0001
< 0.0001

< 0.0001
0.0001
< 0.0001
< 0.0001

prob >F

significant
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4. Conclusion

In this research and according to the design of experiments by the statistical software of the Central
Composite Design(CCD), sample of the bleached cotton fabric was exposed to Corona condition at times of 60
and 300 sec and then dyed using Reactive yellow 3. Then, we examined the effect(s) of Corona on the
degradation/destruction of the surface morphology and employed SEM to assess them. In the next step,
reflective spectrophotometer machine was used to show the outputs resulting from Corona condition in
determination of K/S, b*, a*, L* and R % rates. According to the results, those samples dyed with the reactive
dyes had dye fastness, though washing fastness partly declined following the Corona operation that may be
neglected because ATR-FTIR test proved it. Moreover, images from the Corona effect on the surface
morphology with the use of SEM showed the enhanced destruction with the greater Corona treatment time.
Also, Design-Expert software with a Corona time equal to 300 sec for Reactive Yellow 3 dye was employed
for obtaining an optimum condition of the K/S features and %R of the fabric samples.
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Abstract

In this study, we tried to present an efficient method for removal of Reactive red 241 (RR241) from agueous
media, using a modified carbon composite with GO sheets. The prepared nanocomposites were then
characterized by commonly identical techniques involving FESEM, BET, and FT-IR. In removal studies,
various parameters affecting the adsorption process including pH, time, adsorbent dose, temperature as well as
the amount of GO in the construction of composite were studied by response surface method. The optimum
conditions for 100 mg/L dye removal was pH of 5.0, 75 minutes' time, and the adsorbent dose of 1.47 g/L
containing 4.15 wt.% of GO. Also, under optimum conditions, the maximum, 96% removal, was achieved.
Experiments showed that the adsorption was more consistent with the Langmuir equations, and the maximum
adsorption under this model was 160 mg/g. The removal experiments showed that the amount of the adsorbent,
GO content and pH had a significant effect on RR241 removal. BET analysisindicated that the addition of GO
to the carbon composite structure improved the pore size, total pore volume, and effective surface area of the
composite. Also, isotherms, kinetics, and thermodynamic studies of adsorption depicted that the Langmuir
isotherm model, pseudo-second-order kinetic model, and self-adsorption are suitable models for RR241dye
adsorption.
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1. Introduction

In today's world, color plays a vital role in cultivating human tastes and satisfying their aesthetic needs[1].
The use of dye in textile and decorative goods has been common since ancient times due to its beauty and effect
on the human soul [2]. Many advances have been made in the field of dyeing and production of dyes for along
time. Today thisindustry has been able to offer the most desirable dyed goods to the market in various shades
by using the latest dyeing techniques and different types of dyes [3]. In the dyeing process, four factors play
major roles: dyes, goods, auxiliary chemicals, and machines [4]. Dyes used in the dyeing process are classified
in two ways, one is based on chemical structure, and the other based on the type of application. In chemical
class, dyes are classified into pigments, acidic dyes, azo dyes, anthraguinone dyes, vat dyes, indigo dyes, triaryl
carbonium dyes, polymethine dyes, metallic dyes, Nitro and nitroso dyes and miscellaneous dyes[5]. Azo dyes
are a group of reactive dyes that make up about 70-60% of all dyes used in various industries. These dyes are
generaly covalently bonded with textile fibers such as cotton. Due to their low degradability and widespread
use, they haveinfluenced conventional wastewater treatment in the textile industry in recent decades[6]. Today,
the discharge of effluents from textile industries into natural waters has created serious problems. These color
compounds are toxic to aguatic life [7]. They are visible in amounts less than one milligram per liter and cause
unpleasant environmental scenery. It has also been shown that some azo dyes or compounds resulting from the
degradation of color compounds are toxic, mutagenic, carcinogenic, and contain resistant compounds [8].
Therefore, it is very necessary for textile industries to have wastewater treatment before discharging effluents
to the environment. Treatment of colored wastewater is relatively difficult by conventional biological and
physicochemical processes due to the structure of the chemical complex of these dyes, especially azo dyes[9].

So far, various methods such as ion exchange [10], chemical precipitation [11], reverse osmosis [12],
membrane technologies [13], coagulation [14], electrochemical purification [15], which have problems such as
the need for continuous recovery, preliminary treatment, extremely high cost, biological sludge, and strict
operating conditions. Coagulation, photolysis, and advanced oxidation are among the methods which have
some disadvantages. High cost and time-consuming, low efficiency, high energy consumption and the need for
reactive materials are some disadvantages of these methods. Among the various available methods, adsorption
is one of the most effective processes for the removal that is both environmentally friendly and easy to operate
[16]. The adsorption process has been suggested as an extensible process due to the low cost of design and
operation, non-production of hazardous byproducts and the design simplicity to remove organic and inorganic
compounds[17-18]. Over recent years, applications of graphene oxide (GO) in variousfields have attracted the
attention of scientists. GO is one of the graphene derivatives widely used as a potential superior adsorbent. Its
excellent properties and the ability to control its properties through chemical functionalization have caused
researchers to pay particular attention to it [19-20]. GO is alayer of graphite with numerous groups containing
oxygen. GO, as atwo-dimensional carbon allotrope has a lattice-like planar structure [21]. GO shows strange
physical properties that have never been observed before at the nanoscale. High Young’s modulus (about 1000
GPa), high fracture resistance (130 GPa), good heat conductivity (5000 W/mK), special surface area (2600
m2g-1), and amazing transfer phenomena such as the quantum Hall effect, the ability to absorb some metal ions
and soil pollutants, and the catal ytic properties are remarkabl e properties of GO [22]. A large number of oxygen-
containing groups, such as epoxy, hydroxyl, and carboxyl groups at the plane structure of GO can be bonded
with metal ions. In addition, the high surface of GO givesit a high adsorption capacity similar to that of carbon
nanotubes [23]. The main limitation of the application of the GO is its separation from the solution after the
adsorption process and the turbidity of the material in the sample [24]. Therefore, creating conditions for
separation, optimum use of graphene, and transparent effluent production is an inevitable necessity. To
overcome this limitation, several researchers have suggested modifying or merging it with other materials.
Bhattacharyya et al. prepared a nanocomposite consisting of activated carbon graphene oxide as the adsorbent
of methylene blue dye from the solution [25]. Martins et al. proposed a mixture of high superficial area carbon-
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based nanomaterial strategy to improve the removal of basic blue 26 (BB26) by blending porous carbon nitride
(CN) and graphene oxide (GO). The CN/GO nanocomposite's ability to remove the BB26 dye was 21 times
higher than those reported in the literature, indicating CN/GO composites as potential filtering materials for
basic dyes [26]. In another study, Cao et a. reported a novel GO/PNIPAM composite system that had been
rationally designed for the removal of organic dyes from polluted water in a new mechanism- an extraction-like
mechanism. The system gives a phase transition to produce a solution phase and a gel phase at temperatures
above the lower critical solution temperature (LCST) of PNIPAM. During this phase the GO sheets are fully
transferred into the gel phase. [27]. Rostamian et a. have proposed an eco-friendly adsorbent based on poly
(glycerol sebacate) (PGS), including PGS-graphene oxide nanoparticles (GO), PGS-graft-chitosan(CS), and
PGS-CS-GO nanocomposites as efficient dye adsorbents for the wastewater treatment procedure [28].

This study aimed at of this study was to synthesizing a GO-based carbon composite (GO-CC) as a suitable
and environmentally friendly adsorbent for the removal of Reactive red 241 (RR241) dye from aqueous
solutions. The effect of various variables such as solution pH, contact time, amount of GO on carbon composite,
and amount of carbon composite as adsorbent on removal efficiency wasinvestigated. Statistical modeling and
optimization of removal conditions were performed using response surface methodology (RSM). The reason
for using statistical modeling of RSM were benefits such as simplicity, reduction in the number of samples
tested, comprehensive study of the simultaneous effect of variables on response, reduction of time, manpower,
and cost. In addition, the kinetic and equilibrium data of adsorption with pseudo-first and pseudo-second kinetic
models and Freundlich and Langmuir isotherm models were investigated.

2. Experimental
2.1. Chemicals

GO powder (Sigma-Aldrich, USA) and graphite powder (Merck, Germany) were used to prepare the carbon
composite. The carbon composite was fabricated via sol gel using potassium trimethoxy silane (90% purity,
Merck), methanol (99% purity, Merck), and hydrochloric acid (37% agueous solution, Sigma-Aldrich). The
removal experiments were performed on Reactive red 241 (RR 241,98% purity, Sigma-Aldrich) in a batch
reactor. Its chemical structureisillustrated in Scheme 1.

Na O3SOH20 HzCOzS
Scheme 1- Chemical structure of Reactive Red 241.

The pH of the agueous solutions was adjusted using a0.1 M phosphate buffer consisting of phosphoric acid
(85% purity, Sigma-Aldrich) and sodium hydroxide (purity of 98%, Sigma-Aldrich), and an Autolab model 827
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pH meter was used to measure it. A Fartest magnetic stirrer (Model HPMA 700, Farzaneh Arman Ltd.) was
used to disperse the adsorbent in agueous solutions during the test. The carbon nanocomposites were separated
from agueous samples by an Eppendorf 5810 Centrifuge device (MiniSpin, Germany). The concentration of
RR241 in agueous sol utions was determined using the Cary 100 UV-Vis spectrophotometers (Agilent USA).

2.2. Preparation of the adsorbent

The adsorbent used to remove the RR241 from aqueous sol utions was a carbon-composite, which contained
GO platelets, prepared by sol-gel method at ambient temperature. The fabrication way for this composite is
derived from Esfandiary et a., which is briefly described below. To prepare the sol (4 mL), first 3 mL of
methanol was mixed with 600 pL of deionized water, and then 100 pL of potassium trimethoxy silane was
added to the mixture. The gelation process of the resulting mixture (siloxane condensation polymerization)
began with the reduction of the solution pH to the range of 5.0-6.0. The process was accel erated by the addition
of afew drops of hydrochloric acid. After the formation of three-dimensional polymer gels containing repeating
SiO2 units, the sol color changed from transparent to milky.In the next step, 41.0 mg of GO powder was mixed
with 1.0 g of graphite powder. Then, the sol-gel mixture prepared in the previous step was added to the carbon
mass and gently homogenized with the spatula to produce a carbon paste. The resulting carbon paste was placed
in a preheated oven at 60 °C for one hour. The composite powder was kept in desiccator until its subsequent
usage in the adsorption experiments.

2.3. Adsorption tests

RR241 adsorption experiments were conducted in abatch reactor to investigate the effect of various variables
such asthe weight percentage of GO in the prepared composite, solution pH, the adsorbent dosage (i.e. amount
of the composite) and reaction time on the dye removal efficiency using the GO-modified carbon composite by
the models presented in Design of Expert (DOE) software. In the optimum conditions, 147 mg of the adsorbent
containing 4.15 wt. % of GO was added to 100 mL of the buffer phosphate (0.1 M) containing 100 mg/L of
RR241 with the pH of 5.0 for 75 min. After completion of the planned adsorption time, the composite was
separated from the agueous solution by centrifugation and the residual concentration of RR241 in the solution
was measured using the uv-vis spectrophotometer. Finally, the dye removal efficiency (Re (%)) and the
adsorbent adsorption capacity (qe) were calculated using Equations 1 and 2, respectively.

Re (%) = =22 x 100 (Eg. 1)
0
_ (Co=Ce)v
q=——" (Eq. 2)

In these equations, CO and Ce areinitial and final concentrations of RR241 in mg/L, respectively, and V and
m are solution volume (L) and the adsorbent absorbed mass in grams, respectively.

2.4. Determination of isoelectric point of the prepared composite

The pH of the isoelectric point of the prepared carbon composite was estimated by adding 1.0 g of GO-
modified carbon composite to bottles containing 50 mL of 0.1 M potassium nitrate, the pH of which was
adjusted at a certain value in the range of 2.0-12.0 using the hydrochloric acid and sodium hydroxide. The
mixture was agitated by the magnetic stirrer for 48 h. Then, the final pH of the solution was measured using an
827 Autolab pH meter. The final pH was plotted against the initial pH and a line was also drawn where final
pH = initial pH. The intersection point of the final pH-initial pH curve and a line where pH= initial pH was
introduced as the pH of the isoelectric point.
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2.5. Design of the studies and optimization of dye removal

This study investigated the effect of pH, adsorption time, amount of GO used for fabrication of the carbon
composite and amount of the carbon composite used for the RR241 removal, using Design of Expert (DOE)
software. Sample size and a number of tests were calculated by response surface method (RSM) using central
composite design (CCD). The efficiency of the dye removal was selected as the response in the design of
experiments, as shown in Table 1.

Table 1 Experimental range and levels of the independent variables

Levels
Parameters Unit Symbol
- -1 0 1 o
pH - X1 2 4.25 6.5 8.75 11
Time min Xo 20 45 70 95 120
GO content Wt. % X3 01 1.325 2.55 3.775 5
HiakEE geg)t e gL X4 0.1 0575  1.05 1575 2

After performing the tests and entering the response val ues in the software, the optima model was selected.
For data analysis, analysis of variance (ANOVA) was used. lack of fit data (Lack of fit), p value, F-value and
R?were determined. In analysis of the results, F-value is an index to eval uate the significance of the model. The
larger the numerical value, the more significant the model is, and p-value less than 0.05 is approved by model.
The response variable was presented as a function of independent variables in the form of the polynomial
regression model shown in Equation 3.

Y = by + Y7oy (b X;) + 2oy X (byj X X)+XT, (b X)) (Eq. 3)

Inthe above equation, Y isthe response variable, b0 istheintercept, bi isthe regression coefficient calculated
from the values obtained from Y and Xi of the levels encoded by the independent variables, the XiXj and Xi2
parts comprise the interaction terms (interaction effect) and the quadratic effect, respectively.

2.6. Studies of the adsorption kinetics and isotherm

In order to study the kinetic behavior of dye adsorption on the proposed carbon composite, solutions with
specific concentration of RR241 were prepared at pH = 5.0 and then 147 mg of GO-CC containing 4.15 wt. %
of GO was added to them. At intervals of 5-120 min, the residua concentration of RR241 was measured
(according to the procedure discussed before).

The equilibrium adsorption behavior of RR241 on the synthesized composite was also fitted to the Langmuir
and Freundlich isotherms models. For this experiment, solutions with initial concentrations of 30, 50, 80, 100,
120, and 150 mg/L of the RR241 were prepared at pH = 5.0 and after adding 147 mg of the carbon composite
containing 4.15 wt% of GO to them, the solutions were placed on amagnetic stirrer for 75 minutes (equilibrium
time). Theresidual dye concentration in the solution was also determined using spectrophotometry. Langmuir
and Freundlich isotherm models were used to analyze the data. The pseudo-first-order and pseudo-second-order
kinetics were used to study the kinetics of the adsorption process. The rate constants of adsorption and the
isotherms’ constants were extracted to interpret the results, capacity, type, and energy of the adsorption process.
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2.7. Structural characterization of the adsorbent

The morphology and surface porosity of the prepared carbon composites were studied using a Mira3 XMU
model field emission scanning electron microscope (Tescan, Japan). Fourier transform infrared spectrometer
(FTIR, Burker Alpha) was used to study the structural groups between composite and dye molecules. In this
technique, the resolution of 2 cm-1 is used in the wavelength range of 4000-400 cm-1. The samples were
completely powdered using KBr method and were prepared as discs by compression method. The textural
properties of the prepared composite including porosity, average volume and pore size were explored with the
aid of N2 adsorption/desorption isotherms using a Belsorp analyzer (BEL Japan Inc.) at 77 K. The specific
surface area of the composites was also calculated using the Brunauer—Emmett—Teller (BET) method.

3. Results and Discussion
3.1. Characteristics of the suggested carbon composite as adsorbent
3.1.1. Morphology

FESEM images demonstrating the morphologies of the carbon composite before and after the modification
with GO are shown in Fig 1 ab, respectively. As shown in Figure 1, wrinkled GO sheets are present in the
carbon composite (b), causing the surface area of the adsorbent, which interacts with the surrounding
environment, especially, with the contaminant moleculesin the solution, to be increased. Thiswill be shown to
be verified by examining the textural properties of both composites. This structure will be very effective in the
process of adsorption of dyes from agueous solutions.

. p -
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Figure 1. FESEM Images of the carbon composite a) before and b) after the modification with GO.

3.1.2. Potential at isoelectric point

The pH at the isoelectric point of an adsorbent is the point at which the number of positive and negative
charges on the surface of the adsorbent are equal. In other words, the pH of the charge on the adsorbent surface
is zero, referred to as the adsorbent isoelectric point or pHpzc. At pHs below pHpzc the adsorbent surface has
a positive charge and at pHs above pHpzc the adsorbent has a negative charge. To determine this point, curve
of the final pH of the solution containing the carbon composite is plotted against the initial pH of the solution,
and the pHpzc is determined based on intersection of the curve with the line where final pH = initial pH, see



Zared / The Iranian Journal of Textile Nano-bio Modification (IJTNBM) 1 (2022) 39-59 45

Figure 2. As shows the intersection point of the two plotsis located at 5.7, indicating that the isoelectric point
of the proposed adsorbent is 5.7, which isintroduced as the potential at the isoelectric point.
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Figure 2. Diagram showing determination of potential at isoelectric point of the proposed adsorbent.
3.1.3. Textural characteristics

Textura characteristics including surface area, pore volume, and average pore size of GO-CC were
determined by the BET method and were extracted from nitrogen adsorption-desorption isotherm diagrams
(Fig. 3). For better comparison, the graphs of carbon composites without GO (CC) are also presented in the
figure. The diagram shows that the presence of GO sheets in the carbon composite’s structure amplifies the
volumetric pressure of nitrogen gas adsorbed in the relative area of 0.7 to 0.9 with a steep upward slope
compared to the unmodified sample. This sudden increase could be due to the capillary density inside the
structure of GO-CC.

In addition, the calculations result of specific surface area, pore sizes, and average pore volume using BET
aresummarized in Table 2. The datain the table show that the texture characteristics of GO-CC are significantly
higher than those (CC). The specific surface area and pore diameter of the GO-CC are 7.285 m2/g and 18.156
nm, respectively. However, the values for CC are 1.92 m2/g and 9.67 nm, respectively. The pore volume of
GO-CC is about 2.5 times greater than CC. Increasing the pore volume and opening the pore diameter help
improve the absorption efficiency of dye molecules on the nanocomposite surface and effectively remove them
from agueous sol utions.

Theresultsindicate that the integration of GO sheets with the activated carbon (graphite) and sol-gel process
has caused the surface area, overall pore volume, and average composite pore size to be significantly increased.
This may point out that the composite surface is more porous. In this way, it can be expected that the nano
sheets can be easily separated from the solution by the formation of a porous and bulky composite through the
stabilization of GO sheets in the composite matrix.
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Figure 3. Nitrogen adsorption/desorption plot at 77.4 K for CC and GO-CC.
Table 2 Textura properties obtained by N adsorption/desorption studies.

Parameters Technique cC GO-CC
BET surface area (m2/g) BET a 1.92 7.825
Pore volume (cm?®/g) BJH adsorption ° 0.007 0.017
Pore diameter (nm) BJH adsorption 9.671 18.156

a Computed in the P/Po range of 0.05-0.50.
b BJH (Barrett Joyner Halenda) cumulative adsorption pore volume for pores having diameter in range of 0 and 50.0 A.

3.1.4. FTIR Study

Figure 4 displays the FTIR spectra of GO-CC in the wavenumber range of the 4000-400 cm® before (curve
A) and after absorption of RR241 (curve B), respectively. As can be seen, the functional groups present on GO-
CC surface include OH groups with their characteristic absorption band at 3406 cm and stretching of epoxy
group (C-O-C) showing absorption peak at 1151 cmr [37,38].

In spectra B, which is related to the composite after contact with the dye, in addition to the characteristic
peaks of the intact composite, new peaks have emerged that are likely correspond to RR241 functional groups.
These peaks occurred at 1768 cmt belonging to stretching of C=0 group, 1598 cm* for bending of N-H bond,
1498 cm? for stretching of N-O bond, 1417 cm! related to stretching of C-C bond in the aromatic ring, 1338
cmt for stretching of C-N and 771 cm® belonging to C-Cl group pertinent to the phenyl ring. The presence of
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these peaks confirms the presence of azo dye on the surface of the carbon composite matrix after contact with
the dye solution.
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Figure 4- FTIR spectrums for GO-CC before (A) and After (B) adsorption of RR241.

3.2. Efficiency of GO-CC in RR241 dye removal

The efficiency of the GO-modified carbon composite in the removal of RR241 azo dye from its aqueous
solutions was assessed by the central composite design route as a proper subset of RSM. The effects of pH,
adsorption time, GO content in the composite and the adsorbent dose were investigated. The tests designed to
optimize the removal conditions along with their responses are given in Table 3.

3.2.1. Statistical Findings

A quadratic model was achieved by prediction of the efficiency of RR241 removal using the response surface
statistical method and Equation 6, which shows the empirical relationship between the selected variables and
removal efficiency.

Re (%) = -118.446 + 29.6 X1+ 1.09 X, +25.28 X3 + 50.91 X4 +1.90 X3X4 -2.12X 1% -4.37X 4% -

19.74X 2 (Eq. 6)

According to the results of the normal Probability of Internally Studentized Residuals (Figure 5), the model
covers satisfactorily the ANOVA data. The residual values indicate the normal distribution of the operational
variables near the mean values. Therefore, the regression model can be used to predict the removal efficiency
of RR241 in the adsorption process. Figure 6 also shows the agreement between the experimental and the
predicted values.
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Table 3. Operationa parameters and efficacy of dye removal after different runs.

Run XupH X2 Time X3 GO X4: Adsorbent Y: Re (%)
(min) antef)lt (GO-CC) (g/L)

Yowt
1 6.5 70 2.55 1.05 82.75
2 4.25 45 1.325 0.575 49.88
3 6.5 120 2.55 1.05 70.55
4 8.75 45 1.325 0.575 60.42
5 8.75 45 3.775 0.575 61.46
6 6.5 70 2.55 0.1 62.66
7 6.5 70 2.55 1.05 87.98
8 6.5 70 2.55 2 64.93
9 4.25 95 1.325 1.525 62.07
10 8.75 95 3.775 1.525 70.89
11 8.75 95 1.325 1.525 72.80
12 4.25 95 1.325 0.575 55.18
13 8.75 95 3.775 0.575 62.14
14 4.25 45 3.775 1.525 67.98
15 6.5 20 2.55 1.05 61.85
16 8.75 45 1.325 1.525 63.22
17 11 70 2.55 1.05 36.52
18 4.25 45 3.775 0.575 52.84
19 6.5 70 0.1 1.05 49.26
20 4.25 45 1.325 1.525 62.56
21 6.5 70 5 1.05 61.46
22 6.5 70 2.55 1.05 88.09
23 8.75 45 3.775 1.525 77.31
24 4.25 95 3.775 1.525 68.65
25 2 70 2.55 1.05 40.57
26 8.75 95 1.325 0.575 62.62
27 6.5 70 2.55 1.05 96.10
28 6.5 70 2.55 1.05 80.42
29 4.25 95 3.775 0.575 58.10
30 6.5 70 2.55 1.05 825



Figure 5. Normal probability distribution for residues of the RR241 removal by GO-CC.
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Figure 6. Relationship between experimental and predicted data (by RSM) of removal the RR241

using GO-CC.
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The validity of the presented model was assessed by ANOV A (Table 4). Analysis of variance obtained from
RSM for the adsorption process of RR241 by the proposed composite adsorbent shows that the parameters, pH
(X1), adsorption time (X2), GO content in the composite (X3), and the amount of adsorbent (X4) as well as the
interaction effect of pH and the adsorbent (X1X4), GO content and adsorbent (XsXa4), X12, X352, and X4? had
significant effects on the removal efficiency.

The predicted R-value of 0.89 has reasonable conformity with the adjusted R? (0.932). Adeq adjusted
measures noise, desirable values of which are morethan 4. In thisstudy, it was 9.61, which indicates a sufficient
signal. Hence, this quadratic model can be used as a suitable spatial model for designing and optimizing the
operational parameters.

Table 4. Analysis of variance of the data obtained from RSM for the adsorption process of RR241
dye by the composite adsorbent.

Source Sum of df Mean FValue p-value
Squares Square Prob > F
Model 4725.29 14 337.52 5.098 <0.0001 Significant
X1-pH 561.68 1 561.68 6.81 0.1980
X2-time 524.12 1 524.12 6.02 0.3276
X3-GO ratio 601.63 1 601.63 7.65 0.1241
X4-absorbent 793.70 1 793.70 11.69 <0.0001
X1X2 476.83 1 476.83 5.29 0.8664
X1X3 477.08 1 477.08 5.34 0.8548
X1X4 479.14 1 479.14 5.77 0.7841
X2X3 492.22 1 492.22 5.35 0.5612
X2X4 481.81 1 481.81 5.13 0.7194
X3X4 495.08 1 495.08 541 0.5300
X112 3655.98 1 3655.98 71.89 < 0.0001
X2n2 882.82 1 882.82 13.56 0.0104
X3r2 1657.27 1 1657.27 29.85 < 0.0001
X4r2 1019.69 1 1019.6 16.44 < 0.0001
Residua 713.24 15 47.54
Lack of Fit 549.4694 10 54.94694 1.67 0.2956 not
significant
Pure Error 163.771 5 32.7542
Cor Tota 5438.536 29

3.2.2. Effect of the variables on azo dye removal

The data presented in Table 4 and equation 4 indicate that amount of the carbon composite (X4) had the most
effect on the removal process (coefficient of 50.91 and F value of 11.69) and adsorption time (X2) had the least
effect compared to the other parameters (coefficient of 1.09 and F value of 6.02). The effects of independent
variables on azo dye removal efficiency areillustrated in 3D plots of the response surface in Figure 7. In these
diagrams, each factor except those involved in plotsis fixed at a given value.

Figure 7ashowsthe effect of the amount of carbon composite as adsorbent, and pH of the solution on removal
efficiency, while the time and GO content of the composite were assumed to be constant at 66 min and 4.0 wt%,
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respectively. Asthe 3D plots show, the best efficiency was obtained at pH of 6.5 and the efficiency diminishes
at a pH above and below it. The removal efficiency improves by increasing the amount of the composite
adsorbent to the optimum amounts by increasing the amount of adsorbent from 0.1 g/L to 1.5 g /L, the removal
efficiency amplifies from 30% to more than 80%.

The pH of solution is one of the contributing factors in the adsorption processes. Due to the presence of
negative and positive species (OH and H*) in the solution, pH changes can affect the adsorbent surface charge,
the degree of ionization of various pollutants, the dissociation of functional groups on the active sites of the
adsorbent and the structure of the dye molecule. Indeed, the solution pH affects the chemistry of the aquatic
environment and the adsorbent surface groups.

The pHpzc of the adsorbent (GO-CC) was obtained to be 5.7 (see section 3.1.2); this meansthat the adsorbent
surface is negatively charged at higher pH values, and at pH values below 5.7 the adsorbent surface charge is
positive. Consequently, it isexpected that at pH values below 5.7, theremoval rateisupward, sinceinthisrange
the opposite charges reach their maximum value and electrostatic attraction occurs between the adsorbent
surface and dye molecules.

According to the findings of this study, amount of the carbon composite (or adsorbent dose) was the most
contributing factor affecting removal efficiency. The effect of adsorbent mass is one of the most critical issues
on the adsorption processes. According to the obtained results, removal efficiency improves with increasing
adsorbent dose at constant concentration of RR241 dye. It can be stated that at a constant concentration of dye,
asthe adsorbent doseincreases, theratio of active sites present on the adsorbent surface to the number of RR241
molecules grows, resulting in enhancement of the removal efficiency. Whereas at low adsorbent amounts, the
ratio of active sites to the adsorbed material molecules is low and consequently, the adsorption efficiency is
little. But the interesting point isthat by increasing the adsorbent dose beyond its optimum value, the adsorption
capacity decreases from its maximum value. As the total number of active sites available at the adsorbent is
proportional to the adsorbent dose, al active sites available on the adsorbent are not fully utilized in this
condition, thus reducing the absorption capacity. This phenomenon can be attributed to the use of the available
surface in the unsaturated form of the adsorbent.

The effects of time and the GO content of the carbon composite on the removal efficiency are shown in
Figure 7b using a 3D graph of the response surface. As the graph shows, the removal efficieny increases with
the elevation of GO content in the carbon composite matrix, so the removal efficiency increases from 30% to
more than 78 % when the GO grows from 0.1 wt% to 3.8 wt%. If the GO content is kept in the same range and
the time reaches 80 minutes, the removal efficiency is 84%.

An important issue when applying the adsorption system isto provide an effective contact time under certain
conditions. However, in this study, based on the analysis of variance; time had the least effect on the proposed
model.

For the concentration of 1.0 mM of the RR241, the adsorption process reaches equilibrium at 80 minutes
and then exhibitsarelatively constant trend. The effect of the contact time can be interpreted asthe enhancement
of the probability of collision of the contaminant molecules with the adsorbent surface by expansion of the
contact time, and, as a result, the removal efficiency rises, and the amount of the dye residue in the solution
diminishes.

Chemical properties as well as the high contact surface area (in other words, the surface-to-volume ratio) of
GO has made this organic compound a suitable option for the removal of toxic, metallic species and
pharmaceutical compounds. Ideally, GO has a completely two-dimensional structure, which is a monolayer
nanostructure of carbon atoms bonded by covalent bonds, so that forms a perfectly flat honeycomb network
[38]. In this carbon network, carbon atoms with hybridization of SP? form a two-dimensiona plate with
hydroxyl and epoxy groups being located on the carbon plate while carboxylic acid groups | ocating on the edges
[40]. The presence of COOH and OH functional groups on GO sheet causes the contaminants to bond to the
surface of the sheet by forming Van der Waals or electrostatic forces. However, in surface adsorption
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applications, separation of the GO after the binding of the contaminants is difficult. In this study, two-
dimensional GO sheets were incorporated into the carbon composite matrix through the sol-gel process, which
allowsit to be separated from the solution by filtration using Whatman 42D filter paper.

TR RN
"'::":': 3
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i 1.33
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3

Figure 7- 3D surface plot for interaction effect of a) the pH and the adsorbent dose at constant adsorption time
of 65 min and GO content of 4. 0 wt %. B) GO content and adsorption time at of pH 5.8 and adsorbent dose of
1.3g/L.

Figure 7b shows that augmentation of GO content in the carbon composite improves the dye removal
efficiency. Thiscan beattributed to theincrease in the available surface area, porosity, and the carbon composite
pores due to the presence of GO, which was already mentioned in the study of the textural properties of the
composite. Increment in the GO content can raise the pore diameter, increase the pore volume and improve the
adsorbent surface area.

3.2.3 Optimization of the dye remova by GO-CC

The objective of optimization is to find a combination of variables that maximize remova. The RSM
determinesthe best values for the process of variables, including pH, adsorption time, GO content and adsorbent
dose. It is expected that this situation is considered as the best available conditions.

In DOE software, the desirability coefficient was chosen equal to 1 for maximum removal efficiency. Asa
result, 97% efficiency for RR241 removal was predicted by the model under optimal conditions as: pH of 5.0,
adsorption time of 75 min, GO content of 4.15 wt. % and the adsorbent dose of 1.47 g/L.
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3.3 Adsorption Kinetics

A study of the adsorption kinetics is suitable for the prediction of the adsorption rate and demonstration of
the adsorption capacity over time and the type of adsorption mechanism. Hence, kinetic equations are used to
describe the transfer behavior of the molecules adsorbed per unit time as well as to investigate the variables
affecting the reaction rate. Two kinetic models of pseudo-first and second-order kinetic models were used to
evaluate the kinetics of the dye adsorption. The pseudo-first-order kinetic model statesthat the diffusion process
controls the reaction rate, while the pseudo-second-order kinetics states that the chemical absorption is the
deceleration step of the reaction. Equations 7 and 8 give the pseudo-first-order and second-order kinetics,
respectively:

k
log(qe — q¢) =logqe — 55t (Eq. 7)

t 1

1
e il @t (Ea-8)

In the above equations, qe, G, ki, and k represent the equilibrium adsorption capacity (mg /g), the adsorption
capacity (mg/g) at time t, the pseudo-first-rate constant, and the pseudo-second-order constant, respectively.
Figure 8 shows the curves for the pseudo-first and second-order kinetics of RR241 adsorption. The obtained
kinetic data are also summarized in Table 5.
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Figure 8. Kinetic plots for RR241 adsorption on GO-CC according to a) Pseudo-First-order and b)
Pseudo-second-order models.
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Table 5. Kinetic parameters for RR241 adsorption from aqueous using GO-CC at initial
concentration of 100 mg/L.

Kinetic Model
Pseudo-First-order Pseudo-second-order
Ki (min?) e R Kz (min) Oe R
0.034 21.67 0.9678 5.03 129.8 0.9923

A comparison of the coefficients shows that the pseudo-second-order kinetic model (R? = 0.9923) is more
consistent and better suited to describe RR241 adsorption than the pseudo-first model (R? = 0.9678). The
pseudo-second kinetics model shows that the adsorption rate is controlled by chemical bonding and the
adsorption capacity is proportional to the active sites of the adsorbent [41]. In other words, the equation of the
pseudo-second-order kinetics is chemical adsorption, and the adsorption process is slowed down because
chemical adsorption is based on the adsorption of the solid phase. The pseudo-first-order kinetic equation is
based on the adsorption capacity. If the adsorption process is restricted as a reversible process through the
adsorbent boundary layer, the process follows the pseudo-first-order kinetic model. However, different
mechanisms are involved in the adsorption process, including electrostatic and chemical interactions between
active adsorption sites and pollutants [41]. The pseudo-first-order kinetic model indicates that the bonds depend
on the reaction rate at concentrations or different pressures between the contaminant and the adsorbent surface.
Wang et al. developed a GO doped with porous chitosan as an adsorbent to remove the methyl orange. The
results showed that the adsorption process is well suited to pseudo-quadratic kinetics [42].

3.4 adsorption isotherm

Adsorption isotherms are equations to describe the equilibrium between the adsorbent and the pollutant. The
most common models describing surface adsorption are the Langmuir and Freundlich models. The linear form
of Freundlich and Langmuir isothermal models are expressed by Equations 9 and 10, respectively [43].

Ingq, =%lnCe+anF (Eq.9)

1 1 1
— = +— Eq. 10
de CeKLqm dm ( g )

Where, e refers to amount of dye absorbed per unit mass of adsorbent at equilibrium (mg/g), Ce is dye
equilibrium concentration (mg/L), Kr and n, reflect the intensity and capacity of adsorption, respectively. Also,
in Langmuir equation, the gqm, adsorption capacity (mg/g), and b as the Langmuir constant represent the
adsorption energy.

The isotherms diagram of Langmuir and Freundlich for the adsorption of RR241 using GO-CC is shown in
Fig. 9. The values of the constants of Langmuir and Freundlich models with their correlation coefficients are
presented in Table 7. Assessing the adsorption isotherms diagrams and comparison of correlation coefficients
obtained from the two models express that the adsorption of RR241 on the modified carbon composite well
fitted by the Langmuir model. Therefore, it can be said that the adsorption process of RR241 on the composite
is monolayer and the maximum adsorption capacity is 160 mg/g.
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Figure 9- Fitting of RR241 adsorption on GO- carbon composite with @) Freundlich and b)

Langmuir isotherm.

Table 7 - Freundlich and Langmuir constants for adsorption of RR241 onto GO-CC.

Isotherm model
Freundlich Kr
Un
R
Langmuir OJrmax
Kc
R

Parameters

7.85
0.716
0.9898
160
9.52
0.991

In the Freundlich isotherm, as Kg increases, the adsorption capacity for the adsorbent for adsorbing the
adsorbed material increases, and so n value between 1 and 10 represents the appropriate adsorption process. If
the value of nis close to 1, the heterogeneity of the surface becomes less important and if it is close to 10, it
becomes more important. The relevant parameters and coefficients are summarized in Table 7. In this study the
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calculated value of Kg is 7.85, and the numerical value of nis 1.40, which is between the specified intervals.
Therefore, the adsorption process of RR241 dye on the adsorbent is suitable.

3.5 Thermodynamics of the adsorption

Thermodynamic parameters comprising enthalpy change (4H°), entropy change (45°), and Gibbs free
energy change (4G°) of RR241 adsorption are dependent on the coefficient of distribution of the adsorbed
material between the solid and liquid phases. The thermodynamic parameters are expressed using Equations
11-13 [44-45]:

K, = g— (Eq. 11)
AG® = —RT Ln K, (Eq. 12)
AS° AHC
Ln Kd = (T) - (ﬁ) (Eq 13)

In these equations, Kq, R, and T are the distribution coefficients, the universal gas constant (8.314 JmolK),
and the absolute temperature in K, respectively. The values of 4H° and 4S° are obtained from the slope and
intercept of the linear plot of LnKy versus 1/T.

The results of the effect of temperature on the removal process of RR241 areillustrated in Table 8 and Figure
10. The negative values of the AH® indicates that the adsorption process is exothermic and the dye removal rate
decreases with increasing ambient temperature. The negative value of AG® also indicates the feasibility and
spontaneity of the process. The negative 4S5 values also indicate that the adsorption rate on the solid-liquid
interface decrease during the adsorption process.

Table 8 - Thermodynamic parameters for the adsorption of RR241 by GO-CC.

Ce (ppm) AHo ASe AGe (kJmol)
(kJ/mol) (kJmolK) 298 308 318 328
200 - 29.830 -0.0736 -7.714 -7.047 -6.183 -5.073

y = 3588x - 8‘8575.
3- R =.Q«9722...... ®

0.0029 0.0031 0.0033 0.0035
1T (KY)

Figure 10- Thermodynamic Model of RR241 Adsorption on GO-CC.
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4. Conclusion

The modified carbon composites with GO (GO-CC) were synthesized using sol-gel method. The structure
and morphology properties of the prepared composites were investigated by BET, FTIR and SEM techniques.
The prepared composites were used as an effective adsorbent for the removal of RR241 dye from aqueous
solutions. The effect of different operational factorsincluding pH, amount of GO in fabrication of the composite,
amount of composite as adsorbent and the contact time were investigated by the response surface methodol ogy.
The removal experiments showed that the amount of the adsorbent, GO content and pH had a significant effect
on RR241 removal. BET analysisindicated that the addition of GO to the carbon composite structure improved
the pore size, total pore volume, and effective surface area of the composite. Also, isotherms, kinetics, and
thermodynamic studies of adsorption were depicted that Langmuir isotherm model, pseudo-second-order
kinetic model and self-adsorption are suitable models for RR241dye adsorption.
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Abstract

Dye compounds are known as one of the most important environmental pollutants. Up to now, several methods
have been offered to eliminate these pollutants from industrial wastes, especially in the textile industry. A
method that has received a great deal of attention in recent years is the sono-electro-chemical method. In this
study, using the Central Composite Design, the interactive effects of four essential variables such as pH, initial
dye concentration, time, and applied potential on sonoelectrochemical decolorization of Basic Blue 47 were
optimized and investigated. Based on the obtained results in the absence of oxidant agents, the best index for
decolorization in optimal conditionsincludes pH of 9.0, initial dye concentration of 303.3 uM, time of 93 min,
and potential of 0.81 V corresponding to the design by the CCD was 98%. It was experimentally found to be
96.0 %, and the Chemical Oxygen Demand (COD) was 97 %.
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1. INTRODUCTION

Textile industries are growing in developing countries. Textile industries are among the largest water-
consuming and waste-producing industries [1-2]. In different stages of the textile industry, the dyeing process
uses a large amount of water for dyeing, repairing, and washing purposes. The waste produced in textile
industries originate from dyeing and supplementary processes and can be a significant threat to the environment.
The wastewater with a COD above 1600 mg/L and a high dye concentration is classified as a very potential
wastewater [3-4]. Around one million tons of dye are annually produced worldwide, while Azo and
Anthraguinone dyes account for 65-75% of the total textile dyes. [5]. In addition, this wastewater contains a
complex mixture of pollutants like heavy metals, additives, detergents, and surfactants. The release of these
agents in wastewater makes the treatment process more difficult. The discharge of dye wastewater into the
environment results in carcinogenicity and mutation due to the presence of toxic elements such as benzidine,
naphthalene, and other undesirable aromatic compounds [6-8]. The removal of textile dyes from industry’s
wastewater before they are discharged into hydrologic systems is of paramount importance because of the
complex structure, artificial origin, and the resistant nature of textile dyes [9-10]. There are various processes
such as physical [11-12], chemical [13-14], and biological [15-16] methods for decolorizing the textile
industry's wastewater. These methods face several limitations because of the presence of resistant organic
chemicals in wastewater as well as problems related to costs, productivity, and sludge production. These
restrictions can be overcome by advanced oxidation processes [17-21]. One of the most advanced oxidation
processes is provided by sonoelectrochemical technology, which is used to decompose and treat dye solutions.
In this process, hydroxyl radicals are released as a result of the cavitation phenomenon caused by ultrasonic
vibrationsinside the liquid at a high temperature and pressure and by the decomposition of compounds [22-23].
This attractive combinatory technology has received lots of attention owing to such advantages as adaptability
to the environment, use of clean energy, recovery of heavy metals, treatment of highly toxic wastes, no
generation of secondary pollution in the environment, and being more economical [24-25]. Therefore, the
sonoelectrochemical decomposition of pollutants is a favorable method for treating industrial wastes
particularly the wastes of textile industries [26, 27]. The aim of this study is to evaluate the efficiency of the
sonoel ectrochemical process in the decomposition of C.I. Basic Blue 47 from aqueous environments without
hydrogen peroxide. In thisresearch, the independent variables are solution pH, initial dye concentration, applied
potential, and optimized time using the CCD method.

2. EXPERIMENTAL
2.1 Materials and Methods

The C.I. Basic Blue 47 (BB47) dye (Scheme 1) was supplied by the Ciba Company and put to use with no
purification. The dye has maximum absorbance (Amax) & 617 nm. The instruments used in this study included a
spectrophotometer (UV-Vis- Carry 100 made in Japan), a pH meter of model 876 made by Metrohm,
Switzerland, a galvanostat-potentiostat device, a microAutolab from the Netherlands, three-electrode cells
including carbon, platinum, and calomel electrodes made by Azar Electrode, Iran, and Euronda S.P.A model
4D (i.e. an ultrasonic generator) made by Vicenza, Italy.

The sonoelectrochemical tests were done in a non-separated electrolyte cell made from a Perix sheet. The
working and auxiliary electrodes were placed in the cell vertically and parallel to each other at adistance of 2.5
cm. Carbon electrodes and platinum electrodes were used as working electrodes (anode) and counter el ectrodes
(cathode) respectively. The saturated calomel electrode was used as a reference electrode. (See the setup used
for decolorization experiments in Scheme 2).
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Scheme 1. The Chemical structure of Basic Blue 47.

Scheme 2. Experimental sonoelectrochemical setup used for decolorization. (1) Electro analyzer apparatus;
(2) Personal Computer (3) ultrasonic bath; (4) ultrasound Transducer; (5) Pyrex vessel; (6) working electrode
(carbon); (7) reference electrode (saturated calomel); (8) auxiliary electrode (platinum plate).

In each experiment 100 mL of a BB47 solution was prepared with different initial concentrations. Various
parameters such as the initial pH of the solution, the applied potential, the decolorization time, and the dye
solution concentration were optimized simultaneously by the CCD method. At first, using the CCD software,
as many as 30 tests were designed based on the four mentioned variables. Table 2 provides the corresponding
data. Based on the conditionsin Table 2, the decolorization tests were repeated four times, and then the averages
from the dye sol utions were determined without the presence of oxidants. Thereafter, the value of decolorization

was calculated using Eq. (1):



Ehrampoosh et al./ The Iranian Journal of Textile Nano-bio Modification (IJTNBM) 1 (2022) 60-71 63

CO - Ct
—— X100 (1)
Co

where C; and Cy are the concentrations of the dye at the time t and 0 (uM) respectively. It should be noted
that the concentration of the remaining dye was calculated through measuring the absorption value at the
maximum wavelength (Amax=617 NmM) using the spectrophotometer device and a calibration curve. The COD
value was determined by the dichromate closed reflux method.

% COD 1= £0Do —COD: 00 (2)
removal = X
° COD,

where COD, and COD; (in ppm) are the chemical oxygen demand at O (the initial time) and t (the reaction

time) respectively.
Table 1. The conditions designed for achieving the optimal conditions using the CCD method

Decolorization =

Run pH [Dye] /uM Time/ min PO’?‘;‘;;? Vv Decolorization%
1 4.25 752.5 91.25 0.7125 42
2 8.75 752.5 91.25 0.3375 46.46
3 4.25 257.5 33.75 0.7125 40
4 6.5 505 62.5 0.525 58
5 6.5 505 120 0.525 62
6 8.75 257.5 91.25 0.7125 63.06
7 6.5 505 62.5 0.525 54.2
8 6.5 505 62.5 0.525 53.6
9 8.75 752.5 33.75 0.3375 38.99
10 6.5 505 62.5 0.9 59.5
11 6.5 10 62.5 0.525 56.92
12 4.25 752.5 91.25 0.3375 40.12
13 6.5 505 62.5 0.525 52
14 8.75 257.5 33.75 0.7125 51.6
15 4.25 257.5 91.25 0.3375 60
16 4.25 752.5 33.75 0.7125 41.93
17 8.75 752.5 33.75 0.7125 40.33
18 8.75 257.5 33.75 0.3375 50.33
19 4.25 257.5 33.75 0.3375 38.8

20 2 505 62.5 0.525 35.21
21 6.5 505 62.5 0.525 52.65
22 6.5 505 62.5 0.15 53.14
23 8.75 257.5 91.25 0.3375 53.15
24 4.25 752.5 33.75 0.3375 32
25 8.75 752.5 91.25 0.7125 59.21
26 6.5 1000 62.5 0.525 54.95
27 11 505 62.5 0.525 75
28 6.5 505 62.5 0.525 51
29 4.25 257.5 91.25 0.7125 73
30 6.50 505.0 5.0 0.53 35
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2.2 Design of the Experiment

With regard to the design of the experiment and the optimization of the dye construction conditions using
the sonoelectrochemical system, the simultaneous effects of different factors such as pH, the initial dye
concentration, time and the applied potential on the decolorization of BB47 by the CCD and with the help of
Design Expert 8.0.2 Software were analyzed. The range and levels of variables are provided in Table 1. Each
of the four factors was calculated as 11 according to the apha value. For this design and based on these four
factors, 30 tests were designed. Table 1 provides the conditions of each test. To minimize the variables that
were uncontrollable for any reason, the sequence of tests was chosen randomly.

Indeed, to resolve the problem of interaction of different variables and to reduce the cost required for the
optimization of conditions for the dye removal, the CCD method was selected. In general, the overall aim of
the test design was to determine the effective factors influencing the reaction and their interactions with the
minimum number of tests, thereby reporting the best result for achieving the maximum impact factor
corresponding with statistical procedures [28].

Table 2. ANOVA results of RSM models provided for decolorization of BB47

Source SSquun;rc; Df  Meanssquare F value gr\(/)%lgg
M odel 3802.64 14 271.62 17.58 <0.0001*
A-pH 1.13 1 1.13 0.073 0.073
B-Dye 1.94 1 1.94 0.13 0.7280
C-time 861.13 1 861.13 55.37 <0.0001
D-Potential 170.67 1 170.67 11.04 0.0046
AB 31.92 1 31.92 2.07 0.1712
AC 29.59 1 29.59 1.92 0.1866
BC 72.00 1 72.00 4.66 0.0475
A? 2.23 1 2.23 0.14 70.94
B2 0.16 1 0.16 0.010 0.9213
C? 392.58 1 392.58 25.42 0.0001
ABC 210.83 1 210.83 13.64 0.0022
AZB 136.76 1 136.76 8.85 0.0094
B2C 82.64 1 82.64 5.35 0.03%4
A3 319.71 1 319.71 20.69 0.0004
Residual 231.79 15 15.45
Lack of fit 201.85 10 20.19 3.37 0.0960**
Pureerror 29.94 5 5.45
Cor total 4034.43 29

* Significant and ** Not significant. The model F-VALUE of 17.58 impliesthe model issignificant. There
is only a 0.01% chance that the “model F-VALUE” this large could occur due to noise.

3. RESULTSAND DISCUSSION
3.1. Mathematical Model for Prediction of Decomposition of BB47

The regression model of the coded factors for the performance of the decomposition of BB47 isindicated in
Eqg. (3), obtained by the CCD method where the coded values of A, B, C, and D are the variables of pH, the dye
solution concentration, the time, and the applied potential respectively.
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Decolorization % =+53.26 — 0.38A-0.49B + 10.37 C+ 267D + 141 AB-1.36 AC-2.12 AD - 0.28 A’ -
0.75B%-3.75 C?+ 3.63 ABC - 5.06 A’B — 3.94 B2C + 2.58 A3 (©))

ANOVA isrequired for the significance test and the validity of the model provided in Table 1. For ANOVA,
an F-value lower than 0.0001 implies significance. According to Table 1, an F-vaue equal to 17.58
demonstrates that the model is significant. The ability of this model was eval uated by the correlation coefficient
of R?=0.999, suggesting that over 99.9% of the sample change was in accordance with the presented model and
had an only 0.1% deviation from the total. A value lower than the coefficient of variation (CV%=7.81) implies
that the tests are accurate and reliable. “Adeq Precision” measures the signal-to-noise ratio. A ratio larger than
19.607 isdesirable.

3.2. The Effect of Independent Variables

Figure 1 illustrates the simultaneous effect of pH and the applied potentials on the decomposition of BB47,
using 384.4 uM BB47 and within 71.8 minutes. As it can be seen, as the pH increases from 2.0 to 11.0, the
decolorization percentage also improves. Based on the result, it can be suggested that as the solution pH
increases, the hydroxyl group (OH") concentration grows gradually. In an alkaline pH, the main anion is OH"
which convertsinto OH" radicals by losing an electron at the anode surface. On the other hand, the presence of
ultrasonic waves enhances the migration of hydroxyl anions towards the anode [29]. Therefore, once the pH
rises, the number of hydroxyl radicalsisincreased as the main factor in the dye decomposition.

Figure 1 also shows that when the applied potential increases from 0.15 to 0.71 V, the decolorization rises
with fast slope and then continues by gentle slope. It seems that an increase in the voltage is directly related to
the further production of hydroxyl radicals. Indeed, the potential and the number of free radicals are tightly
correlated [29].

Design-Expen® Software
R1

H?i

Xl=A:pH
X2=D:E

Actual Factors
B: [Dye] =384 .59
C: Time=7182

Decolorization (%)
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Fig. 1. The 3D diagram showing the effect of pH and various potentials on decolorization value at the constant
dye concentration of 505 uM and the contact time of 62.5 minutes

Figure 2 shows the simultaneous effect of initial BB47 concentration and time on the decolorization
percentage. Asit can be observed, within the constant pH of 8.0 and the applied potential of 0.8 V, when dye
concentration decreases from 10.0 uM to 675.0 uM, the decolorization percentage shows a rising trend and
decreases in higher dye concentration. Based on the literature, it is evident due to the rise of the dye solution
concentration, the number of effective contacts between dye molecules and electrode surface as well as
exploded bubbles, which due to contact of water with the ultrasonic waves are generated and grew. On the other
hand, when the number of dye molecules further increases, the consumption of hydroxyl radicals by dye
mol ecules becomes more than freeradical production. The reduction in the number of freeradicalsin proportion
to the number of dye molecules diminishes the system efficiency for dye decomposition purposes [29, 30].

As Figure 2 illustrates, once time increases from 5.0 to 120.0 min, the decolorization percentage is also
enhanced. It seems that with an increase in time, free radicals such as *OH and HOO- will be increased, which

promotesthe discoloration rate[22, 29]. Also, in our case, more dye molecules can moveto the el ectrode surface
and oxidize on it.

Design-Expert® Software
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120.00 1000.00
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62.50 "~ 505.00
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Fig. 2. The three-dimensional diagram showing the effect of time and dye concentration on decolorization
value at pH=8.0 and at the voltage of 0.81 V
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3.3. UV/Visible Absorption Spectra OF BB47 Solution

The change in the UV/Visible absorption spectra for BB47, as a function of the time of the
sonoel ectrochemical degradation, was recorded (Fig. 3), using the applied potential of 0.81 V, and pH of 9.0
for 90 minutes at intervals of 10 minutes.

Asit can be seen, one main peak in the UV region (260 nm) and a band in the visible region (650 nm) were
observed at the absorption spectra of BB47 (Fig. 3). The disappearance of the visible band was probably due to
the fragmentation of the anthraquinone structure by oxidation, and the change of absorbance in the UV region
was considered evidence of aromatic fragment degradation in dye molecules.

2.1

Abs

Wavelength (nm)

Fig. 3. UV-vis spectra of agueous sol ution containing BB47 during sonoelectrochemical process (pH = 9.0,
303.0 uM BB47, applied potential = 0.81 V).

3.4. Decolorization of BB47 with Different Systems

A specific series of experiments was designed under optimum conditions for the decolorization of BB47
using different methods. The experiments were performed using sonoel ectrochemistry, electrochemistry, and
sonochemistry process. Table 3 shows the decolorization efficiency of BB47 in the mentioned processes. As
compared to other techniques, the sonoel ectrochemical process resulted in a higher removal percentage (96 %).

Sonoelectrochemical oxidation for decolorization of BB47 (96 %) was more efficient than electrochemical
oxidation (23 %) and sonochemical oxidation (46.6 %) after 93 min. This may be due to the genera
improvement in the hydrodynamics and movement of speciestoward the surface of electrodes[9, 22].
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Theresults also indicate that decolorization of BB47 occurs at a higher rate through the sonoel ectrochemical
method in comparison to other methods. In the first case, a decolorization efficiency of 96% was observed in
93 minutes under optimum conditions, whereas in the electrochemistry during the same time, only a
decolorization efficiency of 23 % was recorded. However, a decolorization efficiency of 46.6 % was achieved
by sonochemistry. This decolorization can be due to the synergetic effect of ultrasound in electrochemical
treatment. Similar results were gained by Radi €t al. (2015) in the decolorization of Reactive Blue 49 using
ultrasound-assisted electrochemical oxidation. Their results confirmed that ultrasound improves the production
of freeradicals, resulting in the generation of additional hydroxy! radicalsto react with the substrate. |n addition,
ultrasonic wave irradiation can eliminate the impurity layer at the surface of the electrode and increase its
activity, aswell asincrease the reaction rates for mass transfer [22].

It should be noted that in these experiments has not been used for decolorization of any oxidant chemical
and only is used from electric power as a renewable and biocompatible resource. Finally, sonoelectrochemical
degradation was found to be efficient in decolorizing simulated textile effluents. The results show that
ultrasound was significantly enhanced in the electrochemical oxidation.

3.5. Energy Consumption

The consumption of Energy (EC (kW h m=3)) is an essential factor for estimating the feasibility of the
electrochemical process for the remova of pollutants. It should be clear that the energy consumption was
considered for the particular setup used, without any concerns about a design that can lead to low operational
cost. It is defined as the required energy of electrochemical oxidation for the removal of 1.0 g of BB47 and can
be calculated from EC=UIt/1000V . Here, U isthe applied potential (V), | isthe applied current (A), tisthetime
of electro-oxidation (h), and V is the volume of the working solution (m3). In general, the best results were
found for the ultrasound-assisted electrochemical process, considering the constant current density (15 mA
cm-2) and applied voltage (0.81 V). The longer the time, the higher will be EC for decolorization treatment.

3.6. The Combination of Ultrasound-Electrochemical Processin COD Removal

An optimal formulation for decolorization of BB47 was determined to minimize the chemical oxygen
demand (COD). To determine the reduction of COD of the solution containing BB47, COD (before treatment)
and final COD (after sonoelectrochemical oxidation) of the agueous dye solutions were measured. Thus, a
considerable percentage of COD remova proved to have occurred. Under optimum operating conditions, a
COD reduction of 96% was achieved. The above combination is considered to have an important role in
reducing and eliminating COD. The optimization results are shown in Table 3 in the order of desirability.

Table 3. The comparison of different methods for decolorization of BB47 under optimal conditions.

: Applied :
[Dyel Time Decolorizat EC
Method @vy  (min) PH V‘z'\t/‘;‘ge ion (%) (KW hm?)

Sonoelectrochemistry 303.3 93 9.0 0.81 96 0.25
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Electrochemistry 303.3 93 9.0 0.81 23 8.28*

Sonochemistry 303.3 93 9.0 - 46.6 -

* A long time requires for only 75 % decolorization of BB47.

4. CONCLUSION

The results of the present study show that sonoelectrochemical and optimized use of CCD can be efficiently
made to decolorize and degrade BB47. Based on the achieved model, each of the parameters is altered within
an allowable range so that the optimal response, i.e. the maximum value of decolorization, is achieved. It was
observed that an increase in the initial pH, the applied potential, and the duration of the sonoelectrochemical
process would enhance the percentage of dye degradation. It is concluded that the percentage of dye degradation
decreases with anincrease in theinitial concentration of the dye molecules. It was found that optimal conditions
would include a pH 0f 9.0, dye concentration of 303.3 uM, duration of 93 minutes, and potential of 0.81 V. The
decolorization percentage predicted by the model was 92.8% in these conditions, while it was found to be
92.34% after the experimental test. A high decolorization efficiency of more than 92% was also achieved
without an oxidizing agent, which would damage the environment. The closeness of these responses is
indicative of the appropriacy of the presented model. According to these results, the sonoelectrochemical
process can serve as a valuable alternative to conventional physicochemical methods for the treatment of
wastewater.
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Abstract

This study reports the antibacterial capability of low-density polyethylene (LDPE) modified with ZnO
nanoparticles using a Sol-Gel technique. Antibacterial activity of prepared films against Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus) was examined. The operational conditions such as pH, time, amount
of ZnO nanoparticles, and silanol concentration were optimized using the response surface methodology
(RSM). The proposed film under optimum conditions was applied for the packaging of the milk sample. The
highest antibacterial activity of ZnO/LPDE were pH (6.0), time (103 min), amount of ZnO nanoparticles (0.68
% wi/v) and silanol agent concentration (4.81 % v/v). The antibacterial properties of ZnO/LDPE films were
assessed based on the diameter of the inhibition zone in adisk diffusion test against E. coli and S. aureus. These
films have significantly reduced the growth of mentioned bacteria. Overall, antimicrobial packaging shows
promise as an effective method to inhibit the growth of certain bacteria like E. coli and S. aureusin milk. The
resulting ZnO/LDPE package films containing milk samples exhibit superior and prolonged antibacterial
activity against E. coli and S. aureusin 7 and 14 days.
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1. Introduction

The demand for minimally processed, easily prepared and ready-to-eat ‘fresh’ food products, globalization
of food trade, and distribution from centralized processing pose most important concern s for food safety and
quality [1-2]. In recent years, interest has been growing in using smart or active packaging that meets producers’
and consumers’ demands for products with longer shelf lives [3]. Food packaging systems are designed to act
as passive barriers, protecting food from the surrounding environment. On the other hand, active food packaging
systems are supposed to perform some role other than providing an inert barrier to external conditions [4].
Antimicrobial packaging is a kind of active packaging [5]. Antimicrobial food packaging materials have to
extend the lag phase and reduce the growth rate of microorganisms to extend shelf life and maintain product
quality and safety [6]. Nano food packaging with antimicrobial properties represents a new generation of active
packaging based on nanocomposites [7]. Inorganic materials such as metals and metal oxides have been the
focus of nanotechnology research [8]. Because of the high surface area-to-volume ratio and enhanced surface
reactivity of nanosized antimicrobials, these systems can inactivate more microbial cells when compared to
higher-scale counterparts. Nanoscale materials have been investigated for antimicrobia activity as growth
inhibitors, killing agents, or antimicrobial [9- 10].

Nevertheless, of the variety of antimicrobial agents, the search for effective biocidal agents has focused on
the development of nanostructures of certain metals such as Ag, Cu, Zn, and Au[11, 12]. Metal oxide materials
such astitanium dioxide (TiO2), zinc oxide (ZnO), and magnesium oxide (MgO) have been shown antibacterial
activity, which may be attributed to the generation of ROS [13-14]. The great advantage of metal oxides over
organic antimicrobial agentsistheir higher stability. However, given their reduced cost, recent research efforts
have focused on using ZnO nanoparticles [15]. The Zinc Oxide particles are particularly interesting since they
appear to cause no harm to either animals or humans [16] but have a strong antimicrobial effect on a broad
spectrum of microorganisms [17, 18, 19]. Nano-sized ZnO particles present biocidal activity and have some
advantages compared to AgNPs, such as their lower cost, white appearance, and UV blocking properties [8].
They also present high versatility, and inorganic carriers, such as hydroxyapatite, can also be doped with zinc
oxide providing novel structureswith antimicrobial activity against E. coli, S. aureus, and Candidaalbicans[17,
20, 15]. The feasibility of ZnO incorporated in polymer nanocomposites intended for food packaging has been
examined in many studies. For example, Li et a. [21] reported antimicrobia activities of the poly (vinyl
chloride) films coated with ZnO nanoparticles. In another study, Li et al. [22] confirmed the potential of the
nano-packaging modified ZnO nanoparticles during the storage of Fuji apple cuts, observing better preservation
of quality indicators such as ascorbic acid and polyphenol content, and lower counts of typical atering
microorganisms. Emamifar et a. [23] evaluated the antimicrobia activity of nanocomposites of low-density
polyethylene (LDPE) containing Ag, NPs, and ZnO showing a significant impact of the proposed nano-
packaging on the shelf-life of orangejuice. Additionally, jin and Gurtler [24] reported that glassjars coated with
alyl isothiocyanate, nisin, and ZnO nanocomposite could inactivate effectively Salmonella in liquid egg
albumen.

In antimicrobial packaging, antibacterial particles may be deposited [25], incorporated [26], immobilized
[27], or surface modified into packaging materials[28]. There are only afew approaches describing the surface
coatings of ZnO nanoparticles such as the “pad-dry-cure” method, radiation, and thermal treatments. [29-30].

The use of appropriate coatings can impart antimicrobial effectivenessto asubstrate. A sol-gel-based solution
coating would be the most appropriate method in terms of stability and adhesiveness of attaching an antibacterial
agent to apolymeric film [31 -32]. In this study, low-density polyethylene (LDPE) film was successfully coated
with nano-sized ZnO using the Sol-Gel technique. Additionally, the antibacterial properties of modified films
were evaluated versus gram-negative and gram-positive bacteria.
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2. Experimental
2.1. Material and apparatus

Potassium trimethoxy silane (PTMS) (purity 95%) was supplied from Merck (Germany). ZnO nanoparticles
(average diameter 10 -30 nm, surface area 20-60 m2 /g) were purchased from US Research Nanomateria Co.
(USA). Hydrochloric acid and methanol (with a purity grade 98%) were purchased from Sigma -Aldrich Co.
(U.K). The pH measurement was made with a Metrohm model 827 pH/mV meter. The X-pert-Philips X-ray
diffractometer (PW1930 generator, PW 1820 goniometer) with CuK radiation source (A = 0.15418 nm) was
used to compare the chemical structure of the blank and modified films with ZnO.

2.2. Preparation of Antibacterial Film

A response surface method (RSM) was employed to determine the optimal conditions for preparing the
antibacterial film using Sol-Gel. The experimental results were analyzed using Design-Expert Version: 7.0.1,
and the regression model was proposed. The pH solution, time (min), amount of ZnO nanoparticles (w/v %),
and PTMS concentration (v/v %) were selected as four independent variables in the deactivation of E. coli and
S. Aureus. The experimental ranges and the levels of the independent variables for antibacterial response are
givenin Table 1. It should be noted that initial experiments were accomplished to determine the extreme values
of the variables. Accordingly, the CCD matrixes of 30 experiments covering the design of four process
parameters were selected to study, names and results are shown in Table 2. Generally, the antibacterial film was
prepared as follows: 0.48 mL PTMS was added to 10.0 mL methanol/de-ionized water solution with aratio of
9:1. Before adding PTMS, the solution pH was adjusted by adding several drops of the 0.1 M HCI until solution
pH equal to 6.5. Then, 0.068 g ZnO nanoparticles were added to this mixture. The mixture was placed on a
magnetic stirrer and stirred with moderate speed for 95.0 min. Subsequently, a 2.0 cm * 2.0 cm LDPE film is
immersed in the prepared solution and dried at ambient temperature for 60.0 min.

Table 1: Experimental range and levels of independent variables.

Factors +0, +1 0 -1 -0

pH 1.0 35 6 8.5 11
Time (min) 1.0 30.75 60.5 90.25 120.0

ZnO (w/v %) 0.5 1.63 2.75 3.88 5

PTMS (viv %) 0.25 144 2.63 381 5

2.3. Antibacterial activity test

The antibacterial response of the prepared filmsagainst E. coli and S. Aureus was studied utilizing the Kirby—
Bauer technique. Accordingly, the bacterial inhibition zone around the circumference of a prepared film was
employed to qualitatively assess whether or not the modified film possesses antibacterial properties [33 — 34]
(Mahendran et al., 2016; Shemesh et al., 2015). Square pieces (of 12 mm in diameter) were cut out of modified
films and placed into the surface of a full concentration of Nutrient Broth (NB) agar in 9.0 cm Petri plates
inoculated with 0.1 ml of 108 colony forming units (CFU)/mL of bacterial culture The plates were incubated at
37 °C for 24 h. Then, the antibacterial activity was recorded by observing the presence or absence of an
inhibition zone diameter (1ZD) around the prepared films. Unmodified films were assayed as a negative control.
The inhibition zone tests were performed in triplicates and reported the average values. Schematic of
antibacterial test stages of the prepared films are shown in Figure. 1.
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Fig 1. The antibacterial experiment processes of films

3. 3. Resultsand discussion
3.1. XRD

The structural characteristics of the nano-ZnO/LDPE film were determined by X-ray diffraction (XRD).
Figure 2 shows the XRD patterns of the nano-ZnO/LDPE film, for which five main peaks were detected in the
XRD spectrum, at 20 of 26.5 °, 33.8 ©, 37.9 °, 51.7 °, and 54.6 °, respectively, corresponding to the crystal
structure of nano-ZnO. The peaks at 26.5 °,33.8 °,37.9 °, 51.7 °, and 54.6 °, belong to the (110), (101), (200),
(211) and (220) planes of ZnO nanoparticles. Liang et a. [35] also found similar results.

150

120 A

90

—PE
— ZnOIPE

Fig 2. XRD patterns of LDPE and ZnO modified LDPE film
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Table 2: Experimental design based on Central Composite design (CCD) used in present study

Order
Test

© 0 ~NO 0o WN P

W NDNDNDNDNDNMNNMNNDNNNNNRPEPRPRPEPRPERPERRERRPRPER
O ©W 0 NO Ol WNP O OWOOKLWNOO UG M™~MWNDNPRELO

pH

8.5
85
35
85
6
6
8.5
6
11
6
35
85
6
6
35
1
8.5
35
35
35
6
6
6
35
6
6
6
85
8.5
35

Time (min)

90.25
30.75
90.25
90.25
60.5
60.5
30.75
60.5
60.5
60.5
90.25
30.75
60.5
60.5
30.75
60.5
90.25
90.25
30.75
90.25
60.5
60.5
1
30.75
120
60.5
60.5
30.75
90.25
30.75

ZnO (w/v %)

1.63
3.88
1.63
3.88
2.75
2.75
3.88
0.5
2.75
2.75
3.88
1.63
2.75
2.75
1.63
2.75
3.88
1.63
3.88
3.88
2.75
2.75
2.75
3.88
2.75
2.75
5
1.63
1.63
1.63

PTMS (viv %)

3.81
144
144
381
2.63
2.63
3.81
2.63
2.63
5
3.81
381
2.63
0.25
3.81
2.63
144
381
3.81
144
2.63
2.63
2.63
144
2.63
2.63
2.63
144
144
144

1ZD (mm)
for E coli
0

15
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1ZD (mm) for
S. aureus

6
125

5.75
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3.2. Effect of Variables as Response Surface and Counter Plots

In Figure. 3a, the effect of reaction time and pH on deactivation of E. Coli (asinhibition zone diameter (mm))
is shown at ZnO and PTMS concentration of 2.75 (w/v %) and 2.63 (v/v %), respectively. Figure 3a shows that
asthe PH of the solution increases from 5.5 to 11.0, the 1ZD value decreases. Figure 3a, also, illustrates that by
increasing the reaction time to 95 min, the 1ZD value increases. The pH effect on 1ZD was significantly higher
than the process variable of reaction time. On the other hand, when a lower pH was available, 1ZD increased
with increasing the reaction time.

In Figure.3b, the change of 1ZD for E. Coli with ZnO and PTM S dosage is depicted at atime of 70 min and
pH = 4.7. Asthe amount of nano-sized-ZnO increased, the 1ZD increased. Given the antibacterial properties of
zinc oxide nanoparticles, it can be expected that as the amount of nanoparticles increases, more bacteria will be
killed, and thus deactivation efficiency is higher. Several researchers [21, 22, 29, 30] also stated the effect of
antimicrobial activity of ZnO nanoparticles on Listeria monocytogenes, Salmonella enteritidis, and E. coli. The
results of their studies revealed that antibacterial efficiencies were related to the interaction or penetration of
ZnO nanoparticles into microbial cells, which may be bactericidal or bacteriostatic, depending on the ZnO
concentrations. The ZnO nanoparticles, which have positive zeta potential, easily disrupt the cell membrane of
E. coli (gram negative) on contact and discharge Zn?* ions, which cause lysosomal and mitochondrial
destructions. In conclusion, this leads to the death of bacterial cells[33, 34].

On the other hand, when the concentration of PTM Sisincrement, the 1ZD will be reduced gradually. Figure.
3c shows the response surface of the deactivation efficiency of S. Aureus (in 1ZD (mm)) as a function of pH
and reaction time. As Figure 3 ¢ shows, 1ZD increased with the increase of pH at 1.0 to 4.8 range, and then
decreased. This can be related to the dehydration PTM S and formation of the 3D networks of SiO,. The PTMS
is a silanol compound, which is hydrolyzed in the pH range of 4.5-5.0, and through its hydrolysis, a three-
dimensiona network of SiO2 will be formed. Only in this range PTMS was hydrolyzed and formed a three-
dimensional network. It can be expected that nanoparticles are fixed on the surface of the film by the formation
of the SiO, layer. These findings are in agreement with those observed in our previous study [32].

The effect of PTMS and ZnO values on deactivation efficiency of the S. Aureus are shown in Figure.3d.
Figure 3d showsthat 1ZD increased with the increase in nano-sized ZnO values from 0.1 to 4.0 w/v % and then
plateaued. This observation impliesthat due to the higher concentration of nanoparticles on film, the inhibition
zone surrounding the film will be larger [35, 36]. These studies revealed that increasing the concentration of
nanosized- ZnO resulted in higher antibacterial activity.



1ZD vs S aureous

78 Shayegh / The Iranian Journal of Textile Nano-bio Modification (IJTNBM) 1 (2022) 72-85

R
RRnik
RN
MU
N

1ZD vs E Coli

SR
RIS
s
TSSO
RIS
SRS
‘\33:\:8\:&“:
ettt
O

0.50 5.00

1ZD vs S aureous

D: Silanol

0.25 0.50

C d
Fig. 3. The effect of operational parameters on inhibition growth E. Coli (a,b) and S. Aureus (c, d)

3.3. Statistical analysis
To find the optimum conditions for the preparation of the antibacterial packaging film, the experimental

design as a function of the selected main factors has to be determined. The total number of experiments was 30
determined by the expression: 2n (24 = 16: factor points) +2n (2 *4=8: axial points) + 6 (center points: six
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replications), as shown in Table 2. A full second-order polynomial model found by multiple regression method
for four factors using the design of the expert 7.0.1 package was approved to describe the response surface.
The behavior of the system can be defined by the resulting quadratic equation:

) | 1 X 11 X 1) X 1X ]

where Y is the predicted response, b0 is the constant, bi is the linear effect of factor xi, bij is the linear
interaction effect between the input factors xi and xj and bij is the quadratic effect of factor xi. Results attained
for deactivation efficiencies of the E. coli and S. aureus are given in Table 2. Based on these results, an
experiential model (for each bacterium) was generated in terms of coded factors (standardized equation) and
stated by the following second-order polynomial equation (Egs. (2) and (3)):

1ZD vsE Coli =+5.38-2.41A-0.26B+044C+0.51D-0.51AD + 056 BD + 1.24 CD eg. (2)

1ZD vs S aureous =+ 5.61 - 1.64 A + 0.079 B + 0.27 C + 0.93 D + 0.32 AB - 0.094 AC - 1.22 AD - 0.26 BC
+1.29BD - 1.27 CD eq. (3)

The achieved results were then examined by ANOVA to evaluate the “goodness of fit” and the significance
and adequacy of the model [37-38]. Ascan be seen from Table 3 and 4, the model had a high value of coefficient
of determination the R? = 88 % and R'?= 91 % for E coli and S aureus, respectively. A desirable R? value is
closeto 1 and areasonable agreement with adjusted R2 isessential. A high correlation coefficient (R2) provides
a suitable adjustment of the quadratic model to the experimental data [38]. This high R? value implies that 88
and 91 % of the deviations for antibacterial efficiency are clarified by the independent variables which means
that the model does not demonstrate only about 12 and 9 % of variation. The value of the adjusted R? of 0.845
and 0.851 was also high to advocate the high significance of the models for the killing of E coli and S aureus.
Therefore, the response surface model is precisely applied for forecasting variation of antibacterial efficiency.

The F values were used as a tool to check the significance of each of the interactions among the variables,
which, in turn, may show the patterns of the mutual interactions between the experiment variables. Overall, the
larger the magnitude of the F-value and the smaller the p-value, the more significant the corresponding
coefficient termis pH. Here, the pH parameter was a more effective factor for two bacterium (F- value = 124.26
for E coli and 17.68 for S. aureus). Also, D (5.69), AD (6.53), BD (7.36), and CD (7.07) for Saureus, and D 2
(8.49) and BCD (5.17) for E coli were the next effective factors.

3.4. Determination of optimal conditions

The key objective of the optimization is to define the optimal values of variables for the preparation of
antibacterial LDPE with ZnO nanoparticles from the model obtained using experimental data.

Concerning storage conditions of Milk in the range in neutral pH, best conditions in terms of pH of Milk
storage i.e. pH= 6.0 were chosen. The optimization results which was selected included pH= 6.0, time= 103
min, 0.68 % w/v ZnO nanoparticles and 4.81 % v/v silanol agent. Then a specific experiment was performed
under these optimum conditions to confirm the agreement of the result attained from the model and experiment.
Theresults revealed that the killing efficiency of the E. coli and S. aureus for response parameter obtained from
the experiment and as estimated by the model was satisfactory.
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Table 3. ANOVA analysis of data for growth inhibition of E. Coli

Source S%Jlgroe; Df  Mean Square F Value p-vaI;J(Ie:Prob
M odel 186.257 10 18.62570542 14.49104684 < 0.0001 significant
A-pH 139.6355 1 139.6355042 108.6382817 < 0.0001
B-Time 1.6485 1 1.648504167 1.282558194 0.2715
C-2ZnO 4.6025 1 4.602504167 3.58080953 0.0738
D-Silanal 6.2935 1 6.293504167 4.896430048 0.0394
AB 0.2232 1 0.22325625 0.173696335 0.6815
AC 0.0770 1 0.07700625 0.059911888 0.8093
AD 4.1107 1 4.11075625 3.198223103 0.0897
BC 0.00075 1 0.00075625 0.000588373 0.9809
BD 4.9395 1 4.93950625 3.843001639 0.0648
CD 24.7257 1 24.72575625 19.23696762 0.0003
Residual 244211 19 1.285325044
Lack of Fit 16.1078 14 1.150560179 0.6919969 0.7312 not significant
PureError 8.3133 5 1.662666667
Cor Total 210.67823 29
R-Squared= 0.8841 and Adj R-Squared= 0.845
Table 4. ANOVA analysis of data for growth inhibition of S aureus
Source s?&i Df S'\qfll?:rne F Value p-vaI;J(Ie:Prob
M odel 166.1038 10 16.61038 4.562322 0.0022 significant
A-pH 64.35375 1 64.35375 17.67585 0.0005
B-Time 0.150417 1 0.150417 0.041314 0.8411
C-ZnO 1.760417 1 1.760417 0.483528 0.4952
D-Silanal 20.72042 1 20.72042 5.691215 0.0276
AB 1.625625 1 1.625625 0.446506 0.5120
AC 0.140625 1 0.140625 0.038625 0.8463
AD 23.76563 1 23.76563 6.527634 0.0194
BC 1.050625 1 1.050625 0.288572 0.5974
BD 26.78063 1 26.78063 7.355755 0.0138
CD 25.75563 1 25.75563 7.074221 0.0155
Residual 69.17467 19 3.640772
Lack of Fit 66.20592 14 4.728994 7.964622 0.0158 not significant
PureError 2.96875 5 0.59375
Cor Total 235.2784 29

R-Squared= 0.9104 and Adj R-Squared= 0.851
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3.5. Application of Antibacterial LDPE for packaging of Milk

The application of such packaging materialsis not meant to be a substitute for good sanitation practices, but
it should enhance the safety of food as an additional hurdle for the growth of pathogenic and/or spoilage
microorganisms. Milk isa good source of vitamins and minerals and a staple food for human beings. Soit's no
surprisethat an appropriate medium for bacterial growth. Bacteriathat are randomly entered into milk, can cause
health problems for consumers. Therefore, the main objective of this research was established to provide
antibacterial polyethylene films for milk packaging [39 -41].

To prepare antibacterial packaging and study the anti-bacterial properties of the prepared packages on milk,
a packaging film according to the size of milk packet available in the market was prepared based on optimum
conditions. Some packets of milk using the sewing machine were prepared as antibacteria films. Then, aliter
of milk (low-fat milk supplied from KALLEH dairy Co.) was transferred into each prepared packets, and 1.0
mL of a solution containing bacteria E Coli and s. aureus with a concentration of 1.50 x 10 8 CFU/mL was
added to each packet.

The packets containing milk were gently shaken until a homogeneous solution was made. Packages were
placed in an incubator for 48 h at 37 °C. Then, the number of surviving bacteria were counted after 7 and 14
days of culturing. A 1.0 mL sample of each dilution was plated on Count Skim Milk Agar and incubated at 37
°C for 48 h. The number of colony-forming units (CFU) per gram of sample was determined by counting typical
colonies. All of these stages were repeated for unmodified polyethylene film. The results are shown in Figure
4. As Figure 4 illustrates, there is no antibacterial activity observed for unmodified LDPE. The ZnO
nanoparticles coated LDPE result in better antibacterial activity than LDPE due to the presence of ZnO
nanoparticles, which are having inhibition properties of bacteria. Moreover, the number of E. coli coloniesin
prepared milk packaging from nano-ZnO/LDPE decreased after 7 and 14 days. However, it isclear that the ZnO
nanoparticles inhibit the growth of S. aureusin its medium.

Fig 4. Antibacterial activity test of the unmodified and ZnO modified LDPE against S. aureus and E. coli after
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0
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Figure. 5 aand 5 b illustrate the visual growth of E. coli and S. aureus bacteria after 14 days incubation in
prepared milk packaging. It can be seen that milk color in blank LDPE was changed (from white to brown) due
to the duplication of bacteriain milk.

'LDIlI.a"Ellm - o ZnO/LDPE Film LDPE Film ZnO/LDPE Film

Fig. 5. Milk sample contain a) E. Coli and b) S aureus packaged into LDPE and ZnO/LDPE films.

It was also important to evaluate the acidity value of milk samples after packaging in developed packaging
film. For this, the acidity value (interms of D: Dornic acidity degree) of milk samplesin LDPE and ZnO/LDPE
packages after 14 days was determined for E coli and S aureus inoculated, and its changes were depicted in
Figure 6.

Figure 6. illustrates that the amount of milk acidity in samples containing S aureus remained relatively
constant after 14 days of inoculation, and the amount of milk acidity in samplesinoculated with E. coli bacteria
was dightly increased than in sterilized milk. In the control samples, the samples acidity was much higher than

those packaged in antibacterial films.
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Fig. 6. Acidity changes of MILK packaged in LDPE and ZnO/LDPE films after 14 daysinoculation of E coli
and S aureus
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4. Conclusion

This study has focused on presenting a method for coating L DPE film with ZnO nanoparticles using Sol-gel.
The effect of pH solution, time (min), amount of ZnO nanoparticles (w/v %), and silanol agent concentration
(v/v %) were investigated on the antibacterial activity of films using response surface methodology (RSM).
Characteristics of the prepared films were investigated by FT-IR and XRD. The highest antibacteria activity of
ZnO/LPDE were pH (6.0), time (103 min), amount of ZnO nanoparticles (0.68 % wi/v) and silanol agent
concentration (4.81 % v/v). The antibacterial properties of ZnO/LDPE films were evaluated based on the
diameter of the inhibition zone in a disk diffusion test against E. coli and S. aureus. These films have
significantly reduced the growth of mentioned bacteria. Overall, antimicrobial packaging shows promise as an
effective method to inhibit the growth of certain bacterialike E. coli and S. aureusin milk.
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