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Abstract: - In this study a nanocomposite namely cellulose nanocrystals (CNCs) was produced under laboratory
conditions from textile wastes to remove the pollutants [oil, dissolved organic carbon (DOC), dissolved
suspended solids (DSS), toluene and m-xylene] present in a petrochemical industry wastewater (PCI ww). With
the aim of reducing environmental pollution and promoting economic circularity, textile wastes such as fibres,
yarn clippings, fabric remnants from factory cuts, and new garments has been shown to be a viable material for
nanocellulose extraction, its low cost, high amount in landflls. Nanocellulose extraction from textile waste was
performed in two-stage process. Firstly, a purification process for the removal of non-cellulosic components is
performed for cellulose fibre isolation then alkaline treatment and bleaching stages were applied. Afterwards,
nanocellulose is extracted from cellulose fibrils. SEM analysis showed that CNCs presented a homogeneous
structure. FTIR assays exhibited a band at 3422 cm™ which is attributed to the hydroxyl groups and the band at
2889 ¢cm! indicates the carboxylic acids. The XRD pattern of CNCs exibited two main diffraction peaks at 20
angles of 8° and 18.9°. TGA of the samples exhibited low degrees of carboxyl functionalization. This reduced
thermal stability and the degradation temperature. The DTG data for cellulose showed highest extent of carboxyl
content in the CNCs samples. The effects of some operational conditions such as increasing of photoremoval
time, increasing pH values, increasing pollutant concentrations (oil, DOC, DSS, toluene and m-xylene) and
increasing CNCs nanocomposite concentrations on the maximum yields of PCI ww pollutants were investigated.
Maximum 99.30% oil, 99.10% DOC, 99.52% DSS, 95.64% toluene, and 99.05% m-xylene removal efficiencies
were observed at 100 mg/l CNC nanocomposites concentration, in PCI ww, after 150 min photoremoval time, at
pH=7.0, at 1000 mg/1 pollutant concentrations, and at 25°C, respectively. Nanocellulose obtained from textile
wastes is seen as a sufficient and promising alternative to synthetic polymers, with the advantage of being
obtained from renewable and cheap resources and also being used in the production of adequate nanocomposites.
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1 Introduction adequate clean water to meet human drinking water
In current days, global industrialization has improved demand and sanitation needs is a constraint on human
human life. At the same time, the world is facing health and productivity. Hence, this has a huge
severe hazards of land, air and water contamination. impact on economic development as well as on the
Especially, water pollution has caused serious maintenance of a cleap environment and healthy
concerns to humankind and enhanced hazardous ecosystems. To deal with this wastewater problem,
health related issues. In countries like India. 80% of lots of conventional and advanced technologies have
the diseases are waterborne, which passes through been developed. The conventional water treatments
polluted drinking water. The climate imbalance in the such as oxidation, electro—precipitation, membrane

last couple of years has resulted in a shortage of water separaFion, coggulation-ﬂocculation, evaporation,
resources, [1]. On the other hand, the current floatation, and ion exchange have been largely used
industrialization and civilization has led to an but these are often inadequate for efficient water

increase in the amount of wastewater, which has put treatment, [2], [3].

a lot of pressure on humankind. There is a lack of Petrochemical industry is one of an important
petroleum processes and the effluents are composed
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of grease and petroleum compounds which consists
of main hydrocarbon groups. In the investigated
refinery, the petroleum wastewater was generated in
the units such as Hydro-cracking, Hydro-cracker
flare, Hydro-skimming, Hydro-skimmer flare,
sourwater, Condensate, Condensate flare and the
desalter.

The treatment of this wastewater can be carried
out by physical, chemical and biological treatment
processes. Treatment of petroleum wastewater has
two stages, firstly, pre-treatment stage to reduce
grease, oil and suspended materials. Secondly, an
advanced treatment stage to degrade and decrease the
pollutants to acceptable discharge values. However,
since the pollutant concentrations were high
[01l=2100 mg/l, dissolved organic carbon (DOC)=
980 mg/l, dissolved suspended solids (DSS)=1600
mg/1, toluene =1230 mg/l, and m-xylene = 1560 mg/1]
are difficult to treat these streams and reach to the
discharge limits to a bay. The yields for the
aforementioned parameters were low (65%-71%).

A single treatment method normally is not
sufficient to remove all pollutants, because of the
complexity of the pollutants. Cellulose-based
materials provide an efficient, low-cost and
pollution-free option for the wastewater treatment in
petroleum industry. Multiple functions could be
achieved on the cellulose-based materials, which can
effectively remove pollutants, especially in crude oil
spill cleaning, flocculation of solid suspended matter
in drilling or oil recovery in the upstream oil industry,
adsorption of heavy metal or chemicals, and
separation of oil/water by cellulosic membrane in the
downstream water treatment and other applications.

The CNCs with silane modification can enhance
the oil absorption capacity of cellulose, which have a
good development prospect for crude oil pollution
treatment in petrochemical industry, [4]. Yu et al.,
[5], modified CNC with succinic anhydride to obtain
SCNCs. The SCNCs were further treated with
saturated NaHCOs to obtain NaSCNCs. Pb*" and
Cd** adsorption using SCNCs and NaSCNCs as
adsorbents was investigated, [5]. The maximum
adsorption capacities of SCNCs for Pb* and Cd*
were 367.6 and 259.7 mg/g, respectively, [5].

In some studies, the heavy metal ion-scavenging
capability of the cellulose-based nanocomposites was
investigated in addition to its oil-sorption capability.
Zheng et al., [6], developed a green synthesis of
cellulose nanofibril hybrid aerogel that displayed
exceptional oil absorbency and heavy metal ion-
scavenging properties.

Alila and Boufi, [7], explored the use of modified
cellulose fibers as adsorbents for the removal of
aromatic organic compounds. The cellulose fibers

E-ISSN: 2945-1159

72

Delia Teresa Sponza , Rukiye Oztekin

were modified by grafting long hydrocarbon chains
in a heterogeneous environment. In this study some
aromatic ~ compounds, including 2-naphthol,
nitrobenzene, chlorobenzene, dichlorobenzene,
trichlorobenzene were treated effectively, [7].

Cellulose nanocrystals (CNCs), are highly
crystalline, and rod-like nanoparticles, [8]. CNCs are
usually covered by negatively charged groups that
them render colloidally stable in water. CNCs are
shorter than cellulose nanofibers (CNFs); the length
of CNCs are between 100 and 1000 nanometers, [8].
A cellulose nanocomposite called cellulose
nanocrystals (CNCs) was produced from textile
waste under laboratory conditions. Detailed literature
studies on CNCs are given below:

Currently, the denim waste is generally used to
produce the yarn, or reprocessed into nonwoven
products, and to make paper and cardboard, [9].
Considering that the denim consists of 80% cotton
which is contain with 88-96% of cellulose and a
small portion of protein, pectin and wax, the denim
wastes are desirable raw materials for high valuable
cellulose-based materials, [9]. One of cellulose-based
materials at nanoscale that attract a lot of attention is
cellulose nanocrystals (CNCs) because of their
superior properties including low density (1.6 g/cm?),
high aspect ratio, high mechanical properties (Young
100—140 GPa modulus, tensile strength 7500 MPa),
large specific surface area (250 m?/g), and high
dispersibility in aqueous solutions, [9]. Therefore,
CNCs can be applied in various fields, including
reinforcing material in nanocomposites, enzyme
immobilization, templates of mesoporous materials,
controlled drug delivery, and supporting materials of
nanocatalyst, [9].

The selection of a particular treatment technique
primarily depends on a variety of factors, e.g. waste
type and concentration, effluent heterogeneity,
required level of cleanup, as well as economic
factors. Hence, in the recent years, a lot of attention
has been given to the development of advanced
technology for water and wastewater treatment, out
of which, adsorption becomes one of the best
technologies for the decontamination of water,
because of the simple design and low investment in
terms of both initial cost and land required. Similarly,
the activated carbon has been largely used for
wastewater treatment. However, in comparison with
adsorption tech nique, the activated carbon technique
is not energy-efficient and cost-effective, [10].
Therefore, there is a huge scope to develop cost-
effective, adsorption-based water treatment systems
using biocompatible, biodegradable raw materials
like chitin, chitosan, silk fibroin, keratin, starch and
cellulose. Several good reviews in the literature
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explain their source, chemistry, alteration and CNCs
simple mentations, [11], [12], [13], [14], [15]. CNCs
have numerous interesting characteristics, including
high specific surface area, strong mechanical
efficiency, biocompatibility, biodegradability, and
high  surface functionalization  possibilities.
Therefore, in current years many researches
demonstrate the use of CNC in water treatment
processes.

The petrochemicals sector is a major segment of
manufacturing industry as it has several connections
with other sectors of an economy. Petroleum
distillates (petrochemicals) are any of a large group
of chemicals derived from petroleum and natural gas
either by direct manufacture or indirect manufacture
as by-products which are used commercially. Oil and
natural gas are supposed to be the main sources for
most petrochemicals because they are economical
and readily accessible, [16]. Manufacturing of
petrochemical products requires about 5% of the oil
and gas each year. Petrochemicals share nearly 40%
of world chemicals market, [17]. Petrochemicals play
a major role in today’s society as they are essential
for food, clothing, shelter and leisure. The
petrochemicals are used in many industries like
polymers, synthetic fibers, synthetic rubber, plastics,
soaps and detergents, solvents, drugs, fertilizers,
pesticides, explosives, paints, and flooring and
insulating materials. Petrochemicals are found in
distinct products as aspirin, polyester clothes,
luggage, boats, automobiles, air craft and recording
discs and tapes. Lubricating oil, kerosene, diesel fuel,
gasoline, LPG and jet fuel are not included in
petrochemicals as these are not chemical compounds
but are mixtures of hydrocarbons, [18], [19].

The petrochemical industry is responsible for
manufacturing many of the things we use every day.
Petrochemicals are wuseful in food industries,
pharmaceutical industries, agricultural industries and
technology industries. These chemicals can be used
in making fertilizers, polymers, solvents, dyes,
pesticides, detergents, cosmetics, etc. These are
exploited as fuel and lubricants for automotive and
industrial purposes. Petrochemical products such as
petrol, diesel, and other lubricants are in great
demand in the market due to tremendous increase in
number of vehicles, [20]. Petrochemicals may be
used as food grade lubricants in pharmaceutical; food
processing plants is beverage industries. Petroleum
jelly utilized as ointment base, lubricant and
protective covering obtained from petroleum.
Another important use of petrochemicals is as
preservatives and food-additives which increase the
tenure of freshness of canned food. Cosmetics that
contain oils, perfumes are petroleum derivatives. The
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flexible rubber shoes which remain intact in all
weathers are produced by using petrochemicals.
Dyes having various colors are also one of the most
important usages of petrochemical products.
Petrochemical ethylene is used in photographic film,
food packaging, construction components, garbage
bags etc., [21]. Categories of Petrochemical Products,
On the basis of their chemical structure petroleum
products are mainly categorized into three groups i.e.
aromatics, olefins, and synthetic gas. Aromatics are
mainly used for the production of plastics and
synthetic fibers, synthetic detergents, etc. Olefins are
considered as the major source for the preparation of
industrial chemicals and its important components
are Toluene, Xylenes, and Benzene. Synthetic gases
are usually meant for the production of methanol and
ammonia and are comprised of hydrogen and carbon
monoxide. Hazards Associated with Petrochemical
Industries, Although, the petrochemicals give us
innumerable useful products but they can also be
injurious to the health of living beings and the earth’s
ecosystem. Most of these chemicals when released
can exhibit unfavorable effects on our environment
such as air, water and soil pollution. The aromatic
compounds present in petrochemicals are important
environmental pollutants which may be introduced
into the environment through natural oil seeps,
industry waste products and emissions, oil storage
wastes, accidental spills from oil tankers, coal tar
processing wastes, petrochemical industrial effluents
and emissions etc. Petrochemical industry is an
important source for the principal greenhouse gases
responsible for global warming. Other environmental
impacts include ozone layer depletion, acid rain, air
pollution etc. In the petrochemical industry,
potentially harmful substances released are noxious,
foul odor, or combustible, [22]. In areas nearby
petrochemical industries, elevated sound levels
induce noise pollution associated with feelings of
headache, annoyance, uneasiness, stress, impatience,
displeasure, hypersensitivity, extreme anxiety, anger,
endangerment and violence. Contamination of soils
may take place from residuals of refining processes
including some hazardous wastes, catalysts or coke
dust, tank bottoms, and sludge from the treatment
processes. The petrochemical industry may also
come up with loss of biodiversity and destruction of
ecosystems, [23]. Effluents coming out of
petrochemical industries contain a large amount of
polycyclic and aromatic hydrocarbons, phenols,
metal  derivatives, surface-active  substances,
sulphides, naphthylenic acids and other chemicals,
[23]. Due to the inefficient purification systems, toxic
products present in effluents accumulate in the water
bodies resulting in water pollution which is fatal to
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both aquatic and human life, [24]. Exposure to
petrochemicals may take place in different ways;
they may be absorbed through the skin or might be
ingested. They can also affect human life by
accumulating in tissues/organs and cause brain, nerve
and liver damage, birth defects, cancer, asthma and
hormonal disorders. Skin irritation, ulcers and
allergic dermatitis are chronic effects of exposure,
[25].

Oil petroleum production consumes about 1.0-7.2
bbl (barrel of crude oil, 1 barel=158.99 liter). The
needed water for such production ranges between
0.47 liters and 7.2 liters water to 1 liter crude.
Between 80% and 90% of the consumed water is
disposed of as wasted effluents. Consequently, there
is an important connection between petroleum
production and the contamination of the environment
and surface water in addition to their
ecotoxicological effects. s per statistics report
regarding oil and gas (O & G), the consumption of
energy and water, during the refining as well as the
petrochemical processing in 2020, was estimated at
levels of more than 3.99 x 10" m3/day, which is about
16% of the world's water, [26]. It is predicted that this
consumption rate will be doubled in 2035 based on
the forecasted increase in oil demand. The estimated
yearly increase rate is about 1.21 x 10®barrels per day
(bbl/d). Moreover, the estimated and expected long-
term consumption of crude oil is amounted for a
range from 95.3 x 10° to 102.5 x 10° bbl/d during the
period 2016-2023. Further estimation is to reach
~111 x 10° bbl/d for the period from 2035 to 2040,
[27]. Consequently, increased production of oil
petroleum increases surface water consumption at
average rates of 1.0-7.2 bbl. The water needed in
processing is estimated at 0.47-7.2 liters water per 1
liter crude, [28]. Generally, the amount of the
wastewater produced from petroleum refinery
processing (PPW) is about 3.5-5 m*/crude oil ton in
case of recycling cooling water, [29]. Furthermore,
the mathematical estimation showed that that the
water-to-oil (WOR) consumption ratio ranges from 3
to 4 bbl water/1 bbl extracted oil for both exploration
and production (E&P), [30]. In this respect, water, in
all cases, is not the target as a petroleum industry
product. Therefore, between 80% and 90% of the
supplied and/or consumed waters are disposed of as
waste effluents, [31]. Petroleum oil spills, in addition,
are some other forms of contamination that take place
during the exportation and/or offshore leakage. It is
certainly, considered as another means of hazardous
pollutants, [32]. As a result, there is an important
connection between petroleum production and the
contamination of surface water, [33].
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Only 25% of the textile waste produced is indeed
recycled, with less than 1% of this recycled waste
ending up in textile-to-textile applications, [34]. The
majority of textile waste is incinerated or landflled,
which has several negative consequences for society,
economy, and the environment, [35], [36].
Nevertheless, a signifcant transformation lies ahead
so that the textile industry becomes an even larger
and more sustainable sector, turning waste into value.
There are multiple ways to tackle this problem,
involving the reduction of overproduction and
overconsumption, the extension of product lifespan,
and the development of products for increased
circularity and greener economy, [37]. One of the
most sustainable and scalable approaches available is
fbre-to-fbre recycling, which turns textile waste into
new fbres, posteriorly used to create new garments or
other textile products, [9], [38]. However, fbre-to-
fbre recycling presents several obstacles to scalability
that need to be surpassed. Collection, sorting, and
preprocessing limit the amount of textile waste
available for fbre-to-fbre recycling. Collection rates
are currently, on average, only between 30% and
35%, and a large share of the unsorted gross waste is
exported outside Europe, [39]. Furthermore, most
fbre-to-fbre recycling technologies have strict input
requirements for fbre composition and purity.
Therefore, the common practice of combining natural
and synthetic fbres in the textile sector to respond
more efciently to some application requirements of
textile products also hinders the recycling efforts,
[40]. Beyond fbre composition, there are several
other factors infuencing a garment or textile’s
recyclability, including product characteristics
(single or multi-layer), hard (buttons and zippers) and
soft components (labels and threads), heavy coatings
or fnishings, prints, colour, fabric construction, and
eventual mould or oil stains, [41]. Consequently, to
address all these challenges it is fundamental to
separate textiles from the remaining wastes, discover
efcient ways to separate blended fbre fabrics, and fnd
advanced, accurate, and automated sorting processes
to enable the recycling of textile wastes, allowing the
upcycling of these materials into high-performance
products, [42]. Textile recycling can allow efective
recovery and relocation of resources. Mechanical,
chemical, or biological methods are typically used for
textile waste recycling, which seldom lead to added
value products, [43]. For instance, mechanical
recycling has led to insulation materials or wipes,
which are considered downcycled fnal products,
employed for lower value uses. Regarding chemical
recycling, strategies focus on recovering monomers
and oligomers from synthetic fbres or di solved pulps
based on cotton to produce manmade cellulosic fbres,
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[43], [44]. Renewcell, Circ, Recover™ and Rewoven
are examples of companies already resorting to these
recycling approaches to transform textile waste.
Waste cotton textiles attend as a vital textile raw
material, presenting the highest production and
substantial demand, [40]. Thus, it is imperative to
explore the existing recycling and recovery processes
of waste cotton textiles and add value to them. One
potential solution to enhance its usability is the
extraction of nanocellulose from waste cotton
textiles. Conversion of textile waste into
nanomaterials could be a desirable approach for
producing advanced materials with increased
economic value, [41]. The feld of nanotechnology
has experienced generous growth in recent decades,
fnding applications in many sectors, [45].

Cotton is the most widely used natural fbre in the
textile industry worldwide, with a global production
of 25 million tons and a market share of
approximately 22% of the global fbre production in
2022, [40]. This fbre is the most consumed due to its
inherent properties, that include its hollow structure,
porosity, permeability, moisture absorption, softness,
and hypoallergenicity, providing a distinctive feeling
of comfort, [41]. Cotton farming has a high
environmental impact due to the wuse of
agrochemicals  (particularly  pesticides  and
fertilizers), the high consumption and contamination
of water, and the conversion of natural habitats
towards agricultural cultivation, [42]. Therefore,
reusing and upcycling cotton are important
alternatives which could potentially contribute to
mitigating cotton farming’s environmental footprint
through a reduction in the demand for virgin cotton,
[43]. Cotton fbres are considered the purest form of
cellulose, being composed of more than 90%
cellulose, even reaching 99% cellulose after washing
and bleaching, [44]. For comparison, wood, which is
the most used resource for nanocellulose extraction,
contains between 40 and 50 wt% of cellulose
depending on wood species, [45]. However, while the
degree of polymerization (DP) of wood pulp is found
to be between 300 and 1,700 units, cotton cellulose
has a DP in the range of 800-10,000, heavily
depending on the treatment applied, [46]. Owing to
cotton cellulose’s high DP and structural order (i.e.,
highly crystalline), the time and process of
disintegration to extract nanocellulose is longer and
more complex, [47]. These characteristics make
cotton an interesting fbre to explore for cellulose
extraction and subsequent nanomaterial production,
[47]. Cellulose, the most prevalent environmentally
friendly polymer on Earth, is a linear, high molecular
weight homopolymer made up of d-glucopyranose
units connected by covalent  (1-4) glycosidic bonds
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via acetal functions between —OH groups of C4 and
C1 carbon atoms, [48]. The intra- and intermolecular
bonds of cellulose enhance the rigidity of its
structure, leading to the arrangement of cellulose
molecules into highly ordered elementary fbrils.
Beyond these highly ordered regions (crystalline
structure), cellulose consists also of disordered
regions (amorphous structure), which confer to this
polymer excellent properties, [49]. The crystalline
regions contribute to the high stifness and strength of
cellulose, while the amorphous regions provide the
fexibility of the bulk material, [50]. Due to the
hierarchical arrangement of cellulose, it is possible to
extract cellulose nanomaterials termed also as
nanocellulose from it. The rise of nanotechnology has
prompted nanocellulose to one of the most attractive
renewable materials for advanced applications.
Nanocellulose has been defned by not exceeding 100
nm at least in one of its dimensions, [51]. The
morphological dimensions and properties of the
prepared nanocellulose vary depending on types of
raw material used and methods employed in the
separation and  extraction  process, [52].
Deconstruction of such structure by mechanical,
chemical, biological, or a combination of those
processes results in fbrillated celluloses, cellulose
nanofbrils (CNFs) and cellulose nanocrystals
(CNCs), which collectively are referred to as
nanocelluloses. CNFs and CNCs are versatile
materials for manufacturing multifunctional micro-
and nano-scale lightweight and renewable building
blocks useful for numerous applications, [53], [54],
[55], [56].

Therefore, in this study, cellulose nanocomposites
[cellulose nanocrystals, (CNCs)] were developed
from textile wastes for application in petrochemical
industry wastewater (PCI ww) to treat some
pollutants like oil, DOC, DSS, toluene and m-xylene.
The physicochemical properties of the CNCs were
investigated by XPS, XRD, SEM, FE-SEM and TEM
analysis. The effects of some operational conditions
(photoremoval  time, pH values, pollutant
concentrations and CNC  nanocomposites
concentrations) on the yields of pollutants was
investigated.

2 Materials and Methods

2.1 Nanocellulose Extraction

In th the development of nanotechnology, in response
to demands for new and improved natural-based
products, the extraction and exploration of
nanocellulose has become an attractive and
expanding area of research, [57]. To date, high-
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quality fbre materials such as wood (especially, from
bleached kraft wood pulp) have been the main source
of nanocellulose, given its abundance in nature, [58],
[59]. However, in the last decade, with deforestation
and waste management concerns, alternative sources
such as agricultural, forestry, and industrial cellulosic
by-products and wastes have been considered, [60].
Sustainable waste management has become one of
this century’s main hurdles. With the aim of reducing
environmental pollution and promoting economic
circularity, textile waste has been shown to be a
viable material for nanocellulose extraction, given its
low cost, high amount in landflls, and sent for
incineration at the end of usable life, contributing to
gas emissions and energy consumption, [61], [62].
Several studies have been conducted for CNCs and
cellulose nanofibers (CNFs) extraction from textile
waste. Pre-consumer textile wastes (fibres, yarn
clippings, fabric remnants from factory cuts, and new
garments), depending on the stage from which they
result, may contain hemicellulose, lignin, fats, dust,
and other unknown components, [63]. In turn, post-
consumer cotton/fbre blended fabrics (used and
discarded clothing), which is more realistic
representation of textile waste, contain unidentifed
chemicals and are exposed to mechanical stress
during its usage cycle, [64]. These factors can afect
the properties and hinder the nanocellulose extraction
process. Coloration has also been identifed as a
disadvantage the presence of chemical dyes,
pigments, and other additives in clothing may require
alkaline treatments and/or bleaching as a pre-
treatment, with single procedures not sufcing for the
removal of all these additives, [65]. Since product
quality and purity strongly afect its commercial
value, application and extraction yield, diferent pre-
treatments can be employed prior to extraction, [66].
In this way, nanocellulose extraction from textile
waste consists of a two-stage process. Firstly, a
purifcation process for the removal of non-cellulosic
components is performed for cellulose fbre isolation,
a step which typically includes alkaline treatment and
bleaching. Afterwards, nanocellulose is extracted
from cellulose fbrils through mechanical, biological,
chemical, or combined methods, [67].
2.2 Thermogravimetry (TGA) and
Differential Thermogravimetry (DTG)
The thermal stability of partially oxidized cellulose
was studied using Perkin Elmer STA-6000
(Simultaneous Thermal Analyzer) instrument. The
samples were run at a heating rate of 10°C/min in the
range 30-850°C, under nitrogen atmosphere.
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2.3 Fourier Transform Infrared Spectrometry
(FTIR)

A Perkin Elmer Spectrum One instrument was used
to record FTIR in transmission mode, between 450
and 4000 cm!. A total of 6 scans were taken per
sample with a resolution of 4 cm™!. The samples were
recorded by using the KBr pellets prepared by using
finely grinded samples (3 mg) mixed with dry KBr
powder (150 mg) (the spectra are presented in the
Electronic Supplementary Data file).

2.4 Scanning Electron Microscopy (SEM)

The scanning electron micrograph (SEM) was
obtained wusing dual beam scanning electron
microscope (FEI company, model Quanta 200 3D)
operating at 30 kV. The samples were loaded on stubs
and sputtered with thin gold film to prevent surface
charging and also to protect them from thermal
damage due to electron beam.

2.5 Transmission Electron
(TEM)

Transmission electron microscopy (TEM) studies of
6-carboxycellulose nanoparticles were carried out by
using FEI-Technai G2-20 instrument. A 10 ul aliquot
sample of 1 mg of 6-carboxycellulose in 10 ml
distilled water was mounted on freshly glow
discharged carbon coated Cu grids (200 mesh, ICON
Analytical, India). TEM was observed without
staining the samples.

Microscopy

2.6 X-ray Photoelectron Spectroscopy (XPS)
XPS spectra of freeze-dried CNC samples were
collected using a Specs PHOIBOS-100 spectrometer
(SPECS, Berlin, Germany) with a Al Ka irradiation
(1486.61 eV) at 10 kV and 10 mA current. Survey
spectra were recorded from 1200 to 0 eV at a pass
energy of 40 eV with a scan step of 1.0 eV. High-
resolution S 2p spectra were recorded at pass energy
of 40 eV with a scan step of 0.1 eV. High-resolution
S 2p spectra were smoothed using the Origin 8.0
software. The mass concentrations were determined
using the SpecLab software.

2.7 Field Emission-Scanning Electron
Microscopy (FE-SEM)

Microstructure and surface morphology of freeze-
dried CNC samples were observed using a field
emission scanning electron microscopy (FE-SEM, a
FEI QuantaTM 3D FEG dual beam SEM/FIB system,
Hillsboro, Oregon, U.S.A.) at a 20 kV accelerating
voltage. Before observations, all samples were
deposited on carbon tape mounted on an aluminum
stub and sputter coated with gold for 2 min. The
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average width of particles was calculated based on 50
randomly chosen particles from the FE-SEM images
using ImagelJ 1.47 software.

2.8 Wide-Angle X-ray Diffraction (WXRD)
WXRD patterns of freeze-dried CNC samples were
measured using a Bruker Siemens D5000 X-ray
diffractometer operated at the Cu Ka radiation (A =
0.154 nm) with 40 kV and 30 mA in a 26 range from
5°to 40° at a step size of 0.02°. The crystalline index
(CI) of each sample was calculated according to
Segal Method using the following Eq. (1):

CI (%) = 22=—4m x 100% (1)

200

where o is the maximum intensity of the (200)
lattice diffraction peak, and Iam is the intensity
scattered by the amorphous fraction of the sample.

2.9 X-ray Photoelectron Spectroscopy (XPS)
XPS spectra of freeze-dried CNC samples were
collected using a Specs PHOIBOS-100 spectrometer
(SPECS, Berlin, Germany) with an Al Ka irradiation
(1486.61 eV) at 10 kV and 10 mA current. Survey
spectra were recorded from 1200 to 0 eV at a pass
energy of 40 eV with a scan step of 1.0 eV. High-
resolution S 2p spectra were recorded at pass energy
of 40 eV with a scan step of 0.1 eV. High-resolution
S 2p spectra were smoothed using the Origin 8.0
software. The mass concentrations were determined
using the SpecLab software. With the reported
molecular formula for acid-treated CNCs of
CsH100s-(SO3)n; the number (n) of sulfate groups per
100 bulk anhydroglucose units was calculated based
on the S (wt%) is the mass concentration of sulfur
element in acid-treated CNC samples.

2.10 Freeze-Drying of CNCs

A certain amount of 1 wt % of CNC suspensions was
poured into a fast-freeze-drying flask. The
suspensions were frozen quickly at —75°C for about
2 h in a freezer. Then, the completely frozen samples
were immediately shifted to a freeze-dryer (FreeZone
plus 2.5 L, Labconco Corp., Kansas, MO, U.S.A.) at
a sublimating temperature of —50°C for 5 days.

2.11 Measurements of Oil, DOC and DSS

Oil, DOC and DSS were measured with Standard
Methods according to Oil-5520, DOC-9217 and
DSS-2540 sections, respectively, [68].

2.12 Measurement of Toluene and M-Xylene

A gas chromatography machine [Model 4600-
Unicam Company, England] equipped with flame

E-ISSN: 2945-1159

77

Delia Teresa Sponza , Rukiye Oztekin

ionization detector (FID) was used for quantitative
measurement. Separation of the compounds was
achieved with a glass column 1.5 m x 4 mm i.d.
packed with 10% SE 30 on Chromosorb W-AW-
DMCS 100-120. This column temperature was
programmed at 50°C for 2 min then increased to
180°C at a rate of 4°C/min, and finally kept at a
constant temperature of 180°C for 1 min.

All experiments were carried out three times and
the results are given as the means of triplicate
samplings. The data relevant to the individual
pollutant parameters are given as the mean with
standard deviation (SD) values.

3 Results and Discussions

3.1 SEM Analysis Results

SEM images of CNCs is presented in Fig. l1a. The
CNC presented a continuous and homogeneous
structure, which indicated the proper mixing of the
cellulose polymers. Then, some semi-spherical
particles appeared, verifying the formation of
nanocomposites in the matrix structure. SEM images
of CNC indicated the proper distribution of cellulose
nanofibers in the polymer matrix (Fig. 1b).

* Fig. 1 can be found in the Appendix section.

3.2 FTIR Analysis Results

To investigate the possible interactions between the
polymers and the functional groups of CNCs FTIR
analysis were performed (Fig. 2). The band at 3422
cm! is attributed to the hydroxyl groups originating
from rhamnose and celulosic metabolites, [69]. The
weak band located at 2889 cm™! is ascribed to the —
CH stretching vibrations of alkane groups; and
asymmetric stretching vibrations of carboxylic acids
related to symmetric and asymmetric modes of
saturated —CH bonds originating from cellulose. The
—CH stretching vibration of alkane group resulted in
the formation of a band at 2299 ¢m™'. The band at
1599 cm! is related to —NH bending vibration of the
protein and also to the asymmetric C-O stretching
vibration of carboxyl groups. The band at 1399 cm™!
can result from the —CH bending vibration, C—-OH
bonds of and C-C stretching vibrations, [70], [71].
The band at 999 cm™! arises from the C-O linkage
present in polysaccharide originated from the the
skeletal C—O—C stretching vibrations of cellulose,
[72].

* Fig. 2 can be found in the Appendix section.
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The spectrum of characteristic bands at 2998,
2766, 1642, 1532, 1447 and 1238 cm ™' and the bands
at 3285 and 2952 cm™! are related to O-H and C-H
stretching vibrations, respectively, [73]. The bands at
1642, 1532 and 1238 cm™! are ascribed to -CH; and
C-O stretching vibrations and C-C stretching and H-
H bending vibrations, and stretching vibrations of C-
O bonds, respectively, which are the characteristic
bands of cellulose, [74]. The spectrum of CNCs
showed the characteristic bands associated with
carboxymethyl cellulose and mucilage, illustrating
their efficient mixing. The shifting of —-COOH band
at 1590 cm™' for CNCs to 1600 cm™' in CNC
nanocomposite further supported the intermolecular
hydrogen bond interaction in CNC, [75].

3.3 XRD Analysis Results

To investigate the effect of nanocellulose on the
phase structure of CNC composites, an XRD analysis
was performed and results are presented in Fig. 3.
The XRD pattern of CNC (Fig. 3a) displayed two
main diffraction peaks at 20 angles of 8° and 18.9°
corresponding to the d-spacing of 9 A and 4.0 A,
respectively, according to Bragg's law. The larger d-
spacing resulted from the lateral a-helix packing,
while the smaller d-spacing resulted from the
skeleton distance within the a-helix. The degree of a-
helix packing can be expressed by the ratio between
these two peaks, [76]. These broad diffraction peaks
evidenced the amorphous nature of CNC, [77]. Three
diffraction peaks appeared at 0 angles 13.6°, 19.5°,
and 23.7°, which were the typical patterns of
cellulose and corresponded to diffraction planes of
(1-9), (120) and (210), respectively, [78]. The
spectrum of CNC exhibited a wide characteristic
peak at around 26 of 18.9°, indicating its low
crystallinity, [79]. A broad diffraction peak at 20
angle 19.8° for flaxseed mucilage also depicted the
amorphous structure which was in accordance with
the previous published data, [80].

* Fig. 3 can be found in the Appendix section.

All CNC samples exhibited four major diffraction
peaks at around 7.2°, 8.7°, 8.8°, and 9.02°,
corresponding to the cellulose crystallographic
planes 110, 110, 200, and 004, respectively, [81],
[82]. Acid hydrolysis and an increase in hydrolysis
time did not cause any change in the diffraction peak
position of CNCs, revealing that acid hydrolysis did
not alter the crystalline structure of CNCs. However,
the crystallinity index (CI) was slightly changed as
the hydrolysis time increased.
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3.4 TGA Analysis Results

TGA of the samples (Fig. 4) shows that even with
very low degrees of carboxyl functionalization, five
types CNCs exhibited significantly reduced thermal
stability and the degradation temperature was a
function of the degree of oxidation. For the original
cellulose, the maximum degradation occurs in the
range of 320-377°C and the TGA curve showed a
single step degradation curve and maximum
degradation in a narrow range (54% weight loss at
350°C).

* Fig. 4 can be found in the Appendix section.

The weight loss happening below 190°C for all
samples is related to the vaporization of the volatile
compounds, and physically and chemically bound
water, [83]. The major weight loss for CMC began at
240°C and continued to 299°C, which was attributed
to the conversion of the carboxyl group (—COO) to
CO; resulting from decomposition of the
hydrocarbon backbone of the polysaccharides, [84].
The second degradation step for flaxseed mucilage
occurred in the temperature range of 230-380°C,
which was ascribed to the degradation of the
saccharide rings and decomposition of the polymer
chains, [85].

3.5 DTG Measurements

The DTG curve measures the rate of weight loss with
respect to temperature and shows accurately the point
where weight loss is maximum. The DTG data for
cellulose a, cellulose b, cellulose ¢ exhibited highest
extent of carboxyl content in the CNC samples. They
are amorphous CNC-A and single sharp DTG curve
is observed for cellulose at 349°C, while the CNC-B
showed a sharp peak at 354°C and CNC-C exhibited
a sharp peak at 174°C. Below 12% carboxyl content
two well resolved peaks at 290°C and at 298°C
corresponds to the crystalline portion of CNC-D and
CNC-E and the minor peaks at 219°C and at 220°C
(CNC-F). At around 17% carboxyl content CNC-A
at the lowest temperature peak at 211°C was the
residual crystalline cellulose peak. As the carboxyl
content increased, all peaks shifted to lower values.
These interpretations and transitions were more
clearly seen in Fig. 5. DTG curves of CNC-A prove
the progress of the carboxylation reaction, since it
was some changes which was not significant in the
morphological structure. A continuous shift in the
crystalline peak with low photodegradation, and no
amorphus peak below and above a limit was not
detected.

* Fig. 5 can be found in the Appendix section.
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3.6 XPS Analysis Results

In order to quantitatively evaluate the number of
groups and the chemical compositions of CNCs XPS
analysis were performed. Fig. 6 shows the XPS
survey spectra peaks of CNCs. The peaks at 1021,
528, 284.5, and 161.0 eV originating from Na 1s, O
Is, C 1s, and H 2p, respectively (Fig. 6). A small
amount of Na atoms was detected, which might be
impurities introduced during the alkali and bleaching
treatments of the raw textile fibers, [86]. The H 2p
peak region in the survey spectra was showed that
this peak was present in the spectrum of CNCs. The
intensity of the H 2p peak gradually increased with
an increase in acid hydrolysis time, indicating that
more -COOH groups were introduced on the surface
of CNCs, [87].

* Fig. 6 can be found in the Appendix section.

3.7 TEM Analysis Results

Some individual nanofibers with widths of 10.20 +
2.21 nm and lengths up to 1000 nm were observed.
Most nanofibers appeared as bundles or clusters with
widths of 18-65 nm. It was difficult to accurately
calculate the lengths of the nanofibers because they
were strongly aggregated although a homogenization
was detected (Fig. 7a, Fig. 7b and Fig. 7c for CNC-
A, CNC-B and CNC-D). Fig. 7d, Fig 7e, and Fig. 7f
illustrated the TEM micrographs of CNC-E, CNC-F,
and CNC-G, respectively.

* Fig. 7 can be found in the Appendix section.

Particularly, CNC-A was 460 nm in length and 7
nm in width. Thus, upon acid hydrolysis for 1 h, both
the lengths and widths of the CNCs were reduced,
indicating that acid longitudinally cut the nanofibers.
With an increase in hydrolysis time from 1 to 4 h,
both the widths and lengths of the CNCs further
decreased. The average length of CNC-B and CNC-
C were 320/9 and 208/5 nm for, respectively.
Interestingly, it was observed that the polydispersity
in length and width also consistently decreased with
an increase in hydrolysis time, suggesting that a more
uniform dimension was achieved by increasing the
hydrolysis time. The aspect ratio (length/width) of
the CNCs played an important role in improving the
chemical and physical performances of the CNC-
based materials, [88]. CNC-A, CNC-B, and CNC-C
had relatively lower aspect values of 53, 45, and 31,
respectively, showing a well decreasing trend with an
increase in hydrolysis time from 1 to 4 h. The
resultant CNCs had higher aspect ratio values than
those of CNCs from other cellulosic materials, for
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example, microcrystalline cellulose, and kenaf fibers,
[89].

3.8 FE-SEM Analysis Results

FE-SEM micrographs of freeze-dried CNCs are
presented in Fig. 8a and Fig. 8b. After freeze-drying,
the rigid entangled network of nanofibers was well
kept. The majority of nanofibers dried CNCs,
displayed a lamellar structure consisting of a large
number of thin plates with thicknesess of about
1.2—2.4 um. There was no individual CNCs and CNC
fibers observed within each thin plate, as shown in
Fig. 8c and Fig. 8d. This observation suggested that
during the freeze-drying process CNCs were self-
assembled into thin membrane layers. In comparison
to CNC-A, CNC-B and CNC-C and CNC-D
displayed more significant lamellar structure,
presumably owing to the more homogeneous
dimension as well as the introduction of more sulfate
groups on the surface of CNCs which provided
stronger  electrostatic  repulsion to fabricate
selfassembled foam with more numbers of layers.

* Fig. 8 can be found in the Appendix section.

Self-assembling behavior of CNCs during freeze-
drying was reported previously, [90], [91]. It was
observed that the morphology of the self-assembled
cellulose foam was dependent on the aspect ratio,
concentration, hydrogen bonding, crystallinity, and
surface charge of CNCs, [92]. They interpreted the
mechanism of self-assembling behavior of cellulose
nanoparticles during freeze-drying based on the
orientation of ice crystals during growth, existence of
hydrogen bonding between adjacent -cellulose
particles, and formation of ordered chiral nematic
structure above the critical transition concentration.
The present study demonstrated that CNCs with
larger aspect ratios were also able to self-assemble
into lamellar structure, revealing that the aspect ratio
of CNCs had a slight influence on the self-assembling
behavior of CNCs during freeze-drying.
Furthermore, it was observed that CNCs were not
able to selfassemble into layered membranes, as
shown in Fig. 8b and Fig. 8c. One reason is that the
surface characteristic of the nanofiber was inactive
with fewer hydroxyl groups. The other reason was
due to the formation of a strongly entangled network,
which largely prohibited the self-assembling of
microsized fibers as well as the orientation of
nanofibers in parallel to the movement of the freezing
front, [93].
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3.9 1 Values of CNCs

The aspect ratio (f) of rigid rod-like nanoparticles can
be predicted from the intrinic viscosity [n], according
to the Simha equation in Eq. 2, [67]:

i s 14
15(In2f-1.5) 5(In2f-0.5) 15

[n] = ()

The [n], a measure of the contribution of individual
particles to the total viscosity of a suspension, can be
determined by measuring the visocosity of the diluted
CNC suspensions and using the Huggins and
Kraemer’s equations, in Eq. 3 and Eq. 4, [69]:

B2 = [n] + ky[n)%c (3)

Fhrel =[] + ka[n)2c ()
where ki, ks, and ¢ are the Huggins constant, Kraemer
constant, and concentration of particles, respectively.
Nsp and Ml are the specific viscosity and relative
viscosity, respectively, which are calculated as Eq. 5
and Eq. 6:

Nsp = o ®)
Nret = :_0 (6)

Where, 1 is the viscosity of CNC suspensions, and 1o
is the viscosity of solvent.

The In Mwe/c and mg/c values for the CNC-A,
CNC-B, and CNC-D suspensions as a function of
concentration at a shear rate of 1250 s™! are shown in
Fig. 9a, Fig. 9b, and Fig. 9c, respectively.

* Fig. 9 can be found in the Appendix section.

By plotting In nwi/c and 1sp/c versus concentration,
two straight lines with different slopes but similar
intercepts were obtained. According to the Huggins
and Kraemer’s equations, these two intercepts
corresponded to the [n] derived from each equation,
[94]. The average value of these two intercepts was
calculated as the true [n]. The obtained [n] values
were 309, 270, and 249 for CNC-1, CNC-2, and
CNC-3, respectively. The as shown [n] gradually
declined as the aspect ratio of CNCs decreased. The
[n] plotted versus f values using the Simha equation
are shown in Fig. 9d. It is shown that the Simha plot
is in a parabola form, in which the [n] gradually
increased as the f increased. In comparison with the
high f region, the increase in [n] was much slower at
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the low aspect ratio region. CNC-1, CNC-2, and
CNC-3 had the [n] values of 307, 268, and 247,
respectively. By substitution of these values into the
Simha plot (Fig. 9d), the f values were obtained as
67, 62, and 60 for CNC-1, CNC-2, and CNC-3,
respectively. The theoretically predicted f values of
CNC-1 and CNC-2 are within the range of the f
values determined by TEM. However, for CNC-4,
the theoretically predicted f value is larger than the
value determined by TEM. It should be pointed out
that even at the highest shear rate of 1250 s7!, the
hydrodynamic interactions between the CNC
particles still existed, which led to higher [n] value,

[94], [95], [96]. After correcting for the
hydrodynamic interactions and electroviscous
effects, the theoretically predicted values are

expected to be well agreed with the TEM results.

3.10 Effects of Operational Conditions on the
Yields of Oil, DOC, DSS, Toluene and m
Xylene

3.10.1 Effect of Increasing Photoremoval Time
The effects of increasing photoremoval times (30, 60,
90, 120, 150 and 180 min) on the removals of oil,
DOC, DSS, toluene and m-xylene pollutants in PCI
ww, at 25°C, were studied, respectively. Maximum
84.11% oil, 96.71% DOC, 98.40% DSS, 91.20%
toluene, and 93.40% m-xylene removal yields were
observed after 150 min photoremoval time, with
photocatalysis process in PCI ww, at 25°C,
respectively (Table 1). Extending the contact time
further (from 150 to 180 min) resulted in a slight
decrease in efficiencies to 91-97% for
aforementioned pollutants (data not shown). This
decrease is attributed to the reduction in the number
of active sites, which lowers the photodegradation
yields. The equilibrium in photodegradation was
achieved within 150 min, with prolonged contact
times potentially leading to the inactivation of active
sites and reduced adsorption and photodegradation.

* Table 1 can be found in the Appendix section.

3.10.2 Effect of Increasing pH Values

The effects of increasing pH values (3.0, 5.0, 6.0, 7.0,
8.0, 10.0 and 11.0) on the photoremoval removal
yields of oil, DOC, DSS, toluene and m-xylene
pollutants in PCI ww, after 150 min photoremoval
time and at 25°C.Maximum 89.40% oil, 98.22%
DOC, 98.83% DSS, 92.35% toluene and 94.39% m-
xylene removal efficiencies was detected at pH=7.0
in PCI ww after 150 min photoremoval time, and at
25°C, respectively (Table 1). The enhanced
photooxidation efficiency at neutral pH can be
attributed to the effective generation of hydroxyl
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radicals, which play a crucial role in the degradation
process. Under neutral conditions, photons were
absorbed at a wavelength of 260 nm, which is optimal
for all pollutants. At this wavelength, the
photodegradation process is more efficient due to
reduced competition during photon absorption.
Conversely, under alkaline conditions, lower
photooxidation yields were observed due to
decreased photoquantum efficiency and increased
protonation of  excited electrons  during
photodegradation (data not shown).

3.10.3 Effect of Increasing Oil, DOC, DSS,
Toluene and m Xylene Pollutants Concentrations
The impact of increasing oil, DOC, DSS, toluene and
m-xylene pollutants concentrations (50, 100, 250,
500, 1000 and 1500 mg/l) on the photodegradation
yields of oil, DOC, DSS, toluene and m-xylene
pollutants were researched in PCI ww, after 150 min
photoremoval time, at pH=7.0 and 25°C. Maximum
91.70% oil, 99.13% DOC, 99.47% DSS, 93.50%
toluene and 96.21% m-xylene removal efficiencies
were observed at 1000 mg/1 pollutants concentrations
after 150 min photoremoval time, at pH=7.0, and at
25°C, respectively (Table 1).

3.10.4 Effect of Increasing CNCs Concentrations
The effects of increasing CNC nanocomposite
concentrations (5, 10, 50, 100 and 200 mg/l) on the
removals of oil, DOC, DSS, toluene and m-xylene
pollutants in PCI ww were investigated after 150 min
photoremoval time, at pH=7.0, at 1000 mg/l
pollutants concentration, and at 25°C. Maximum
99.30% oil, 99.10% DOC, 99.52% DSS, 95.64%
toluene, and 99.05% m-xylene removal efficiencies
were observed at 100 mg/l CNC nanocomposites
concentration, in PCI ww, after 150 min
photoremoval time, at pH=7.0, at 1000 mg/l
pollutants concentration, and at 25°C, respectively
(Table 1). Further increasing the nanocomposite
concentration to 200mg/lresulted in a slight
decrease in photodegradation yields of pollutants to
87-89%, respectively (data not shown). This
reduction can be attributed to competitive photon
absorption, where a smaller amount of energy is
absorbed by the CNC nanocomposite. Consequently,
lower photooxidation yields were observed due to
competition for sunlight photons among multiple
metabolites.

Some treatability studies containing the pollutants
from petrochemical industry with CNC were
summarized below:

Peng et al., [97], treated the petroleum industry
pollutants such oil, gas using 59 mg/l CNC and, crude
oil spill cleaning, solid suspended matter in drilling
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or oil recovery and the heavy metals with yields as
high as 87% and 92%.

Alolou et al., [98], investigated the adsorption
capacities of the modified fibers for various organic
molecules, such as Dbenzene, chlorobenzene,
dichlorobenzene, trichlorobenzene, nitrobenzene,
aniline, quinolone and 2-naphtool using 80 mg/l CNC
with high adsorption capacities of CNC varying
between 40 to 300 mol/g.

Li et al., [99], found that the characteristics of
CNCs include surface chemistry, crystallinity,
mechanical, barrier, thermal and rheological
properties, which are greatly relevant to the
application performance of CNMs in oil and gas
industry. For instance, the surface chemistry of
CNMs can be reasonably modified in order to meet
the special demands of oilfield applications. When
applied in oilfield service fluids, the rheological
property of CNMs is critical for the efficiency of well
production. 98% oil yields were detected for an oil
gas industry.

Bader et al., [100], investigated the CNCs to
remove pollutants like heavy metals, pesticides, dyes,
and microorganisms and organic pollutants such as
cyclohexane and oil. 89% and 92% removal yields
was detected. Organometallic pollutants, such as
pesticides and dyes which are the most prevalent
types of water contaminantsalse removed with yields
as high as 87% and 91%.

The yields obtained above for the pollutant
removals in PCI ww using CNC exhibited lower than
the data obtained in this study. This can be attributed
to the of a choosen optium operational conditions for
maximum pollutant yields.

Due to its abundance, sustainability, eco-
friendliness, superior rheology, outstanding self-
assembling ability and versatile surface chemistry,
CNCs served as multifunctional additives to enhance
the performance of drilling fluids.

The photocatalytic mechanism of oil and organic
solvents by the CNC is governed by both chemical
and physical interactions. The presence of numerous
—OH and —COOH groups on the surface of the CNC
suggests that hydrogen bonding plays a significant
role in the photocatalytic process, particularly for
organic pollutants. These functional groups facilitate
interaction with hydrophilic parts of the pollutants.
Additionally, the n—x interactions between the C=C
bonds in CNC enhance adsorption and
photocatalysis. These n—m stacking interactions
provide a selective photocatalytic mechanism for
pollutants with conjugated m-systems, [101].
Moreover, the hydrophobicity of the synthesized
CNC significantly contributes to its strong affinity
for oils and nonpolar organic solvents. The high
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contact angle observed in the surface angle analysis
(139°) confirms the superhydrophobic nature of the
material, which is primarily attributed to the
hierarchical surface structure. The combination of
surface roughness, and low surface energy of the
functionalized pollutant creates a highly water-
repellent surface, [102]. This micro/nanoscale
roughness enhances the material’s ability to repel
water while selectively attracting nonpolar
compouds. In addition to hydrophobicity, the CNC
lipophilicity plays a key role in its capacity to
photodegrade oils. The polymer’s affinity for organic
compounds and oils increases with the length of the
carbon chain, as longer chains exhibit stronger van
der Waals interactions with the CNC surface. The
porous structure of the CNC provides numerous
adsorption sites, allowing for high uptake of oils and
organics, [103]. The porosity and surface area
facilitate capillary action, enabling the fast uptake of
low-density  organic  solvents, [104]. The
photocatalysis process in CNC is a combination of 7—
m  interactions,  hydrogen = bonding, and
hydrophobic/lipophilic interactions, with the porous
structure further enhancing the photoremoval
capacity for oils and organic solvents.

4 Conclusions
Cellulose nanoparticles were extensively used due to
the large surface area, renewability and
biodegradability. In this study the Nanocellulose
extracted from textile wastes represents an alternative
for the development of new materials since growing
textile wastes increased the pollution in environment.
Merit can be added to the textile wastes from the
textile industry by increasing the numbers of
nanocellulosic materials. [n] values were 309, 270,
and 249 for CNC-1, CNC-2, and CNC-3,
respectively, while f values were obatined as 67, 62,
and 60 for CNC-1, CNC-2, and CNC-3, respectively.
TEM results showed that, the CNC-A dimension was
460 nm in length and 7 nm in width while the average
length of CNC-B and CNC-C were 320/9 and 208 /5
nm. XPS results showed that the peaks at 1021, 528,
284.5, and 199 showed that CNC-1, CNC-2, CNC-3
and CNC-4 have higher carboxyl moeities.

Maximum 99.30% oil, 99.10% DOC, 99.52%
DSS, 95.64% toluene, and 99.05% m-xylene removal
efficiencies were observed at 100 mg/l CNC
nanocomposites concentration, in PCI ww with
photodegradation  process, after 150 min
photoremoval time, at pH=7.0, at 1000 mg/I pollutant
concentrations, and at 25°C, respectively.

Textile industry a sustainable industry and it is
important to value its waste. The focus of industrial
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development around the world is shifting towards
developing efcient and cleaner practices to decrease
the environmental pollution. Nanocellulose obtained
from textile residues are an adequate and promising
alternative to synthetic polymers since they can be
obtained from renewable and inexpensive sources,
and can be applied in the production of adequate
nanocomposites.

In this study, it is expected that more detailed
advance studies for development of sustainable CNC
from other food wastes by chosing the cooptimum
operational conditions for maximum yields of
pollutants.
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APPENDIX

Fig. 1. SEM images of CNC (a) and CNC polymer structure (b).
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Fig. 2. FTIR spectra of prepared four CNC nanocomposites.
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Fig. 3. XRD patterns of the four prepared CNC nanocomposites.
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Fig. 4. TGA thermograms of five CNC nanocomposites.
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Fig. 5. DTG curves of six CNCs at increasing temperatures [CNC-A (1), CNC-B (2), CNC-C (3), CNC-D (4),
CNC-E (5) and CNC-F (6)] (a) at 45°C, (b) at 80°C, (c) at 100°C and (d) 120°C, respectively.
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Fig. 5. (Cont.). DTG curves of six CNCs at increasing temperatures [CNC-A (1), CNC-B (2), CNC-C (3), CNC-
D (4), CNC-E (5) and CNC-F (6)] (a) at 45°C, (b) at 80°C, (c) at 100°C and (d) 120°C, respectively.
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Fig. 6. XPS analysis of four types CNCs
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Fig. 7. TEM micrographs of CNC-A (a), CNC-B (b), CNC-C (c), CNC-D (d), CNC-E (e) and CNC-F (f),
respectively.
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Fig. 8. FE-SEM analysis results of CNC-A (a), CNC-B (b), CNC-C (¢) and CNC-D (d), respectively.
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Fig. 9. Calculation of ) and f values in CNC-1 (a), CNC-2 (b), CNC-3 (c) and CNC-1, CNC-2, CNC-3 (d).
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Table 1. The maximum removal efficiencies of pollutant parameters (oil, DOC, DSS, toluene and m-xylene) in
PCI ww with photoremoval process under optimum experimental conditions.

Maximum Pollutants Removal Efficiencies

(%)
Parameters Optimum Maximum Qil DOC | DSS | Toluene| m-
Experimental Removal xylene
Conditions Yields
(%)
Photoremoval Time (min) | after 150 min 99.60 84.11 | 96.71 | 98.40 91.20 93.40
photoremoval
time, at 25°C
pH Value at pH=7.0, after 99.20 89.40 | 98.22 | 98.83 92.35 | 94.39
150 min
photoremoval

time, and at 25°C

Pollutant Concentrations | at 1000 mg/l 99.48 91.70 | 99.13 | 99.47 93.50 96.21
(oil, DOC, DSS, toluene | pollutants

and m-xylene) (mg/1) concentrations,
after 150 min
photoremoval
time, at pH=7.0,
and at 25°C

CNCs Nanocomposites | at 100 mg/l CNC 99.76 99.30 | 99.10 | 99.52 95.64 99.05
Concentrations (mg/l) nanocomposites
concentrations,
after 150 min
photoremoval
time, at pH=7.0,
at 1000 mg/l
pollutants
concentrations,
and at 25°C
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