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ABSTRACT

PRODUCTION OF ACTIVATED CARBON FIBERS FROM DATE PALM
FOR INDUSTRIAL WASTEWATER TREATMENT
MSC THESIS
HUDA ASSI DAHAM AL-BAYATI
BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF CHEMICAL ENGINEERING
(SUPERVISOR: Assist. Prof. Dr. Cem GOL)
(CO-SUPERVISOR: Prof. Dr. Waleed M. SH. ALABDRABA)
BOLU, JANUARY 2024
(XIV + 118)

This study aims to produce activated carbon fibers (ACFs) due to the
implementation of the experiment in the State of Iraq and the fact that Iraq ranks
first in the world in the production of dates and the large amount of agricultural
waste that results from it. Date palm fibers were identified as the raw material for
the production of activated carbon fibers. The activated carbon fibers were
chemically treated to increase their durability and practical efficiency through two
basic processes. Practical experiments were carried out with the obtained activated
carbon samples on contaminated oily water samples from the Baiji refinery in Salah
al-Din Governorate. Different values of variables affecting the adsorption
efficiency were determined (pH, stirring speed, carbon dose, contact time and
temperature). Adsorption equilibrium was reached after 120 min at pH 6.0 with a
stirring rate of 400 rpm at 70 °C. The results obtained showed that the chemical
oxygen demand (COD) removal efficiency of ACF-NC-LDH reached 99.32% and
the removal efficiency of all pollutants reached 99.26% at 1g/300ml carbon dosage.
The COD removal efficiency of PAC-NC-LDH was about 89.31%, and the total
removal efficiency of all pollutants was 90.3% at 19/300ml carbon dosage. The
experimental results show agreement with linear, Langmuir, and Freundlich
isotherm models. The data were successfully fitted to a pseudo-second-order
kinetics model, suggesting pore diffusion control. Thermodynamic parameters
(AH®, AG®, and AS®) were calculated, and showed spontaneous and endothermic
adsorption. The process resulted in increased disorder at the activated
carbon/industrial wastewater interface. In particular, the adsorption effectively
reduced the concentrations of several contaminants to minimal levels. To ensure
the acceptability of the optimisation process, response surface methodology was
applied to activated carbon fibers (ACF-NC-LDH) and powdered activated carbon
(PAC-NC-LDH). According to the results obtained, it was demonstrated that the
produced activated carbon fibers and powdered activated carbon could be safely
used in adsorption processes for the treatment of industrial wastewater.

KEYWORDS: Activated Carbon Fibers, Chemical Oxygen Demands, Adsorption,
Date Palm Fibers, Response Surface Methodology.



OZET

ENDUSTRIYEL ATIK SU ARITIMI iCIN HURMA AGACLARINDAN
AKTIiF KARBON FiBER URETIMi
YUKSEK LiSANS TEZi
HUDA ASSI DAHAM AL-BAYATI
BOLU ABANT iZZET BAYSAL UNIVERSITESI
LiSANSUSTU EGIiTiM ENSTITUSU
KiMYA MUHENDISLiGi BiLiM DALI
(TEZ DANISMANTI: Dr. Ogr. Uyesi Cem GOL)
(IKINCi DANISMAN: Prof. Dr. Waleed M. SH. ALABDRABA)
BOLU, OCAK - 2024
(XIV + 118)

Irak, hurma {iiretiminde diinyada ilk sirada yer almaktadir ve bu sebeple biylk
miktarda tarimsal atik meydana gelmektedir. Bu tez kapsaminda aktif karbon lifi
uretimi icin hammadde olarak hurma lifleri kullanilarak aktif karbon lifi (ACF'ler)
uretmek amaclanmaktadir. Bu kapsamda elde edilen aktif karbon liflerine kimyasal
iyilestirme iki temel basamakta, dayanikliliklarini ve pratik verimliliklerini artirma
amaciyla yapilmistir. Elde edilen aktif karbon lifleri ile Salah al-Din Valiligi'ndeki
bulunan Baiji rafinerisinden alinan petrol atigi ihtiva eden su 6rnekleri Uzerine
deneyler gergeklestirilmistir. Bu kapsamda, adsorpsiyon verimini etkileyen
degiskenlerin farkli degerleri (pH, karistirma hizi, karbon miktari, temas suresi ve
sicaklik) belirlenmistir. Adsorpsiyon dengesi, 70 °C'de, 6.0 pH'da ve 400 devir/dakika
karistirma hizinda 120 dakika degerlerini ihtiva eden parametreler ile saglandi. Elde
edilen sonuglar, ACF-NC-LDH'nin kimyasal oksijen ihtiyact (KOI) giderim
verimliliginin  %99,32'ye ulastigin1 ve tiim kirleticilerin giderim verimliliginin
%99,26 oldugunu gésterdigi 1g/300ml karbon miktarmda. PAC-NC-LDH'nin (KOI)
giderim verimliligi yaklasik olarak %89,31 idi ve tiim kirleticilerin toplam giderim
verimliligi 1g/300ml karbon miktarinda %90,3 olarak belirlendi. Deneysel sonuglar,
dogrusal, Langmuir ve Freundlich izoterm modelleri ile uyumlu oldugunu
gostermektedir. Veriler, gézenek diflizyonu tarafindan kontrol edilen bir yari-ikinci
derece kinetik modeline basariyla uyarlanmistir. AH®, AG® ve AS® termodinamik
parametre degerleri hesaplanmistir, bu da adsorpsiyonun kendiliginden ve endotermik
ozellikte oldugu belirlendi. Bu siirecte, aktivasyonlu karbon/endiistriyel atiksu
arayiiziindeki diizensizlik ve rastlantisalligin arttigin1 gosteren veriler elde edilmistir.
Onemli bir sekilde, cesitli kirleticilerin konsantrasyonlari, incelenen adsorpsiyon
slireci tarafindan ¢ok diisiik degerlere indirilmistir. Optimizasyon sirecinin kabul
edilebilirligini belirlemek igin aktif karbon liflerine (ACF-NC-LDH) ve toz aktif
karbona (PAC-NC-LDH) Yanit Yiizeyi Yontemi (RSM) uygulanmistir. Sonug olarak
tiretilen aktif karbon liflerinin ve toz aktif karbonun endiistriyel atik sularin aritilmasi
icin adsorpsiyon islemlerinde giivenle kullanilabilecegini gosterilmistir.

ANAHTAR KELIMELER: Aktif Karbon Fiber, Kimyasal Oksijen Thtiyaci,
Adsorpsiyon, Hurma Lifleri, Yanit Yiizey Yontemi
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1. INTRODUCTION

Water and land resources will be contaminated if petroleum products leak
into the environment (1,2). Several researchers (3,4) have reported on the
detrimental effects on birds, marine life, and other species. QOil spills have been
cleaned up using a variety of techniques, including in-situ burning, the use of
sorbents, chemical techniques like the use of dispersants, mechanical techniques
like skimming and solidification, and biological techniques like the use of bacteria
or enzymes(5-10). Many of these techniques, according to some researchers, are
expensive and don't eliminate the components from the spills (11). Planning for
environmental cleanup should take into account a solution that won't cause further
environmental issues. Natural adsorbents are numerous, affordable, and extremely
effective in cleaning up oil spills, making them a highly promising option for
environmental treatment. Numerous researchers have discussed the efficiency and
environmental friendliness of using natural adsorbents to clean up oil spills (12).
Peat moss, rice straws, raw cotton, kapok, milkweed, sugarcane bagasse, maize
cobs, rice hulls, and various adsorbents have all been examined (13-17).

Petroleum refineries (18,19), industrial facilities (20), mines, and metal-
processing enterprises (21) all regularly discharge oily effluent. These fluids are
poisonous and break down oil slowly, endangering both land and marine
environments (22,23). These wastewaters may be categorized into three primary
groups according to the size of the oil droplet (DP): emulsions (dp 20 m), dispersed
oil (150 m > dp > 20 m), and free-floating oil (dp > 150 m). Free-floating and
distributed oil may be extracted extremely readily using common methods such as
gravity separation, skimming, air flotation, centrifugation, coagulation, and
flocculation (24,25). However, stable emulsions are difficult to properly remove
using these techniques (26,27).

Emulsions are often removed from wastewater using an adsorption
technique (22,28). For the removal of emulsified oil, several adsorbent materials
have been investigated, such as biomaterials (29), coal (30), silica aerogel (25),
barley straw (31), bentonite (32), meshed corncobs, and carbon (33). Commercially
available activated carbon is frequently employed as an adsorbent to remove a
variety of contaminants, including oil (34). It is available in granular or powder

form. Adsorption, in its broadest sense, is the process of removing a component



from the fluid phase by attracting the component to the surface of a solid adsorbent
and adhering to it thereby physical or chemical bonding (35). More specifically,
adsorption processes typically take place in interfacial layers, which may be divided
into two areas: the adsorbent surface and the adsorption space, where the
enrichment of the adsorptive may take place. Depending on the type of forces
involved, it may be categorized as either physical or chemical (31). Many
physicochemical factors, such as the properties of the adsorbed material (molecular
size, boiling point, molecular weight, and polarity), the properties of the adsorbent
surface (polarity, pore size, and spacing), the impact of other ions, the particle size,
pH of the solution, temperature, and contact time, can affect the effectiveness of the
liquid phase adsorption process (36).

A primitive kind of graphite with an amorphous or random structure is
known as activated carbon. It has a large range of pore diameters and is very porous,
showing cracks, fissures, and slits of different molecular widths that are apparent
(37). Activated carbon has a wide range of uses due to its high adsorption capacity,
high level of surface reactivity, chemical, and mechanical durability (38). These
distinctive properties are often the consequence of the inner pore structure, surface
features, pore volume, porosity, chemical composition of the source materials, the
presence of functional groups on the pore surface, and the activation process (39).

Adsorption onto activated carbon is a better method for treating wastewater
because other physical and chemical techniques such as flocculation, coagulation,
precipitation, and ozonation have been found to have limitations such as their high
cost, formation of hazardous by-products, and intensive energy requirements (40).
Activated carbons that are sold commercially are still regarded as pricey (41). This
is because pollution control applications do not require the use of start-up resources
such as coal, which are non-renewable and relatively expensive. (42). As a result,
in recent years, there has been an increase in research interest in the production of
activated carbons from renewable and less expensive precursors, mostly industrial
and agricultural waste products, such as date pits (43), silk cotton hull and maize
(44), jute fiber (45), groundnut shell (46), corncob (47), bamboo (48), rattan
sawdust (49), and oil palm fiber (50).

Due to its many adtantages over other commercial storage materials,
activated carbon fiber (ACF) is considered to be one of the best absorbents for

adsorption applications. If it is made properly, it is a great microporous material



with the lowest microporosity. The relevance and use of ACF for adsorption
applications are demonstrated by its high packing density and great volumetric
capacity (51). Several applications, including as removal of heavy metals (52),
medical devices (53), capacitors (54-56), refrigeration (57-59), catalysis (60-62),
electrochemical applications, and natural gas, and biogas storage, and vapor
sensing (63), benefit greatly from these ACF (64-67). Carbon fiber (CF) is
commonly used to make ACF, and the processes are very similar to those used to
make AC. A straightforward explanation of the activation procedure is an extra
thermal treatment of the CF in an oxidizing environment at temperatures between
700 °C and 1000 °C (68). The common AC and ACF reveal variances in the pore
structure. Adsorbate gas molecules must first travel via macropores and then
mesopores for a second path before entering micropores in common AC, which has
a ladder-like structure. Adsorbate gas that is directly exposed to the surface of the
fibers in ACF can reach micropores in high quantities, aiding the adsorption process
(68). ACF are manufactured for use in the industry by first pyrolyzing carbonaceous
synthetic polymer materials such as rayon (51), pitch, saran, polyacrylonitrile
(PAN), and phenolic resin. This is then followed by a further activation procedure.
The cost of processing is a significant factor when using ACF in commercial
applications. Recent studies have concentrated on producing cost-effective ACF
from agricultural wastes in the form of biomass to reduce processing expenses
(69,70). These raw materials have previously been processed to become natural
fibers. By using biomass as ACF material, it is possible to solve the problem of
waste disposal and turn waste into money.

A byproduct of many industrial and small-scale commercial operations is oily
wastewater. Refineries produce a lot of wastewater due to their high water
consumption. They frequently require high-quality water to fulfill environmental
and design regulations. Furthermore, they could have to repurpose the cleaned
wastewater in areas where water is limited. This implies that they must effectively
remove dangerous contaminants from the wastewater. Typically, indicators like
Total Organic Carbon (TOC) and Chemical Oxygen Demand (COD) are used to
quantify the organic matter in wastewater (71).

A critical metric for evaluating wastewater's organic pollution content and
water quality is chemical oxygen demand (COD) which is a substantial contaminant

present in the wastewater from industrial and petroleum refineries. To lower COD,



a range of treatment methods have been used, including flocculation, filtration, ion
exchange, reverse osmosis, and electro-dialysis. The environment and industrial
processes may suffer from high COD levels. Wastewater treatment thus becomes
necessary to reduce COD levels before discharge or reuse. Adsorption, one of the
many techniques for reducing COD, is a promising strategy in which organic
pollutants are adsorped onto the surface of an adsorbent, a solid substance (72).

1.1  Literature Review
Numerous studies investigated the viability of producing and manufacturing

activated carbon using a variety of organic wastes. The first way in which this field
helps to reduce environmental pollution is through the waste used in the active
carbon production, and the second way is through the active carbon used in the
pollutant's adsorption like heavy metals, petroleum oils, and other organic
materials. A process known as adsorption involves one or more adsorbates that are
attached to an adsorbent through chemical or physical connections. Due to its
simplicity, effectiveness, economic viability, and social acceptability, adsorption is
a common method used in wastewater treatment to remove contaminants from
water.

Because of their high porous surface area, adjustable pore structure,
thermostability, intriguing acid/base characteristics, and inexpensive cost if the
preparation is made from byproducts, activated carbons are the most common
adsorbents employed. According to Li and Wang (73), activated carbons are
particularly effective in removing a variety of organic and inorganic pollutants that
are dissolved in gaseous or aqueous systems.

Since people have been using activated carbon for such a long period, its
origin is unknown with certainty. Before being utilized as an adsorbent, what is
today known as activated carbon which has a highly developed porous structure
was either wood char, coal char, or just a carbonaceous material that had partially
been devolatilized. The first example dates to 3750 BCE when the Sumerians and
Egyptians both used wood char as a smokeless fuel and to reduce copper, zinc, and
tin ores for the creation of bronze (74). A papyrus text from Thebes (Greece) that
dates to 1550 BCE contains the first evidence of the therapeutic use of carbon.
Later, Hippocrates (about 400 BCE) advocated filtering water with wood char
before ingestion to remove unpleasant flavors and odors and to ward off numerous

ailments, such as epilepsy, chlorosis, and anthrax (75). It wasn't until Dr. D.M. Kehl



employed wood char to reduce gangrene's smells in 1793 that activated carbons
were first reportedly used as a gas phase adsorbent. In England in 1794, activated
carbon was utilized as a decolorizing agent in the sugar-producing business, which
was the first industrial usage of the material. In the middle of the 19th century,
activated carbon was used for the first time on a wide scale in the gas phase. To
eliminate offensive odors, the Mayor of London authorized the installation of wood
char filters in all sewage ventilation systems in 1854. Gas masks with carbon filters
were first employed in chemical plants in 1872 to avoid mercury vapor inhalation
(75). Due to stricter environmental regulations regarding water resources, the use
of clean gas, the regulation of air quality, energy storage, and conversion, and the
economic recovery of valuable chemicals, the rapid development of modern society
during the 20th century encouraged a fast-growing production and use of activated
carbon. This was especially true throughout the second half of the century. The use
of these lignocellulosic products and other sources of waste biomass for the
synthesis of activated carbons has also been recommended, along with the advice
to replace goods manufactured from petroleum (76).

Fan et al. (74) examined the synthesis of activated carbon by Thermal
Gravimetric Analysis (TGA) using corn stover and oat hulls. Without any pre-
treatment, fast pyrolysis was carried out in a nitrogen-fluidized bed reactor at a
typical biomass input rate of 7kg/h. At 500 °C in a fluidized bed reactor, Zhang et
al. (77) looked at the carbonization of used oak wood, corn stover, and maize hulls.
TGA was used to pyrolyze and subsequently gasify chars generated from sunflower
shell, pinecone, rapeseed, cotton, and olive wastes in the work by Haykiri-Acma et
al. (78). The acquired chars were heated to produce gasification while being
surrounded by equal parts steam and nitrogen. Under isothermal conditions, the
atmospheric reactivity of Pinus radiata, Eucalyptus maculate, and sugar cane
bagasse was evaluated using a thermogravimetric analyzer (79). The heat-up's
nominal heating rate was 40°C/min. The sugar cane bagasse, which is hulls of rice,
straw from rice, and pecan shells was also studied in an inert environment furnace
with a reaction at 750°C in a nitrogen gas atmosphere. The chars were started up to
a 30% burn-off. (80).

The most important factor is the pyrolysis temperature, followed by the rate
of decomposition heating, the flow rate of nitrogen, and lastly the length of the

pyrolysis residence time. Higher pyrolysis temperatures frequently result in lower



yields of chars and ACs. According to Rehrah et al. (81), as temperature increases,
more liquids and gases are produced while less solid material is produced. As the
temperature rises, the amount of ash and fixed carbon increases while the fraction
of volatile elements decreases. Therefore, charcoal produced at higher temperatures
is of higher quality. The production of some non-condensable gaseous chemicals
by the following breakdown of the char at higher temperatures also contributes to
the rise in gas output. When primary degradation temperatures increase or primary
vapor residence times inside the fragmented particle must be shortened, the char
yields decrease (82). Tsai et al. also looked at the temperature for the chemical
activation (ZnCl,) method of producing ACs.(83). It was established that the
temperature has a negative link with char yield, however soaking duration did not
affect char yield.

Macias-Garcia et al. (84) utilized 1.5 mm Merck carbon and subjected it to
different treatments: successive SO, and H,S treatments at room temperature, SO,
treatment at 900°C, and SO, treatment at room temperature. Additional testing was
done on these samples to see how well they functioned as Cd*? adsorbents for
aqueous solutions. The scientists discovered that sulfur was introduced in
significant amounts when heated in SO, to 900°C and in negligible levels when
sulphurized in SO, at ambient temperature. It was determined that there was a
connection between the sulfur supply's level and the drop in surface area and
microporosity. The samples' elevated sulfur content had no discernible impact on
the Cd*? adsorption Kinetics. It was found that the solution's treatment,
temperatures, and pH all had an impact on the adsorption capacity. The best remedy
was heated to 900°C and had an adsorption rate that was 70.3%. The adsorption
increased at 45°C but decreased at pH 2.0 compared to the adsorption at 25°C and
pH 6.2.

On activated carbon with various surface chemical properties, Krzysztof et al.
(85) adsorbed phenoxy herbicides such as 2-(4-chloro-2-methyl phenoxy) acetic
acid (MCPA), 2-(4-chloro-2-methyl phenoxy) propanoic acid (MCPP), and 4-(4-
chloro-2-methylphenoxy)butanoic acid (MCPB). Nitric acid oxidation was used to
demineralize activated carbon (AC-NM) and create an oxidizing adsorbent (AC-
OX) with an acidic surface. A thermal treatment in ammonia at 900 °C was used to
create basic activated carbon (AC-AM). Strong pH dependence was seen in the

adsorption of herbicides; ionic strength had no influence. Przepiorski (86)



investigated how gaseous ammonia treatment at temperatures ranging from 400°C
to 800°C affected the adsorption of phenol from an aqueous solution. It was
discovered that at the ideal treatment temperature (700°C), the adsorption capacity
toward phenol was increased by as much as 29%. The capacity of the activated
carbons to adsorb phenol was higher in those with more micropores.

Mahdieh Raji et al. (72) used a heterogeneous Fenton catalyst for the
treatment of melanoidin wastewater on an activated carbon fabric support covered
with chitosan and loaded with zero-valent nanoiron. With chitosan coating on ACC,
synthetic melanoidin effluent with 8000 mg/l COD could be treated with 88.4% and
76.2%, color and COD removal respectively.

Igbal Erabee et al. (87) researched a down-flow fixed-bed activated carbon
model water treatment method. The raw materials for the two forms of activated
carbon powder and granular come from date kernels. The criteria that are assessed
include pH, total suspended solids (TSS), total solute solids (TDS), chemical
oxygen demand (COD), and biochemical oxygen demand (BOD). The volume of
activated carbon was changed, while the column diameter and layer depths
remained constant. Granular activated carbon removed 39.8% of BOD, 41.8% of
COD, 81.8% of TSS, and 67.7% of TDS from the river water sample. The
elimination efficiency of 34.7% of BOD, 17.6% of COD, 72.7% of TSS, and 50%
of TDS are the specifications for activated carbon powder.

Research on the adsorption of chemical oxygen demand (COD) from
wastewater treated with inexpensive activated carbon made from waste palm shells
by chemical activation technique was reported by Abdelaziz A. Nayl et al. (88).
Additionally, they studied several variables that affect the adsorption process,
including temperature, stirring rate, contact time, pH and carbon dosage. According
to the data, 95.4% of the COD was removed.

Research by F.M. Ferraz et al. (89) aims to recover oat hulls as activated
carbon by using the adsorbent that is created when organic elements are removed
from landfill leachate. Chemical oxygen demand (COD) and color measurements
were used to evaluate the leachate's organic matter composition. Furthermore, it
was established what the adsorbents' maximal adsorption capabilities were. In the
beginning, adsorption batch experiments were conducted using the synthetic
leachate, and factors including pH, temperature, contact time, and activated carbon

dosage were assessed. It was also confirmed that the adsorbents worked well with



actual landfill leachate. It was discovered that utilizing a 20 g dosage of activated
carbon in adsorption experiments conducted at 20°C and pH 4 was preferable for
the removal of organic materials from the synthetic leachate. The activated carbon
sample that was 100% phosphoric acid loaded and pyrolyzed at 500 °C under these
experimental circumstances decolored the leachate and removed up to 90% of the
COD.

In Tehran, Iran, Erfan Nabavi et al. (90) conducted a series of laboratory tests
to assess the effectiveness of ozonation either alone or in conjunction with granular
activated carbon (GAC) adsorption of leek field leachate. Oxidizing the GAC
surface with ozone before treatment increased the removal of resistant pollutants
from the leachate. TDS, COD, and BOD removal were investigated for ozone alone
and in conjunction with GAC (ozone-GAC integrated adsorption) based on ozone
concentration and GAC intensity. Subsequently, the outcomes were contrasted with
those of additional chemical and physical therapies that had been noted in a few
earlier investigations. The ideal operating conditions were obtained by evaluating
the interaction and correlation between operating factors (i.e., 0zone concentration,
GAC density, and reaction time) through the creation of a central composite design
using response surface methodology (RSM). Due to the low probability values
(0.0001) of the three responses (COD, TDS, and BOD), statistical analysis and
experience indicated that quadratic models were adequate and effective. The ideal
parameters were 33.77min of reaction time, 1.00g/cm® GAC density, and 100 mg/I
of ozone concentration. The model yielded clearance rates for dissolved solids,
COD, and BOD of 46, 44.81, and 44.13%, respectively. When compared to the
ozone-alone approach COD (25.1%) and TDS (25.7%) % and BOD (43.6%),
combined ozone-GAC absorption employing ozone-modified GAC (COD (55.2%),
TDS (54.4%), and BOD (56.5%) shown satisfactory performance among the
purification methods evaluated. The treated effluent did not exceed discharge
limits, thus additional biological treatments such as active nitrification or sludge are
still required to finish the leachate decomposition process and adhere to
environmental rules.

Activated carbon fiber (ACF) was made using acrylic textile fibers by Carrott
etal. (91). With the active fibers at 900 °C. It was discovered that, with one fiber in
particular, the number of micropores tripled, the average pore width abruptly rose,

the average stack height, L, abruptly fell, and the reactivity decreased by more than



half throughout a relatively constrained burn range between 40% and 50%. The
observed variations point to a shift in the c-activation process from one that largely
involves single crystal attack and rearrangement at greater combustion to one that
primarily involves gasification of amorphous or more reactive carbon at lower
combustion.

Using textile polyacrylonitrile fibers, Junior et al. (92) produced and
characterized carbon fiber felts and activated carbon fibers. Textile
polyacrylonitrile fiber was used to create carbon fiber felt and activated carbon fiber
feel. The oxidized material was then turned into felt and then transformed into
carbon fiber felt and activated carbon felt. By using X-Ray photoelectron
spectroscopy, carbon fiber hair, and activated carbon fiber hair were separated. The
primary outcome was the dynamic transformation of textile polyacrylonitrile fibers
into felt-like carbon fibers and activated carbon fibers into felts with large surface
areas and high micropore contents.

Through a process of carbonization and chemical activation, Kumar et al.'s
(93) research produced activated carbon fibers from plastic solid waste. The
obtained activated carbon materials' shape, composition, thermal stability, and pore
structure were all described.

Chitosan-loaded activated carbon fibers (CS/ACF) were effectively created
by Yue Teng et al. (94) for the adsorption of Pb(11)-EDTA from electrical effluent.
The CS was effectively loaded onto the surface of the ACF, many oxygen/nitrogen
functional groups were observed according to the results of the characterization.
The adsorption capabilities of ACF and CS/ACF of Pb(I1)-EDTA were investigated
using batch adsorption experiments. PH,, had a mildly negative influence on Pb(ll)-
EDTA uptake by CS/ACF throughout a large range (2.00-12.00), whereas PH, had
a considerably beneficial impact on Pb(I1)-EDTA uptake by ACF. Adsorption
equilibrium on CS/ACF could be obtained in 30min after 99.40% of Pb(I1)-EDTA
(0.1988mmol * g) was removed. ACF, on the other hand, could only remove
52.75% of the Pb(11)-EDTA (0.1055mmol * g).

By using amine-modified cellulose-based activated carbon fiber
(KF1500LDA), Matsuzawa et al. (95) created activated carbon fiber (ACF) with
improved phosphate ion adsorption capability. Raw material for the KF1500LDA
has undergone hydrogen oxidation. To increase the quantity of phosphate ion

adsorption, diethylenetriamine (N-(2-aminoethyl)-1,2-ethylenediamine) was



combined with peroxide solution for two hours before reacting with it at 10°C for
six hours. The highest rate of absorption occurred at an equilibrium pH of 3.0,
which was 0.13mmol/g.

To collect carbon dioxide and store CH, and H,, Raeesh Muhammad et al.
(96) produced activated carbon nanofibers made from spider silk fibers. The
methane storage capacity for the produced sample was 8.6mmol/g at 0°C, 25
pressure, while the H, storage capacity was 4.1 wt% at 196°C, 25 bar. Additionally,
as demonstrated by the adsorption and desorption cycles, the produced carbon
material demonstrated simple regeneration and minimal adsorption capacity loss.

A variety of porous carbons made from bamboo bark were created by Wenjun
Wu et al. (97) using a two-step process that involved carbonization and activation
of potassium carbonate (K,C03). Rhodamine B (RhB) was eliminated from the
wastewater and carbon dioxide from the flue gas using porous carbonaceous char
made from biomass. The structure of surface evolution of K,CO activated carbon
porous was studied using surface topography studies using Brunauer-Emmett-
Teller (BET), scanning electron microscopy (SEM), and electron microscope
(TEM). The activated biochar has a significant carbon dioxide (CO) adsorption
capacity at 800°C, reaching 6 and 3.44mmol/g at 0.0°C and 25.0°C at 1.0bar,
respectively. The sample's specific surface area rose after activation from
80.35m? /g to 1439 m?/g. The adsorbent, on the other hand, demonstrated
exceptional cycle stability and selectivity for carbon dioxide and nitrogen oxide.
The porous carbon adsorption properties of the dyes in aqueous solution at room
temperature were also examined in addition to CO adsorption from flue gas. The
results show that RhB can be successfully removed from wastewater by employing
carbon that is porous and made of bamboo veneer.

An N-doped AC was created by Li et al. (98) using urea as the nitrogen supply
and corncob as the carbon precursor. This AC demonstrated good electrochemical
performance. To increase the ammonia removal capacity, Soo-Jin et al. (99) fluoro-
oxidized activated carbon fibers (ACFs). By using XPS analysis, it was established
that polar groups, such as C-F, C-O, and COOH, had been introduced into the
ACFs. BET and t-plot techniques were used to examine the N,/77K adsorption
isotherms' specific surface area, aggregate volumes, and tiny holes. The use of the
gas detection tube approach demonstrated the effectiveness of ammonia removal.

As a result, when the surface treatment duration rose, the ACFs' unique surface area
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and micropore size were partially damaged. However, the oxygen-fluorinated ACF
enhanced the polar functional groups on the surfaces of the ACF that contained
fluorine and oxygen, which boosted the effectiveness of the ACFs generated by
removing ammonia.

Activated carbon fibers (ACFs) were effectively created from palm oil stems
by Jian Lin et al. (100). The raw fibers' thermal resilience was increased by an
efficient chemical procedure using diluted sulfuric acid in preparation for additional
heat treatment. An activator, CO, was employed to create a porous structure with
various pore sizes. With increasing activation temperature and time, the pore
volume total (Viotar) and surface area of specific (SBET) of the resulting ACFs both
exhibited an upward trend. The ACFs produced at 900°C for 90 min had higher
SBET and Vi values of more than 1800m?/g and 0.7ml/g respectively. The
synthesis of functional groups containing oxygen occurred throughout the
activation process with CO> as a result of more graphical carbon being degraded on
the ACF surface as the activation duration was extended. ACFs have demonstrated
good chromium adsorption ability due to the number of pores and surface functional
groups and will be a substitute material for industrial adsorption usage.

Activated carbon fiber (ACF) was created by Ka-Lok Chiu et al. (101) by
annealing and activating cotton with ZnCl, in argon. It was discovered that the
cotton preserved its original fiber structure and transformed it into microporous
ACF. Its 2060m?/g BET surface area. The adsorption of methylene blue (MB) in
water at various pH levels was used to assess the adsorption capability of this ACF
product. It is discovered that the Langmuir isothermal model and the pseudo-2nd-
order kinetic model both did an excellent job of explaining the adsorption
procedure. The ACF sample could successfully adsorb the methyl bromide in both
neutral and alkaline conditions.

The ACF generated from Oil Palm Empty Fruit Bunch fibers by the one-step
direct activation technique (ACF-D) was compared to the ACF produced by the
traditional two-step carbonization and activation (ACF-ND) by Chee-Heong Ooi et
al. (102). The various characteristics of the created ACFs were looked at. EDS,
SEM, FTIR, and XRD were used to characterize raw EFB and ACFs. According to
the findings, EFB has an oxygen content of 36.67wt% and a carbon content of
63.33wt%. ACF-D was discovered to have a lot of carbon (93.63wt%), but little
oxygen (5.19wt%). ACF-ND produced a sample with a lower oxygen content (3.85
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wt%) and a greater carbon content (95.68 wt%). For both ACF samples, there is no
obvious distinctive peak in the XRD findings.

Wan-Cheng Tan et al. (103) created ACF using the natural fibers of oil palm
fruit bunches that were empty. To study the pyrolysis and combustion behaviors of
the various gases, thermogravimetric analysis was carried out utilizing two distinct
gases, namely nitrogen gas and oxygen gas. The results of derivational thermometry
were then used to calculate the carbon temperatures of the peaks. To examine the
impact of the carbonization temperatures on the features of the nanopores, namely
surface area, pore size distribution, and pore size of the generated ACF, different
carbonization temperatures ranged from 85 °C to 200 °C were used to carbonize
the EFB fibers. The as-prepared ACF showed good nanoscale characteristics,
including a surface area of 2740m?/g.

Wee-Keat Cheah et al.'s method (104) of produced ACF from empty oil palm
fiber (EFB). The ACF produced following the carbonization and activation
operations had uniformly wide pores with thick channel walls, according to the
FESEM results. The optimum ACF preparation was determined to be at a 1.5:1 ratio
of acid fiber to EFB, where the ACF's 1.2nm-diameter pores were examined with a
mostly tiny pore size of 0.39cm3/g and a (BET) area of surface of 869m?/g.

Based on two precursors, namely viscose rayon and phenolic resin,
Vivekanand Gaur et al. (105) created activated carbon fibers (ACFs) by
carbonization followed by physical activation with steam or carbon dioxide. They
tested the manufactured ACF samples in a fixed bed tube reactor for their suitability
for the non-equilibrium adsorption of SO,, benzene, toluene, and m-xylene (BT X),
which are major gaseous pollutants in the environment. The adsorption capacity of
ACF for BTX and SO, was linked to the compositional and surface characteristics
of the ACF samples. They found that BTX absorption increased as the BET area or
micropore size increased. On the other hand, they discovered that BTX adsorption
was negatively impacted by surface groups that contained electronegative oxygen
atoms.

To create activated carbon fiber (ACF)/carbon composite films, Yonghong
Wu et al. (106) compressed and carbonized a powdered mixture of phenolic resin
and activated carbon fibers. They investigated how the separation performance of
an emulsified water-oil solution composite membrane was affected by ACF dosage,

transmembrane pressure, and feed flow. The findings demonstrate that ACF
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addition is advantageous in improving the separation performance of films made
from oily wastewater.

Ling Zhang et al. (107) generated activated carbon fibers using coconut fiber
as the raw material by carbonization and KOH activation procedures. They
methodically detailed the activated carbon fibers' form, content, surface area, pore
structure, and thermal stability. It has been discovered that the activation procedure
significantly improves the specific surface area of carbon fibers by creating plenty
of micropores (0.7-1.8nm) and a few medium-slit holes (2-9nm). The activated
carbon fibers have a specific area of surface and volume of pore of 1556cm?/g and
0.72cm3 /g respectively. By pyrolyzing the tar deposits left behind after the
carbonization process, the activation process can help smooth up the surface of the
activated carbon fiber. Methylene blue, Congolese red and neutral red were among
the organic dyes whose adsorption capabilities and kinetics were examined to
analyze the adsorption characteristics of the generated activated carbon fibers. The
adsorption capabilities of the dyes varied greatly with the pH value of the solution
and increased with increasing starting dye concentrations.

Table 1.1. summarises the literature on adsorption of pollutants by activated
carbon with the respective removal efficiencies.

Table 1. 1 Literature on adsorption of pollutants by activated carbon with their
respective removal efficiencies.

. Removal

Ref. Type Year Pollutants Raw materials efficiency %
COoD 76.2
(72) AC 2021 Colors j 88.4
COD 41.8
BOD . 39.8
(87) AC 2018 TDS Date pits 677
TSS 81.8
COoD 95.4
(88) AC 2017 BOD Date palm 9.8
(89) AC 2020 COoD Oat hulls 90.0
COoD 44.8
(90) AC 2022 BOD Commercial 44.1
TDS 46.0
COoD . 94.0
(108) ACF 2021 Cr(vi) Commercial 970
COoD . 72.0
(109) ACF 2021 Colors Commercial 910
COoD . 82.3
(110) ACF 2017 TOC Commercial 795
COoD 71.2
(111) ACF 2023 TOC Commercial 67.4
NH4+-N 69.3
(112) ACF 2021 CoD Commercial 96.0
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BOD 95.6
TDS 91.0
TSS 76.6

1.2 Aim and Scope of the Study
If petroleum products seep into the environment, water and land resources

would suffer. Several researchers have discussed the negative effects on other
species, including birds and marine life. Researchers have used a variety of
techniques to eliminate contaminants, such as in situ burning, mechanical methods
such as "skimming" and hardening, chemical techniques such as the use of
dispersants, and biological techniques such as treatment with bacteria or enzymes.
Activated carbon is one of the most effective modern methods for adsorbing
environmental pollutants from water.

This study aims to produce activated carbon fibers using natural palm fibers,
which are considered one of the most abundant agricultural pollutants in Iraq, in
three methods to determine which method is better and to obtain the best production
in terms of adsorption effectiveness. Activated carbon fibers could be produced to
absorp organic pollutants from the wastewater. Chemical oxygen demand (COD)
was determined as a way to determine the amount of organic matter causing water
pollution. Irag is considered to be one of the places with the most water
contaminated with oil pollutants (113), and the Baiji refinery will be selected as a
site for receiving water contaminated with oil and organic waste. In addition, to
increase the efficiency of activated carbon fibers and increase absorbency, the fibers
will be chemically treated. In addition to the tests, calculations, and results to be
carried out, the Response Surface Theory (RSM) will be used, which aims to
conclude whether or not the study is useful according to the variables used in the

experiment.
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2. THEORETICAL FUNDAMENTALS

2.1  Activated Carbon
Activated carbon (AC) is increasingly employed in a range of industrial

processes, including air and gas cleaning using typical reusable material recovery
procedures (114). Furthermore, activated charcoal is being used more frequently to
treat water, including water for drinking, water in the ground, industrial water,
and wastewater. In this application, its primary role is to absorb dissolved organic
impurities and filter out compounds that change the flavor, color, and odor of
hydrocarbon halogens and other organic pollutants. (115). The pharmaceutical,
food, beverage, and other sectors, as well as others, rely on liquid treatment,
purification, and decolorization. This is yet another important application for
activated carbon. Activated carbon (as shown in Figure 2. 1) must be employed in
the best feasible form based on the physical and chemical qualities of the chemicals
to be absorbed (116).

A variety of raw materials, including coal, peat, lignite, bitumen coal, fruit stones
(like olive seeds), coconut shells, and more, are used to create activated carbon.
These materials can be activated in two different ways (117). During the gas
activation process, carbonized material is exposed to the oxidation properties of a
gas stream, such as moisture, carbon dioxide, air or a mixture of these materials.
Activation temperatures typically range from 700 °C to 1100 °C. A water-gas
reaction develops as a result (118).

C+H,0—-CO+H,

C+2H,0 — CO, + 2H,

After the carbon is partially gasified, a porous, highly active carbon skeleton
is created. In the chemical activation phase, non-incinerated carbonaceous matter is
initially mixed with dehydration or oxidized chemicals and heated to temperatures
between 400 °C and 800 °C. The activation agent, which could include zinc
chlorine, acid phosphoric, sulfur dioxide, or another material, can be removed and
recovered by leaching (119).

The actual activation procedure is carried out in fluid bed reactors, multiple-
hearth, shaft, or rotary kilns. Activated carbon may be found in a variety of forms,

including:
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» Extruded (often as cylindrical pellets) (120)

» Broken (activated carbon that is broken or granular) (120)

« Powder with a range of particle sizes (121)

« Spherical activated carbon pellets, activated carbon fibers, carpets, and

honeycombs are some of the specially-made varieties. (122).
The adsorptive capacity of the end products created with activated carbon is

significantly influenced by the manufacture, activation, and basic raw materials
used. (123). The choice of activation method has a significant impact on the size of

the inner surface area and the pore structure (124).

Figure 2. 1 Types of activated carbon (125)

2.1.1 Activated Carbon Application Area
Activated carbon has several applications (Figure 2.2). Depending on the

application, a unique kind of activated carbon is employed (126). Therefore, it's
crucial to select the appropriate grade and size while considering the pollutant you
want to eliminate or the amount of purity you want to take into consideration(127).
e Gasand Air
To filter gases, many types of activated carbon can be used. Cloth, pelletized,
and granular activated carbon are examples of the specific forms that can be used
depending on the desired results (128). Applications for activated carbon in gas
purification include filtering breathing air in air conditioners and eliminating
hydrogen sulfide from natural gas. In this second use, activated carbon aids in
purging the recirculated air of radon and smells (129).
e Mining
Activated carbon is also used in the mining process to extract gold and other
precious metals. Due to its adsorption capabilities, activated carbon is employed in
the latter stages of mining to extract carbon from cyanide (129,130).

e Food and Drinks
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In the food and beverage industry, activated carbon is used to improve the
flavor, smell, and purity of a variety of foods and beverages, including concentrated
juice. Activated carbon can be used to decolorize sweeteners and remove
undesirable by-products from them (131).

e Water Treatment

Both primary and tertiary treatments for water treatment include adsorption
by using activated carbon. Granular and powdered activated carbon are both used
to purify water (132). The primary goal of the first treatment is to eliminate and
retain big particles. Activated carbon is used to reduce taste and odor in the last

stages of water purification (133).

A\

/\_

e
e ®

/)
i S
4 eh we 4090
L /.}d/ Food Industry Drinking Water Treatment Aw
A 8»4 d

Indoor Air Decontamination Pharmacy Industry

=

—4

Automobile Industry

1 ﬁ " g .v\..“: »
A Y o N
Catalyst & Catalyst Carrier i(}:?\‘;' ' Waste Water Treatment

Atmospheric Pollution Control Chemical & Smelting Industry

Figure 2. 2 Activated carbon application area (134)
2.1.2 Types of Activated Carbon
Depending on the source material and the processing methods used to
generate it, the final product's physical and chemical properties may differ
significantly. As a result, there are many variations of commercially produced
carbons that may be produced (135). Because of this, industrially produced
activated carbons are highly customized to provide the best outcomes for a given
application (136). Activated carbon is generated in three primary categories,

notwithstanding this variation: Powdered Carbon Activated (PAC), Granular
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Carbon Activated (GAC) and Extruded Carbon Activated (EAC) shown in Figure
2.3.

Figure 2. 3 Main types of activated carbon, (A) granular activated carbon, (B)
extruded activated carbon, (C) powdered activated carbon (137).

2.1.2.1 Powdered Activated Carbon (PAC)
As its name suggests, PAC is in the shape of particles, often measuring

between 10um and 100um in diameter. One benefit of PAC is that it may be used
for brief durations when issues emerge and then stopped when it is no longer
necessary (138). This can be a huge economic advantage for issues like algal toxins
or tastes and odors that may only seldom occur. The fact that PAC is currently
disposed of in garbage together with treatment sludge or backwash water is a

drawback (139). Figure 2.4 shows the powdered activated carbon.

Figure 2. 4 Powdered Activated Carbon (137).
2.1.2.2 Granular Activated Carbon (GAC)
Granular activated carbon (Figure 2.5), commonly referred to as GAC, is a
high-purity type of carbon distinguished by its enormous surface area and employed
in several liquid and gas phase purification applications in Figure 2.5. The granules'

usual particle sizes range from around 0.2mm to 5mm, with the selection of "mesh
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size" dependent on the intended application for the material. Powder-activated
carbon (or PAC) is often defined as particles less than 0.2mm. The extruded pellet,
which provides a consistent cylinder of carbon with a standard 3mm or 4mm
diameter, is the other primary physical form of activated carbon. The most common
materials used to make granular activated carbon are bituminous coal, coconut
shells, and some types of wood (140). The decision is also influenced by the end
user the client has in mind. Each raw material produces granular activated carbon
with somewhat varied physical qualities, in terms of purifying performance (141).

Granular activated carbon has minuscule holes and channels, or pores, on its
surface that can only be seen with a strong enough microscope. A teaspoon of
granular activated carbon has the same surface area as a football pitch thanks to
these pores, according to an often-cited figure (142).

The pollutants are held inside these holes in a procedure known as adsorption
when a polluted fluid passes through a filtering device made of granular activated
carbon (143). This allows the cleaned fluid to flow through. Granular activated
carbon is frequently used to remove taste, odor, and color from water as well as
residues of other dissolved pollutants including pesticides and herbicides (144).

Granular activated carbon (GAC) may be recovered for reuse through a
process known as thermal reactivation, which is one of the main benefits of
employing GAC for fluid purification rather than powder-activated carbon. Spent
carbon can be put through a high-temperature kiln until the pores are filled with
impurities and the treatment goal is no longer met. Granular activated carbon is
reactivated and ready to be utilized repeatedly in the customer's process once the
contaminant molecules are driven out of the pores and destroyed (145).

This method of recycling granular activated carbon not only saves money but
also has significant environmental advantages, since it reduces CO2 emissions by

over 90% when compared to using new, "virgin," material (146).
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Figure 2. 5 Granular Activated Carbon (137).

2.1.2.3 Extruded Activated Carbon (EAC)
Extruded activated carbon (Figure 2.6) is a cylindrical block with a diameter

ranging from 0.8mm to 130mm that is constructed of a binder and powdered
activated carbon. They are typically used for gas phase applications due to their
good mechanical strength, low dust content, and low-pressure loss. CTO (Chlorine,

Taste, and Odor) filters are furthermore offered. (147-149).

Figure 2. 6 Extruded Activated Carbon (150)
2.1.3 History of Activated Carbon
Activated charcoal was initially employed by the Egyptians to process ore
into bronze about 3750 B.C., which is the first known application of the substance.
By 1500 B.C., the Egyptians were also employing it to write on papyrus, treat
digestive disorders, and absorb offensive smells (151). The antibacterial qualities

20



of activated charcoal were discovered by the Ancient Hindus and Phoenicians about
400 B.C., and they started utilizing them to cleanse their water (152). It was
common practice to keep water in burned barrels throughout any lengthy sea cruise.
Hippocrates and Pliny were pioneers in the use of activated charcoal in medicine
around the year 50 A.D. They used it to treat a wide range of conditions, including
vertigo, chlorosis, and epilepsy, among others. Following the prohibition of science
during the Dark Ages, charcoal made a comeback in the 1700s and 1800s as a
component of medicinal treatments because of its ability to absorb fluids and gases
as well as its disinfecting capabilities (153). This historical period saw the use of
charcoal powders to treat stomach acidity, fetid ulcers, and even nosebleeds when
subsulphate of iron had failed, as well as charcoal poultices prepared from charcoal
and bread crumbs or yeast (a favorite of army and naval physicians). Even lozenges,
crackers, and tooth powders were starting to be advertised as charcoal by the 1900s
(154,155).

Today, activated carbon is employed in real-world settings including homes,
hospitals, and care facilities for both people and animals. Charcoal is utilized in
medical institutions all around the world for a variety of purposes, including
filtering lab technician masks, devices for liver and kidney dialysis, and even as
markers in breast cancer surgery (156,157). Veterinarians use charcoal to help
eliminate toxins from pets who may have swallowed anything that might be
detrimental to them (like when dogs eat chocolate!), much as charcoal has been
used to help remove toxins from people (158). Additionally, activated charcoal has
established itself in daily life, appearing in items like our Black Bamboo Activated
Charcoal and Forest Path soaps as well as in air filters and water filtration systems
(159).

2.2 Activated Carbon Fibers ACFs
Because of its numerous benefits over other commercial storage materials,

activated carbon fiber (ACF) ranks as one of the best absorbent materials in
adsorption applications. It is an excellent microporous material with minimal
mesoporosity and, most likely, no macroporosity, highlighting its value and
applicability for adsorption applications. If it possesses outstanding porosity and
volumetric capacity (160). Depending on the source material and how it is formed
and processed, ACF (Figure 2.7) can be produced in a wide range of compositions,

structures, and methods. It is difficult to make unambiguous generalizations
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regarding ACF and the materials based on ACF (161). ACF has lately piqued the
curiosity of many scientists worldwide due to its high adsorption capacities and
speedy adsorption rates when compared to other carbons. Numerous instruments
and methods, such as small angle scattering and scanning electron microscopy
(162).

ACFs, or activated carbon fibers, are porous carbons that are shaped like
fibers and have an aspect ratio greater than 10. They have a well-defined porous
structure and a high adsorption capacity. To meet the requirements of particular
applications, ACFs are often prepared from general-purpose carbon fibers using a
heat treatment that results in high porosity (163). ACF has been the most recent
improvement in the family of porous carbon for adsorption thanks to its large
surface area. Potential applications for adsorption have expanded thanks to this
enormous benefit for the past 50 years, the primary study areas on the development
of ACFs have been the knowledge of ACF processing, from the synthesis of initial
precursors to the derivation of end products, and the characterization of ACF in

specific applications (164).

Figure 2. 7 Activated Carbon Fibers (165).
2.2.1 Activated Carbon Fiber Production
Carbon from carbonaceous resources including bamboo, and husks of
coconuts, willow peat, trees, coir, lignite, coal, and oil pitch is used to make
activated carbon fiber. By using one of the techniques listed below, it can be created

(166): Carbonization Process, Physical Activation, and Chemical Activation.
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2.2.1.1 Carbonization Process
When preparing AC, the carbonization procedure is crucial since it

determines how the finished product will be imprinted. To generate the appropriate
quality of the finished AC, it is crucial to carefully choose the carbonization settings
(167). The carbonization temperature is one of several variables that might alter the
structure during the carbonization process. Typically, materials are carbonized by
researchers between 500°C and 900°C. When carbonized at high temperatures, the
samples will release more volatiles, which will eventually affect the product yield
and porosity (117,168). However, the ability to react to the wide range of
carbonization temperatures still depends on the characteristics of the initial raw
material. Carbonization consists of two main steps: oxidative and nonoxidative
pyrolysis (141,163,169).

2.2.1.2 Physical Activation
Using heated gases, the raw material is transformed into activated carbon

fiber. The gases are subsequently ignited by air, producing a graded, segregated,
and dustless type of activated carbon. Typically, a sequential process method is
used for this (170):

e Carbonization: Carbon-containing materials are pyrolyzed between 600
and 900 °C, often in an inert environment with gases like argon or nitrogen
(162,171).

e Activation/oxidation: At temperatures exceeding 250°C, often in the range
of 600-1200 °C, Oxidizing atmospheres (oxygen or steam) are exposed to

raw materials or carbonized materials. (172).

2.2.1.3 Chemical Activation
The carbon material is injected with certain compounds. The chemical is often

one of the following kinds: calcium chloride 25%, zinc chloride 25%, hydroxide of
potassium 5%, hydroxide of sodium 5%, carbonate of potassium 5%, phosphoric
acid 25%. Extremely high temperatures (250°C to 600°C) are then applied to the
carbon. (173). It is thought that the warmth at this point activates the carbon by
causing the substance to open up and develop additional tiny holes. Due to lower

temperatures, higher quality consistency, and quicker activation times (174).
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2.2.2 Aquatic Environment Pollutants
A stream, river, lake, ocean, aquifer, or other body of water can get

contaminated by hazardous substances often chemicals or microorganisms—and
lose quality, becoming poisonous to both humans and the environment. Water
contamination is a widespread problem that puts our health in peril (175). Unsafe
water kills more people annually than war and all other forms of violence combined.
Our actual access to freshwater, which accounts for less than 1% of the global
supply, is constrained. If nothing is done, the issues will only become worse by
2050, when it is predicted that the global demand for fresh water will be a third
more than it is now. Water is extremely vulnerable to pollution (176). Water is
known as the "universal solvent” because it can dissolve more chemicals than any
other liquid on Earth. Because of it, Kool-Aid and vivid blue waterfalls exist.
Additionally, it explains why water is so easily polluted. It readily dissolves and
mixes with harmful substances from businesses, communities, and farms,

contaminating the water.

2.2.2.1 Agricultural
The agriculture waste (Figure 2.8) is not only the largest user of freshwater

but also a substantial water polluter, using over 70% of the world's surface water
resources. Water contamination is mostly caused by agriculture globally. (177).
Nutrient contamination, which is caused by excessive nitrogen and phosphorus in
the air or water, is the largest danger to the quality of the world's water supplies.
Blue-green soups of toxic algae known as "algal blooms™ may be hazardous to both
people and wildlife (178).

Figure 2. 8 Agricultural Wastes (179).
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2.2.2.2 Sewage and Wastewater
Water is used for waste disposal coming from our toilets, sinks, and showers

as sewage. When you consider metals, solvents, and toxic sludge, it furthermore
originates from industrial, commercial, and agricultural operations (180).
Stormwater runoff, which occurs when rain causes impermeable surfaces to leak
chemicals, oil, grease, and debris into our rivers, is another term for this
phenomenon. (181). More than 80% of wastewater generated worldwide, according
to the UN, is released back into the environment untreated or without being
recycled; in some of the least developed countries, the figure even exceeds 95%. In
the United States, wastewater treatment facilities process around 34 billion gallons
of wastewater each day (182). These facilities filter out pollutants such as bacteria,
phosphorus, and nitrogen from sewage as well as heavy metals and toxic chemicals

from industrial waste before releasing the cleansed waters back into rivers (183).

2.2.2.3 Oil Pollution
Even though large spills frequently make the news, most oil pollution is

caused by consumers, including gasoline and oil that leak from millions of
automobiles and trucks each day. Additionally, rather than coming from tanker
accidents, approximately half of the estimated 1 million tons of oil that enters river
ecosystems each year originates from land-based sources including factories, farms,
and urban areas (11). Around 10% of the oil in rivers comes from tanker spills,
whereas just a third comes from maritime activities regularly, including both legal
and illicit discharges. Seeps, which are fissures in the ocean floor, are another
natural way that oil is discharged (9).

2.2.3 Air Pollutants
Air pollution refers to any physical, chemical, or biological change in the air.

Noxious gases, dust, and smoke are the main contributors to air pollution's negative
effects on plants, animals, and people. A certain percentage of gases are present in
the atmosphere. If the make-up of these gases changes, it is risky to survive. (184).
The increase in the earth's temperature brought on by this imbalance in the gaseous
composition is referred to as global warming (Figure 2.9).

The following are some ways that air pollution harms the ecology: Diseases,
Global Warming, Acid Rain, Ozone Layer Depletion, and Effect on Animals.
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Figure 2. 9 Sources of air pollution (185).

2.3 Adsorption
The adsorption process occurs on a surface and moves a molecule from a fluid

bulk to a solid surface. This might be caused by physical forces or chemical bonds.
It is usually reversible, in which case it is responsible for both the release and
removal of chemicals (186). This process is frequently shown as being in
equilibrium by using specific equations that quantify the amount of material
adhered to the surface given the concentration in the fluid. These equations are
known as isotherms, and the most popular ones are the Langmuir and Freundlich
equations (187) because temperature is one of the most important environmental
factors that affect adsorption and because their properties are temperature-
dependent. Adsorption is essential to ecology because it regulates the movement of
materials throughout ecosystems, between the geosphere, hydrosphere, and
atmosphere, and initiates other vital processes including ionic exchange and
enzyme reactions (188).

Adsorption is a mass transfer mechanism that occurs when gases or solutes
stick to solid or liquid surfaces. The molecules or atoms on the solid surface have
excess surface energy as a result of the unbalanced forces, which leads them to
adsorb. (189). These unbalanced forces cause some substances that collide with
solid surfaces to be pulled to the surface and stay there. Based on the different
adsorption forces, the adsorption process may be divided into two groups: chemical
adsorption and physical adsorption (Table 2.1). Physical adsorption occurs when
van der Waals forces between molecules interact, like when using activated carbon
to absorb gas (190). Physical adsorption frequently occurs without selection at low

temperatures with a rapid adsorption rate, and little heat being created during the
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process. The structure of the molecules that make up the adsorbed material hardly
changes as a result of the weak intermolecular contact, which also results in low
adsorption energy and readily removable adsorbed materials. Adsorption that
results from chemical bonding is referred to as chemical adsorption. Chemical
adsorption involves the formation and destruction of chemical bonds (191). Both
the quantity of heat absorbed or emitted during adsorption and the activation energy
required are higher. Physical and chemical adsorption processes commonly co-
occur. The results of many adsorption procedures account for the bulk of adsorption
in wastewater treatment technology. Due to the interplay of adsorbents, adsorbates,
and other factors, some forms of adsorption may have a considerable effect (192).

Table 2. 1 Comparison of physical adsorption with chemical adsorption
(193,194).

Adsorption categories

Physical adsorption Chemical adsorption
Adsorption force Van der Waals force Chemical bond force
Selectivity Nonselective adsorption Selective adsorption
Adsorption layer Single or multiple layers Single layer
Adsorption heat Low High
Adsorption rate Fast Slow
Stability Instable Stable

2.3.1 Adsorption isotherm
The adsorption isotherm depicts the relationship between the adsorbate in the

surrounding phase and the adsorbate adsorbed on the surface of the adsorbent at
equilibrium and constant temperature. Adsorption isotherm is significantly required
to precisely describe how solutes interact with adsorbents and to make the most of
adsorbents (195). The best-fitting isotherm model is then used to examine
adsorption behavior after several isotherm models are frequently used to correlate
isotherm data. Each pair's adsorption isotherm is unique. Freundlich and Langmuir
isotherms are the two primary methods for predicting the adsorption tendency of a
material. (196).

2.3.2 Adsorption Equilibrium
2.3.2.1 Effect of pH
In addition to its various physicochemical effects, it is determined to be the

pH, which is important in the ion exchange-governed adsorption processes that
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permit the modification or changing of surface charges. Deng and Ting, (2005)
affect the surfaces of the adsorbents in terms of functional group dissociation and
surface charge, in addition to affecting the metal species in solution (197). It follows
that more H* ions are adsorbed when the environment is more acidic. As a result,
metal ions are more likely to be sorbed at lower pH values, which might be
interpreted as an increase in ge values. Inglezakis et al. The functional groups
connected to the metal surfaces and the rivalry between protons and other important
groups attached to the adsorption sites are two factors that affect how pH levels
decline. The charge of the functional groups that are connected, which guarantees
the efficacy of the electromechanical sorption of cations, also influences the pH rise
(198).

2.3.2.2 Effect of dosage
In the field of adsorption technology, particularly concerning nanomaterials,

the mass of the adsorbent plays a pivotal role in defining its adsorptive capacity.
The adsorbent's optimal value, which is indicative of the maximal amount of
adsorbate it can adsorb, is closely associated with its functional groups. Another
critical factor influencing adsorption efficiency is the dosage of the nanomaterial
employed (199). Prior studies, including Arshadi et al. (200), have underscored the
importance of identifying an appropriate adsorbent dosage that achieves desired
removal efficiencies in a cost-effective manner. It has been observed that with an
increase in adsorbent dosage, the availability of active sites augments, leading to
enhanced removal percentages of a given adsorbate concentration. This trend
continues until a saturation point is reached, beyond which any further increase in
dosage does not contribute to higher removal efficiency. Identifying this threshold
dosage is crucial for scaling up the adsorption process. Moreover, as elucidated by
Sheth et al. (201), the optimal dosage varies with different adsorbents due to the
diversity in their functional groups and active sites, necessitating tailored

approaches for each adsorbent type.

2.3.2.3 Effect of Temperature
Materials' equilibrium adsorption capacities are susceptible to temperature

variations. In addition, shorter distances between particles and faster redox
reactions are both possible at higher temperatures (202). These contracting values

could be influenced by the biosorbent's species, quantity, and environmental
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factors, among other things. However, the system's temperature may provide the
adsorbed species with enough energy to enable faster desorption than the rate of
adsorption (203).

The impact of temperature on the adsorption of heavy metals has been studied
extensively. The most common observation is that for heavy metals, sorption
capacity increases with temperature. The most frequent discovery is that warmth
increases sorption capacity. This could be a result of the solution's viscosity being
less stiff at high temperatures, which speeds up the diffusion of metal ions (204).
Temperature is known to have a substantial influence on the adsorption process by
changing how adsorbent molecules interact and are soluble.

2.3.2.4 Effect of Contact Time
As the adsorbate takes longer to bind to the active site of the adsorbent, the

adsorption capacity will increase with increased contact time. To permeate the
surface of such an adsorbent, the presence of active sites is crucial. The equilibrium
point is attained when the metal ions have fully occupied all of the active sites (205).

How thoroughly heavy metals are removed from aqueous solutions depends
on how long the adsorbent is in contact with the metal ions (206). Metal ion removal
was shown to increase increasing contact time (207). The elimination of heavy
metals frequently increases up until equilibrium is reached. However, the initial
concentration of metal ions has a big impact on the equilibrium. There are many
places now as a result of the rapid initial acceptance rate. As the adsorption rate
reduces as the sites are occupied, the time it takes for equilibrium to arrive is
determined by the transfer rate from the unpackaged fluid phase to the adsorbent-
metal interface (208)

2.3.2.5 Effect of Stirring Speed
To more effectively remove dyes from the solution, mixing speed enhances

turbulence and reduces the thickness of the boundary layer surrounding the
adsorbent (209). The effects of mixing speed on adsorption capacity and removal

efficiency shown in Figure 2.10.
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Figure 2. 10 The effects of mixing speed on adsorption capacity and removal
efficiency of ammonium (210).
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3. MATERIALS AND METHODS

3.1 Materials

3.1.1 Experimental Setup and Equipment Details

Experiments and experimental calculations were carried out in the water
treatment laboratory of the College of Engineering at Tikrit University in Irag.
Contaminated water samples were collected from the Baiji refinery under the
supervision of the North Refineries Company (NRC). The raw material for the
production of activated carbon fiber is the date palm fiber, which was obtained from
local palm farms. The work system consists of laboratory equipment used to carry
out burning, activation, treatment, measurement, and calibration operations. In the
beginning, the raw material is prepared, then it is thoroughly cleaned of dirt and
dust. A muffle furnace was used to complete the carbonization process. After the
activation process, the sample is washed, and a pH meter is used to ensure that the
pH has reached an equilibrium state. Samples are then prepared for carbonization,
activation, and treatment processes, each of which will be explained in detail
(Figure 3.1).
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Figure 3. 1 Experimental Setup for different types of Activated Carbon (AC)
Production.

3.1.2 Date Palm Fibers
This specific fiber has certain unique qualities, such as being 100%

biodegradable and compostable, having a structural tensile strength that is 5 times
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more than steel and comparable to flax and sisal, and having greater thermal
insulation qualities than carbon fiber (2). Natural fiber composites' quality as well
as their suitability for diverse industrial applications depend greatly on the physical
qualities of the fibers. Natural fibers' mechanical characteristics are strongly
influenced and governed by several crucial factors, including their structure,
microfibrillar angle, chemical composition, cell size, and flaws. The Middle East
and North Africa are home to around 140 million date palm trees. Date production
is now dominated by Egypt, Iran, Saudi Arabia, Iraq, the United Arab Emirates,
Pakistan, and Sudan. Date palms are pruned for agriculture every year, producing
more than 48.8 million tons of waste. Therefore, date palm fiber production is now
quite successful. All of these nations use date palm byproducts such as fronds,
leaves, leaflets, rachis, and fruit branches to produce sustainable textile fibers. The

chemical Composition of Date Palm Fibers detailed in Table 3.1.

Table 3. 1 Chemical Composition (%) of Date Palm Fibers (211).

Constituents | Cellulose | Hemicelluloses | Lignin Ash Extractive
Leaflet 40.21 12.80 32.2 10.54 4.25
Leaf 94.75 20.00 15.30 1.75 8.20
Rachis 38.26 28.17 22.53 5.96 5.08

The primary cell wall and additional secondary walls of date palm fibers are
made up of several helically wrapped cellular micro-fibrils made of long-chain
cellulose molecules, which might affect the fiber's mechanical characteristics (211).
The three primary components of every cell wall are cellulose, hemicelluloses, and
lignin. The most important structural elements in most natural fibers are cellulose
and lignin. Despite being resistant to hydrolysis, strong alkali, and oxidizing agents,
cellulose is also somewhat degradable when subjected to chemical treatments. On
the other hand, lignin, a complex hydrocarbon polymer, often provides plants with
their stiffness and aids in the movement of water. Figure 3.2 shows the part that the

fibers taken from it.
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3.1.3 Technical Specification of Test Equipment
Several carefully selected devices have been used to obtain typical controls

determined by the parameters of the study, in Table 3.2, they are preferably

summarized together with their specifications.

Table 3. 2 The devices and tools used in study.

Equipment

Drying oven

Picture

Technical Properties

Brand: p-selector
Accuracy: £5 °C
Operating Range: 20°C -
200°C

Magnetic Digital
Stirrer and Hot
Plate

Brand: labnet international
Speed Range: 60 —1150
rpm
Temp. Range: 5 °C — 550
°C
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Hach COD

Reactors

Hach DR/870

Colorimeter

digests up to 15 samples
simultaneously.
temperature between 37 to
165°C,
time between 1-minute to 8

hours?

Photometric range: 0-2 A
Operating temperature:
0-50°C
Dimensions (W x H x D):

33/8" x 93/8" x 17/8"

Electrical Balance

Brand: OHAUS
Maximum range: 410 g
Item number: 80103854

Pan size: 120 mm

Muffle Furnace

Brand: Snol 6.7/1300
LSMO01
Maximum temp.: 1100 °C
Type: Peripheral

Brand: Fisherbrand
Type: FE 150

pH Meter Parameter: pH/mV/
Temperature
Accuracy: £ 0.2
Jar Test Programmable jar test
ar Tes

PB — 900 SERIE
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3.2 Methodology
3.2.1 Preperation of the Raw Materials
Date palm fibers were identified as a raw material for the production of

activated carbon fibers and powder activated carbon. The fallen date palm fibers (as
seen in Figure 3.1) were collected from the trees located, considering the selection
of the good ones. The fibers are broken up in the form of separate strands, then
cleaned and washed well with distilled water to get rid of pollutants that may harm
the production process. In addition, it was washed again with deionized (DI) water
to remove any impurities or ions that could cause undesirable reactions. After the
washing process, the fibers are dried in a drying oven at 100°C for 24h to remove

moisture, and then the material is ready for the carbonization process.

Figure 3. 3 Date palm fibers after sorting process.
3.2.2 Carbonization Process
The dried palm fibers were previously placed in special packages, taking into
account that they are closed tightly to ensure that no air enters them, then they are
inserted into the muffling oven (Figure 3.4) at a temperature of 600°C for 2h (213).
The packages are removed from the muffle furnace, and thus we have obtained

carbon fibers (inactive) (214).
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Figure 3. 4 Muffle furnace and carbon fiber produced.
3.2.3 Activation Process

After completing the carbonization process, unactivated carbon fibers were
obtained. The chemical activation process was carried out on carbon fibers using
nitric acid HNO; at a concentration of 3M, the sample was placed in nitric acid for
24h, after which the sample was washed with deionized water repeatedly to obtain
a neutral pH value. Then the sample is dried at 60°C for 18h. To activate the second
sample, dilute sulfuric acid H,SO, at a concentration of 0.1M was used. The second
sample was soaked in the acid for 2h (215). Then the sample is washed in de-ionized
water repeatedly, then the sample is dried in a drying oven at 105°C for 24h. In
addition, a third sample of carbon fibers was prepared and activated using sodium
hydroxide at a concentration of 0.5M for 24h, washed with non-ionic water several
times, and then dried in a drying oven for 24h at 90°C (216). Figure 3.5 shows the

three samples under activation process.

Figure 3. 5 The three samples under activation process.

36



3.2.4 Chemical Treatment
The rapid development in the production of active carbon has led researchers

to move toward increasing the removal efficiency and reducing the cost of the raw
material produced from it. Therefore, the need has emerged to improve cheap raw
materials and improve production methods. Chemical treatment by carbon coating
with a nitrogen atmosphere leads to the creation of a layer of doped carbon that
protects the activated carbon fibers and increases their mechanical efficiency and
thermal conductivity. In addition, some elements such as cobalt, magnesium, and
aluminum are treated to form double-layer hydroxide (LDH). Because they have
many uses in medicine administration, carbon dioxide sequestration, energy
conversion and storage, catalysis, and environmental remediation, layered double
hydroxides (LDHs) are an extremely flexible class of materials. In addition, a lot of
LDH exists in nature in the form of minerals. Their potential uses can be further
expanded by modifying their chemical composition and creating 3D or nano-hybrid
materials through processes such as lamination. The activated carbon fibers are
laminated with a hydroxide network after creating the doped carbon layer (217).
This network stimulates the activated carbon to absorb the largest possible number
of pollutants, which greatly increases the removal efficiency.

For the sample that is activated by nitric acid HNO;, the encapsulation
process is carried out by preparing two solutions of hydrochloric acid HCI (1 M, 50
ml), then 2.3 ml of aniline is added to one of the solutions, and 5.8 g of ammonium
persulfate is added to the second solution. The first solution containing aniline is
added to the activated carbon fibers. Then the second solution containing
ammonium persulfate is gradually added to the mixture for 25 min using a burette.
Finally, the resulting mixture is placed in an ice atmosphere (a container covered
with ice) and placed in a magnetic mixer for 6 h stirring speed of 800 rpm as shown
in Figure 3.6. Then the sample is placed in a muffle furnace at a temperature starting
from 5 °C and up to 400 °C gradually for 3 h. Thus, we have obtained ACFs coated
with an N-doped carbon layer (ACF-NC).
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Figure 3. 6 Chemical treatment process for the N-doping.

Then 1 g of urea, 1 g of CoSO, » 7H,0, 1 g of MgSO, « 7H,0, and 1 g of
Al,(S0,4)5 » 18H,0 are added to 100ml of deionized water (DI), then the mixture
is placed in a stainless steel container and placed in a drying oven at 100 °C for 12
hours. Then it is rinsed with non-ionic water and placed in a drying oven at 60 °C

for 6 hours. Figure 3.7 shows the three solution prepared for treatment processes.

Figure 3. 7 The three solutions preparing for treatment processes.

The nanosheets have grown on the surface of ACF-NC in the form of a lattice
structure, whereby we have obtained (ACF-NC-LDH) as shown in (Figure 3.8a).
The same treatment steps were carried out on the second sample activated by dilute
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sulfuric acid, after completing the treatment steps, an activated carbon coated with
a layer of N-doped carbon with a lattice structure (PAC-NC-LDH) was produced
as shown in (Figure 3.8b). That is, the product may change from fiber form to
powder form. More specifically, the turning point was immediately after using the
ice bath. As for the third sample activated with sodium hydroxide, after performing
the same chemical treatment stages, the sample appeared in the form of granular
agglomerates coated with a layer of N-doped carbon with a network structure
(GAC-NC-LDH) as shown in (Figure 3.8c).

Figure 3. 8 The Produced three samples after chemical treatment, (a) ACF-NC-
LDH (b) PAC-NC-LDH (c) GAC-NC-LDH

3.2.5 Adsorption Models of Equilibrium
3.2.5.1 Concentration of COD
The chemical oxygen demand (COD), a useful indicator of how much oxygen

may be used by processes in a measured solution, is used in environmental
chemistry. It is frequently stated as the mass of oxygen used over the volume of the
solution, or milligrams per litre (mg/l), in Sl units. It is simple to determine the
concentration of organics in water using a COD test. Quantifying the quantity of
oxidizable contaminants present in surface water (such as lakes and rivers) or
wastewater is the most typical application of COD. In terms of water quality, COD
is useful since it provides a measure of how an effluent would affect the receiving
water.

The concentrations of COD in a range of samples were analyzed in a
laboratory environment by the guidelines provided in the Guidance Handbook for
Water and Industry Sewage Analysis (218). The COD adsorbed by AC at
equilibrium at periods t, qi, and ge (mg/g) were calculated using the following
equations (219,220).
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Where g, is the quantity of COD that activated carbon has absorbed at time
(t). At the beginning, time (t), and equilibrium, respectively, COD concentrations
in the solution are represented by the letters C,, C;, and C,. V stands for "volume

of solution" and "m" for "mass of activated carbon."

3.2.5.2 Thermodynamics methods
An essential stage in assessing thermodynamic viability, process spontaneity,

and adsorption processes is the examination of thermodynamic parameters. The
following equations (4) and (5) were supposed to be reliant on thermodynamic
variables such as the change in Gibbs free energy (AG?), enthalpy (AH®), and
entropy change (AS°) (221).

AG® = —RT In K, 4)
AG® = AH® —T AS° (5)

Where K. stands for the adsorption distribution coefficient defined by the

following formula:

Kc =qe/Ce (6)

Where ge is the amount of COD present on the surface of the adsorbent (in
mg/l) and Ce is the concentration at equilibrium in solution (in mg/l). The global
gas constant is R (8.314 J/mol.K), while G°, H® , and S° are the standard changes
in free energy, enthalpy, and entropy, respectively (222). K. is the equilibrium
constant (q./Cc), and T is the temperature. As a result, the intercept and slope of
the plot of In K, vs 1/T were used to calculate the values in the adsorption process.

3.2.5.3 Adsorption Isotherms
The overall equilibrium distribution between the stationary and mobile phases

controls how much of the solute is retained. The distribution constant being constant
reflects the linear isotherm. It is possible to get it across a small concentration range
without any selective interactions between the adsorbent and the adsorbate (223).
The solute in the column eluate has a Gaussian distribution as a result. The sorption

isotherm becomes curved and produces an asymmetric, expanded peak form in the
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presence of such interactions or at greater concentrations. Adsorption isotherms
may be determined using a variety of techniques (224). They have been developed
taking into account sorption effects, pressure gradients, gas defects, and other
considerations for both the case of ideal GC (elution at infinite dilution) and
nonlinear nonideal GC (finite concentration). The challenge is to quantify the
quantity of adsorbed solute and its related equilibrium concentration (pressure) in
the mobile phase for each point of the isotherm, regardless of the chromatographic
method employed to determine it (225). The needed information may be acquired
using either the peak maxima technique, which involves injecting a series of
adsorbate samples of changing sizes into the column, or the elution by characteristic
point and frontal analysis by characteristic point methods, which involve using a
single chromatogram (226).

The technique was made simpler by studying the adsorption capacity of
adsorbents using adsorption isotherms. Adsorption isotherm is the relationship
between the amount of adsorbate on the adsorbents and the ideal adsorbate values
at constant temperatures (227). The adsorption isotherm equation described the
relationship between the amount of solute immobilized and the concentration of the
solute in the aqueous medium. The adsorption isotherms are evaluated to explain
the process (228). These isotherms also specify the forces in nature that bind the
adsorbate and adsorbent together, such as chemical or physical forces (229).
According to Chowdhury et al. (230), the concentration will negatively affect the
adsorption frequency because of the quantity of accessible sites. Since the adsorbed
quantity closely reflects the solids' concentration in the fluid in the linear isotherm
(passing through into the origin), it is advantageous to create large solid loads at

low solid concentrations in the fluid, as illustrated in Figure 3.3 (231).
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Figure 3. 9 Isotherm adsorption curves.
3.2.5.3.1 Langmuir isotherm equation

The Langmuir equation is based on the assumption that the unimodal, evenly
distributed, saturated monolayer of adsorbed species onto an adsorbent represents
maximal adsorption (232). According to the Langmuir model, once the adsorbate
has occupied a position, additional adsorption will not take place there. Adsorption
happens consistently on the binding sites of the adsorbents (233). The Langmuir
isotherm model's nonlinear equation may be expressed as follows:

_d qokCe
€ 7 1+KkCe (7)

The Langmuir isotherm can be linearized into the form (234):

(©)-2+y g

de do @
do . maximum adsorption capacity (mg/g).
de : uptake of adsorbate equilibrium (mg/g).
K :energy of adsorption (I/mg);
Ce :final concentrations at equilibrium (mg/l);
The essential characteristics of the Langmuir isotherm can be expressed in terms of
a dimensionless constant separation factor RL that is given by the following
equation [108]:

L=— 9)

T 14KkC,

3.2.5.3.2 Freundlich isotherm equation
The Freundlich adsorption isotherm, one of the most extensively used

mathematical models, offers an equation that accounts for surface heterogeneity as

well as the probability function of catalyst surfaces and their energies (235). The
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first binding sites to be occupied, according to this theory, are those with a greater
affinity for adsorbing molecules. In addition, increasing surface handling tends to

reduce binding power (236). The Freundlich model is used to:

1

qe = kC® (10)
The Freundlich can be linearized in the logarithmic form and the Freundlich

constants can be determined (237):

log(qe) = logk + (%) log Ce (112)
de. the value of sorbate uptake in equilibrium (mg/g).
k: Freundlich isotherm constant (mg1-(1/n) L1/ng-1).
Ce: final concentrations of the adsorbate in equilibrium(mg/I).
1/n: adsorption intensity

The present driving forces for adsorption as well as the degree of surface
heterogeneity are shown by the Freundlich parameter, n. The n parameter is a
number for the boundary conditions between 0 and 10. If n is more than 10 it results
in an irreversible isotherm. The n value less than unity indicates strong adsorption,
while n value higher than unity imply preferred adsorption.

3.2.5.3.3 Tempkin isotherm

Adsorbing species-adsorbate interactions are explicitly taken into account by
a component in the Temkin isotherm model (238). This model assumes that, due to
adsorbate-adsorbate interactions, (i) the heat of adsorption of each molecule in the
layer decreases linearly with coverage and (ii) adsorption is characterised by a
uniform distribution of binding energies up to a maximum binding energy. The
Freundlich equation implies that the decline in the heat of sorption is logarithmic,
whereas the Tempkin isotherm assumes that it is linear. The following equation
(Eq. (12)) is a typical way to apply the Tempkin isotherm (239):
Qe = E—IlnAT + E—Iln Ce (12)

The Temkin constants At (L/mg) and by (J/mol) are used. R is the universal
gas constant, 8.314 Jmol~! K=, and T is the absolute temperature in Kelvin. The
slope and intercept of the plots produced by graphing q. vs time In C, are used to
get the At and b constants.

3.2.6 Kinetic Study
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Kinetic tests are performed on the adsorption process rates and possible rate-
limiting stages. Give really important details on how long it takes for balance to
develop. To be employed at a suitable industrial scale in wastewater treatment
facilities, an adsorbent must not only have a high capacity for adsorption and
removal but also a high adsorption rate (240). Predicting adsorption Kinetics is
essential in a wastewater treatment process since it gives important information
about the technology being utilized and is a rate-limiting phase. Intraparticle
diffusion, pseudo-first-order, and pseudo-second-order are common kinetic models.
The third model is based on a rate of diffusion restricting analysis. Kinetics
determination is crucial for the design of the sorption process and the reaction
kinetics regulating step as the chemical reaction occurs (241). Adsorption Kinetics
(t) describes the connection between the amount of adsorbate adsorbed on the

adsorbents (qt) and the contact time (242).

3.2.6.1 Pseudo-first-order kinetic model
The pseudo-first-order model addresses the adsorption of liquid-solid phase

systems based on adsorption capacity. The following is a typical representation of

it. utilizing the fictitious first-order Lagrange model (243):
dqt

= — K(@e—q0) (13)
The essential formula of this equation is given by (244):
Log(de — q¢) = Log qe — st (14)

2.303

Where q. is the amount of adsorbate that the adsorbent can hold in
equilibrium (in mg/g), q; is the amount that can be held in contact time (in mg/g), t

is the time and Kk, is the fictitious first order rate constant.

3.2.6.2 Pseudo- second-order kinetic model
In systems where chemisorption acts as the rate-regulating step, it is

acknowledged that the kinetic model of pseudo-second-order is well employed. The

pseudo-second-order model's expression is as follows (245):

d
L=k, (qe — q0)? (15)
The essential formula of this equation is given by (246):

1 1

1
— = —t 16
ar  kpq + de (16)
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Where q. is the amount of adsorbate that the adsorbent can hold in
equilibrium (in mg/g), q; is the amount that can be held in contact time (in mg/g),

and k, is the fictitious second-order rate constant.

3.2.6.3 Intra-particular diffusion model
Before connecting the pores of the adsorbent, adsorbate molecules must

transfer the adsorbate process from the bulk phase to the solid surface. The
computation is based on an internonlinear model, regardless of whether diffusion
within the pores is the rate-limiting phase: The following is an expression for the

intra-particle diffusion model (247):

1
qr =kqtz+C (17)

Where C (mg/g) is the intercept, which reflects the thickness of the boundary
layer, and gt (mg/g) is the adsorption capacity at time t (min), ka (mg/g min=%%) is
the intra particle diffusion rate constant. The intra-particle diffusion model can be
used in a particular adsorption process to adsorbate molecule movement in
microspores or surface dispersion from the bulk, which leads to external surface
adsorption. However, the model's close-fitting line shows a rather smooth

development over time, pointing to a steady increase in adsorbate uptake (248).

3.2.7 Characterization and Testing of Catalysts
3.2.7.1 X-Ray Diffraction (XRD)

X'Pert® MRD Materials Research X-ray Diffraction System from Malvern
Panalytical (as shown in Figure 3.10). A CuK radiation Nickel filter with a
wavelength of (1= 1.5406 A) is used to conduct an X-Ray diffraction examination
to determine the crystallinity of the powder leftover from the calcination procedure
used to create the composite catalysts. The results are gathered for the 2 range from
20 to 80 degrees with a scanning speed of 5 degrees per minute. At Iran's Sharif

University of Technology, the tests are carried out.
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Figure 3. 10 X-Ray Diffraction device
3.2.7.2 Surface Area and Pore Volume Measurements
The prepared samples are measured using the Brunauer, Emmett, and Teller
(BET) method by Thermo Analyzer (USA) as seen Figure 3.5, which degasses the
samples with nitrogen while maintaining a vacuum of 25 bar. The tests are
conducted at the Petroleum Research and Development Center (PRDC) lab of the

Iragi Ministry of Oil.

Figure 3. 11 Surface Area and Pore VVolume Measurements device
3.2.7.3 Scanning Electron Microscope SEM Analysis
The scanning electron microscope (SEM) uses a focused beam of high-energy
electrons to generate a variety of signals at the surface of solid specimens. The
samples were examined microscopically using a VEGAS3 Electron Microscope

(Figure 3.12) in Iran.
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Figure 3. 12 VEGA3 Electron Microscope
3.2.8 Response surface method

Researchers frequently employ the RSM approach while preparing for and
enhancing their studies. The RSM methodology is a computational and numerical
approach for designing and enhancing the experiment, enabling the identification
of optimal parameters with the least number of tests. RSM was initially employed
in empirical research, but more recently, it has also been applied to numerical
studies. thanks to its benefits, which include decreasing processing costs while
increasing experimental RSM and forecasting nonlinear optimization processes. is
a technique that scientists regularly employ when organizing and improving studies
(249).

When a first-order model exhibits a lack of fit as a result of the interaction
between variables and surface curvature, a second-order model can considerably
enhance the optimization process. An example of a second-order model is:

Y =ap+ Xl axi + XLy anx) + XLy Tk ayxix (18)
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4. RESULTS

4.1  Adsorbent Characterization Results
4.1.1 BET Analysis
BET analyses were carried out to assess the porosity and ultrastructural

characteristics of the as-prepared ACF-NC-LDH and PAC-NC-LDH. The Brunauer
Emmett-Teller (BET) technique determines the surface area of any adsorbent. BET
examination of the carbon fibers (CF) before activation and treatment showed that
their surface area was 46.2 m?/g, the pore volume was 0.0611cm?3/g, and the pore
diameter was 1.09 nm. The outcome revealed that the ACF-NC-LDH that had been
produced had a surface area of 275.62 m?/g. The average pore width was
2.7812nm, and the pore size was 0.1957 cm3/g. The produced PAC-NC-LDH has
a surface area of 147.75 m?/g, a pore volume of 0.0942 cm3/g, and an average pore
diameter of 2.466 nm. The values indicate that the surface area and pore size of
ACF-NC-LDH are much larger than that of PAC-NC-LDH and this explains the
resulting difference in adsorption efficiency between them. Pore diameters are
classified by ITUPAC (250) as belonging to one of three categories: micropores
(diameters less than 2 nm), mesopores (diameters between 2nm and 50nm), or
macropores (diameters more than 50nm). As for GAC-NC-LDH, the surface area
was very small, about 10 m?/g, the pore volume was 0.016 cm3/g, and the average
pore diameter was 0.62 nm. Based on the BET examination of carbon fiber, the
surface area was about 46.2 m?2/g, and after examining on the three samples shown
in the previous figure for the BET examination, it was found that the surface area
of GAC-NC-LDH had become 10 m?/g, so this sample will be neglected and not
included in the adsorption experiments due to their small surface area and low
efficiency. The reason for this is likely the chemical reactions that occurred during
the formation of N-DOPED and the LDH process, as the sample was activated with
NaOH, which is a strong base, and then it was treated with sulfates and acids, which

caused the breakdown of its crystalline structure (251).
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Figure 4. 1 BET analysis for ACF-NC-LDH, PAC-NC-LDH, GAC-NC-LDH and
CF, (a) surface area, (b) pore size, (c) average por diameter.

4.1.2 SEM Analysis
Figure 4.2a shows the transformation of the ACFs from twisted and interlaced
to rougher after being coated with an N-doped carbon layer, which may provide
sufficient active sites for the in-situ creation of MgCoAIl-LDH. Some used a
network topology to give a bimodal pore size distribution (pore size was mostly
distributed between 40 um and 50 um). The virgin fibers' surface was quite smooth
and had a diameter of about 4 um (Figure 4.2c), (252).

SEM MAG: 50.0 kx Oet: Beam Det: nBoam
WO: £.64 mm B 7.00 1 WO: 465 mm 1 7.00 100 nem
4.15 g Detetmidly): 0817723 View fietd: 0.629 yem Date¢mialy): O8/17/23

Figure 4. 2 SEM images of ACFs (a,b) Activated carbon fiber ACF after treatment
process (ACF-NC-LDH) (b,c) carbon fiber (CFs)
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After a normal hydrothermal reaction, a substantial number of evenly
distributed, vertically oriented LDH sheets with a width of about 2pm were adhered
to the carbon fiber surface. However, due to the inclusion of the N-doped carbon
layer and the constrained growth of LDH on the fiber surface, which covered
several naturally existing microscopic holes (2nm) on the surface of the fiber as
shown in Figure 4.2b. On the surface of pristine ACFs, a buildup of irregular and
microscopic LDH sheets known as ACF-NC-LDH develops randomly and is

spread, in contrast to pure fibers with smooth surfaces (Figure 4.2d).

SEM MAG: 100.0 kx Det: InBeam MIRA3 TESCAN| SEM MAG: 5.00 kx ‘ Det: InBeam MIRA3 TESCAN
10 pm

BI: 7.00

WD: 5.69 mm BI: 7.00 T

View fiald: 2.08 pm  Data(midly): 08/18/23 ia 1415 ym | Date(midly): 08119723

Figure 4. 3 SEM images of Powdered activated carbon PAC after treatment process
(PAC-NC-LDH)
Figure 4.3b clearly shows the granular layer randomly spread on the surface
of the activated carbon powder. This is called PAC-LDH. Activation of the N-
doped layer led to the bonding of some carbon molecules to each other, making
them appear in the form of individual PAC-NC-LDH blocks, as in Figure 4.3a. The
diameter of the grains ranged between 30-50nm.

4.1.3 X-ray diffraction analysis (XRD)
The prepared ACF-NC-LDH's XRD data is displayed in Figure 4.4. Sample

peaks may be found in (20 = 24.62341, 43.9242). The crystallization sizes,
according to these statistics, are 1.676 and 1.569, respectively. The crystal size L

was calculated using Scherer's equation as follows.
_ _Ky
B(26) = o (19)

Where:
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B: is the Full Width at Half Maximum (FWHM) of the peak at 26.
K: is the Scherrer's constant, which, depending on the crystal shape, can range from
0.6 to 2.08; in this case, we focus on it.

The average crystal size obtained by applying Scherrer's equation to X-ray
diffraction data is 1.6230 nm. It has been observed that the closest value was
achieved by Ali Hashem et al. (253) and that it has the same peak at 20 equal to
24.62 by comparing the sharp peak acquired at that value. This indicates that a good
level of crystallinity was attained. On the other hand, for PAC-NC-LDH, a peak
appeared at 20 equal to 23.42 (Figure 4.4), and its crystallization volume was equal
to 1.2763 nm. The same result was found by Li-an Xing et al. (254) when 26 equals
21 demonstrating that the contaminants produced by KOH during the activation
process were eliminated by washing with a solution of hydrochloric acid and
deionized water. The resultant activated carbon is an amorphous substance. The
large peak at about 23 indicates that the material had just a small amount of
graphitization throughout the activation phase.

For CF before the chemical treatment process, two peaks appeared at 2, equal
to 24.26 and 43.9 (Figure 4.4), and the average size of the crystals was equal to
1.0418nm. This shows, as noted, that ACF-NC-LDH has the highest crystalline size
and highest crystallization peaks. A higher crystallinity level indicates a higher

adsorption capacity.

—— ACF-NC-LDH
—— PAC-NC-LDH
——CF
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Figure 4. 4 X-Ray analysis for the activated carbon samples.
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4.2  Effects of Experimental Parameters
4.2.1 Effect of pH
To measure the effect of changing the pH of the adsorbent on the adsorption

efficiency, the pH values were determined starting from 2 by 2 in increments up to
12, considering the concentration of activated carbon in water as 1 g/300 ml for 120
min. as shown in Figure 4.5 and Figure 4.6. The results showed that the highest
removal percentage was at pH 6 for the two samples (activated carbon fibers and
activated carbon powder). By observing Figure 4.5, it is evident that the removal
rate increased when changing the pH values from 2 to 4, as it was 50.6% and
became 60.7%. The highest removal percentage was at pH 6, where it was 89.2%,
then the removal percentages decreased again at values greater than 6 for PAC-NC-
LDH. As for activated carbon fibers, as noted in Figure 4.6, the removal rates were
(63.7% and 73.7%) at pH values (2 and 4), respectively. Aside from that, the
maximum removal percentage, which reached 95.9% at pH 6, also fell at pH values
above 6. Itis most likely the reason for the higher value of the adsorption percentage
(R%) observed at pH 6 because, at low pH values, positive charge sites are created
on the activated carbon surface, resulting in a significantly higher attraction to
electrostatic charges between the electrically charged activated carbon surface and
organic compounds (COD). The decrease in the value of (R%) when pH > 6 may
be due to an increase in resistance to the diffusion of molecules of organic matter

brought on by an excess of OH- ions.
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Figure 4. 5 The effect of pH on removal for PAC-NC-LDH
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Figure 4. 6 The effect of pH on removal for ACF-NC-LDH

From the observation of Figure 4.7, it is clear that the removal results for
activated carbon fibers are higher than the removal results for activated carbon
powder, as the highest removal rate for activated carbon fibers under the influence
of pH was 95.9%, while for activated carbon powder, the highest removal rate was
89.9%. This increase is due to the increase in the pores in the activated carbon
fibers, which allow the adsorption of the largest possible percentage of COD
organic pollutants inside.
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Figure 4. 7 Comparation between ACF-NC-LDH and PAC-NC-LDH under pH effects.

4.2.2 Effect of Stirring Speed
As indicated in Figure 4.8 for PAC-NC-LDH, the obvious effect of stirring
speed is observed. Various speeds were taken starting from 100 rpm up to 600 rpm

with the rest of the variables remaining constant. The pH value was 6, the carbon
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concentration was 1 g/300 ml, and the temperature was 25 °C for 120 min. The
results showed that the removal rate increased continuously with the increase of the
stirring speed up to 400 rpm, and then the removal rate was fixed after that, that is,
there was no longer an effect of increasing the stirring speed, as the removal rate
reached (36.99% and 89.25%) at the stirring speed 100 rpm and 400 rpm,
respectively.
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Figure 4. 8 The effect of stirring speed on removal% for (PAC)

On the other hand, considering Fig. 4.9 for ACF-NC-LDH, the removal
percentage was (44.57% and 96.04%) at a movement speed of 100 rpm and 400
rpm respectively. The stirring process helps to increase the susceptibility of the
pores to absorb the greatest amount of COD organic adsorbents, and as the stirring
process increases, the pores reach a saturated state, so that increasing the stirring
above the required level has no effect, and this is what happened at 400 rpm. Either
the diffusion pore or the diffusion film regulates the rate of absorption. The liquid
coating within the particulate is thicker at low speeds, and the diffusion of film
seems to represent the rate-limiting step. Low transfer of mass from the adsorb to
the particle inside affects the adsorption kinetics. When moving quickly, the

diffusion film builds up to its maximum value, turning the diffusion pore into a rate.

54



120

100

X
2 80
g
¢} —@— 30 min
E 60
o 60 min
=)
o 40 —@— 90 min
O

20 —@— 120 min

0 100 200 300 400 500 600 700
RPM

Figure 4. 9 The effect of stirring speed on removal% for (ACF)

In Figure 4.10, it appears that the removal rate of activated carbon fibers under
the effect of changing the stirring speed is higher than that of activated carbon
powder, where the highest removal rate of activated carbon fibers reached 96.04%,
and the highest removal rate of activated carbon powder reached 89.25% at a
stirring speed of 400 rpm. This is because the pores of the activated carbon fibers
have a higher ability to attract pollutants than the activated carbon as a powder at

high stirring speeds.
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Figure 4. 10 Comparation between ACF-NC-LDH and PAC-NC-LDH under stirring
speed effects.

4.2.3 Effect of Dosage
Different doses of the adsorbents were used between 0.1 ¢/300ml and 2
9/300ml at a stirring speed of 400 rpm, pH 6, and a temperature. of 25 °C for 120

min. Figure 4.11 shows the effect of changing the dose on the removal rate of PAC-
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NC-LDH. The findings demonstrate that the clearance rate dramatically increased
as the dosage of activated carbon increased. as the removal rate reached (45.02%,
75.31%, and 89.25%) at doses (0.1, 0.5, and 1g/300 ml), respectively.
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Figure 4. 11 The effect of dose on removal% for (PAC-NC-LDH)

Given in Figure 4.12 for ACF-NC-LDH, the removal rates were (52.11%,
82.4%, and 1.96%) at doses (0.1, 0.5, and1g/300 ml), respectively. It is noted that
the elimination rate in both forms is fixed at a dose of 1g/300 ml. According to
several research, the proportion of organic compounds removed rises when the
adsorbent dose is increased. These characteristics were ascribed to an increased
availability of adsorption sites due to the increase in adsorbent mass. On the other
hand, it was observed that the rate of elimination was essentially constant after a
particular dosage (1 g/300 ml). The steady removal efficiency explained the impact
of active site overlap, which results in a decrease in both the total surface area of
the adsorbent and the quantity of the accessible active site. As anticipated,
increasing the sample dosage results in a bigger surface area and a greater number
of adsorption sites, which improves the adsorption of organic pollutants at a
constant starting concentration of the pollutant. The basic explanation for this
feature is that when the dosage of adsorbent is increased, more and more adsorption
sites become accessible, and the adsorption sites stay unsaturated throughout the
adsorption reaction. In a batch sorption investigation, the solid/solution ratio plays

a significant role in determining the adsorbent capacity.
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Figure 4. 12 The effect of dose on removal% for (ACF-NC-LDH)

Figure 4.13 shows the removal rates under the effect of changing the activated
carbon fibers, the highest removal rates for the activated carbon powder, and this is
evidence that the activated carbon fibers have higher adsorption sites than the

activated carbon powder.
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Figure 4. 13 Comparation between ACF-NC-LDH and PAC-NC-LDH under dose
effects.

4.2.4 Effect of Contact Time
Contact time is one of the important factors affecting the efficiency of organic
pollutants. For an adsorbent to be effective as an adsorbent, adsorption must be
rapid and quantitative. The experiment was applied at times starting from 30 min
up to 180 min at a temperature of 25 °C, a stirring speed of 400 rpm, a pH of 6, and
a dose concentration of 1 g/300 ml. In all previous experiments, we notice that with

the increase in contact time, the removal efficiency increases and reaches its peak
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at the highest time applied in the experiments, which is 120 min. This experiment
was conducted to show whether increasing the time increases the removal
efficiency continuously. Figure 4.14 shows the effect of contact time on the removal
efficiency for PAC-NC-LDH. The removal efficiencies were (55.8%, 71.3%,
78.1%, and 89.3%) at contact time (30, 60, 90, and 120min), respectively.
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Figure 4. 14 Effect of contact time on removal % for (PAC-NC-LDH)

Figure 4.15 shows the effect of contact time on the removal efficiency for
ACF-NC-LDH. The removal efficiencies were (69.95%, 85.68%, 92.25%, and
96.24%) at contact time (30, 60, 90, and 120 min), respectively. In both cases, it is
noted that the removal efficiency increases with the increase in contact time until it
reaches a certain limit and then becomes stable, as it was proven during the period
from 120 min to 180 min, which may be explained by the enormous number of
active sites that are available for COD adsorption during the first contact period.
Because the adsorption process has a propensity to attain equilibrium fast and
because different solid wastes have been combined to act as exchange agents for
organic ions. There are a fixed number of active sorption sites in a system, so it is
important to note that each active site can only adsorb one ion in a monolayer. As
a result, the uptake of metal by the adsorbent surface will initially be rapid and then

slow down due to the competition of ions for available active sites.
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Figure 4. 15 Effect of contact time on removal % for (ACF-NC-LDH)

Figure 4.16 shows that the removal efficiency of activated carbon fibers is
higher than the removal efficiency of activated carbon powder for all contact times.
This explains that activated carbon fibers have more adsorption sites than their

counterparts, which gives them preference in the adsorption of organic pollutants.
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Figure 4. 16 Comparation between ACF-NC-LDH and PAC-NC-LDH under contact
time effects.

4.2.5 The Effect of Temperature

Temperatures between (20-90 °C) were used to study how temperature affects
removal effectiveness. The experiments were run for 120 min at a stirring speed of
400 rpm and a dosage of 1 g/300 ml at a pH of 6. The temperature was raised from
20 °C to 70 °C, which resulted in greater adsorption of COD. The removal
effectiveness of the PAC-NC-LDH is shown in Figure 4.17 as a function of
temperature, with the adsorption efficiency being (44.25% and 89.31%) at
temperatures of (20 — 70 °C), respectively.
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Figure 4. 17 Effect of temperature on removal% for (PAC-NC-LDH)

The impact of rising temperature on the ACF-NC-LDH's capacity for
adsorption is seen in Figure 4.18. Absorption effectiveness at 20 °C and 70 °C was
53.42 and 96.16 %, revealing that for PAC and ACF, respectively, higher
temperatures were more favorable for the adsorption of organic contaminants in
general. When the temperature was increased to 80 °C and then 90 °C, the
adsorption efficiency remained constant as it was at 70 °C. This explains that the
adsorption sites were filled with adsorbed materials and there was no ability to
absorb more pollutants. A Kkinetically regulated endothermic process is
demonstrated by the fact that the temperature rise increased the pollutant adsorption
rate because more diffusion increased the mass transfer of the pollutant particles.
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Figure 4. 18 Effect of temperature on removal% for (ACF-NC-LDH)

Figure 4.19 demonstrates that for all temperatures, activated carbon fibers

have a better removal efficiency than activated carbon powder. This demonstrates
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that compared to their competitors, activated carbon fibers contain more adsorption
sites, giving them an edge in the adsorption of organic contaminants.
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Figure 4. 19 Comparation between ACF-NC-LDH and PAC-NC-LDH under temperature
effects.

Samples of polluted water were taken from the Baiji refinery for a full month,
and the samples were examined before and after using the activated carbon fiber
produced. After conducting experiments on pH, stirring speed, dose, temperature,
and time determine the optimal conditions for conducting the final experiment. The
experiment was conducted at a pH of 6, stirring speed of 400rpm, a dose of activated
carbon of 1g/300 ml, and a temperature of 70°C for 120min for ACF-NC-LDH and
PAC-NC-LDH on a polluted water sample that was examined in the Baiji refinery.
The results showed that the removal rate of all organic pollutants, including oil and
other pollutants shown in Table 4.1 reached 99.26% for ACF-NC-LDH and 90.3%
for PAC-NC-LDH as indicated in Figure 4.20. These results indicate the high
efficiency of the chemical treatment process in increasing the percentage of removal
of oily residues and other organic residues compared to previous studies in which
active carbon was produced from palm fibers. According to Abd El Aziz Nayl et al.
(88), the total removal rate reached about 91% after they produced active carbon
from date palm fibers without any chemical treatment. As for Jinhui Wang et al.
(252), the total removal rate reached about 95% after they used the treatment.
Chemical coating and lamination to improve commercial activated carbon fibers.
Hence, it can be said that the total removal rate that we obtained (99.26%) was

excellent and exceeded most previous studies.
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Table 4. 1 The removal rates of all organic pollutants, including oil.

The Pollutant Total ACF-NC-LDH Removal PAC-NC-LDH Removal

(Mg/L) (remaining) efficiency (remaining) efficiency
coD 890 6 99.32% 92 89.66%
OiL 871 4.2 99.51% 92 89.44%
Sulfate 380 2.9 99.23% 34 91.05%
Heavy metals 488 4.2 99.13% 36 92.62%
TDS 721 9 98.75% 91 87.38%
Na 466 1.7 99.63% 22 95.28%
Total amount 3816 28 99.26% 367 90.38%
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Figure 4. 20 The amount of wastewater before and after final adsorption process

4.3  Thermodynamic adsorption results
The thermodynamic parameters of COD adsorption on PAC-NC-LDH and

ACF-NC-LDH, including Gibbs free energy AG® (kJ/mol), standard enthalpy
AH°(kJ/mol), and standard entropy AS° (kJ/mol. k), were calculated using the
equations previously reported in the section materials and methods. The slope and
intercept of the plots of In Keq against 1/T were used to obtain the values of AH®
and AS°. Figure 4.21 depicts the plot of 1/T vs In Keq for COD for PAC-NC-LDH
and ACF-NC-LDH, respectively. Table 4.2 displays the (AH®), (AS®), (AG®), and
R? of several plots for adsorption on PAC-NC-LDH and ACF-NC-LDH.

62



y =-7400.3x + 25.24

® ACF-NC-LDH

Ln Keq

PAC-NC-LDH
1 y =-4931.5x + 16.517

0
0.0028
-1

0.0032

0.0033

0.0029 0.003  0.0031 0.0034 0.0035

1/T

Figure 4. 21 Slopes of (1/T) and (Ln Keg) for (PAC-NC-LDH) and (ACF-NC-LDH).

The two processes that make up the adsorption process in a solid-liquid
system are (a) the desorption of previously adsorbed water molecules, and (b) the
adsorption of adsorbate species. The adsorption process is endothermic because the
material molecules must displace more than one water molecule to adhere. The
endothermic nature of the activated carbon from the COD adsorption system is
indicated by the computed positive values of AH°. The spontaneous behavior and
viability of the adsorption process are both confirmed by the negative values of
(AG®). The magnitude of (AG®) grew as the temperature climbed, which suggests
that the system's level of spontaneity also increased. The interface of activated

carbon/industrial waste treated in the adsorption process shows increased

randomness and disorder, as indicated by the calculated positive values (AS®).

Table 4. 2 Thermodynamic results for PAC-NC-LDH and ACF-NC-LDH.

PAC-NC-LDH ACF-NC-LDH
T AG® AS° AH® AG® AS° AH®
°C) | (kImol) | (k¥mol.K) | (k¥mol) | (kImol) | (kI/mol.K) | (kd/mol)

20 | 0.56 -1.38
30 | -0.36 -2.25
40 | -1.85 313
50 | -3.40 -4.16
— 0.137 41 — 0.209 61.52
70 | -6.05 -14.14
80 | -6.05 -14.14
90 | -6.05 -14.14
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4.4  Kinetic adsorption results
The removal of heavy metals and other potentially dangerous substances from

aqueous solutions, including dyes, has recently been the subject of much research.
Kinetic processes have been the main focus of the majority of adsorption research.
The adsorption process benefits from the kinetic data analysis since it provides
information on the adsorbate uptake rate, which regulates the resident time in the
adsorbent. Adsorption kinetics refers to the pace at which contaminants are drawn
out of the water-based solution. The study of kinetics is crucial for evaluating the
efficiency of adsorption, outlining the mechanism by which events occur, and
providing dynamic evidence for the amount of time needed to achieve an
equilibrium, the rate of adsorption, and the limiting step of adsorption. The values
of ki and ge were calculated using the slopes and intercepts of the straight lines

generated in log (qe - qt) vs. t plots, as illustrated in Figure 4.22 for pseudo-first-

order.
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Figure 4. 22 Pseudo first order model for PAC-NC-LDH and ACF-NC-LDH.

By plotting t/qg: vs. time, as seen in Figure 4.23, the values of k. and ge were
calculated and are reported in Table 4.3.
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Figure 4. 23 Pseudo second order for PAC-NC-LDH and ACF-NC-LDH

A high adsorption rate is a necessary quality in addition to the adsorbent's
adsorption capacity and removal effectiveness if it is intended for use in wastewater
treatment plants. Using experimental data at various starting concentrations, the
kinetics study onto adsorbents were studied using pseudo-first-order, pseudo-
second-order, and intra-particle diffusion models. These models were used to get
the computed parameter values in line with equations (14), (15), (17), and (18). The
accuracy between the estimated and experimental ge values, as well as R? for each
applied model, are used to determine which model is the most beneficial.

Table 4. 3 Kinetic adsorption results for PAC-NC-LDH and ACF-NC-LDH

Pseudo-first-order parameter Pseudo-second-order
parameter
Ky Ce, RZ | Qe exp ko Qe, R?
(/min) | calc.(mg/g) (mg/g) (/min) | calc.(mg/g)
ACF-NC- | 0.0163 9.96 0.89 246 3.0x 263.1 0.99
LDH 1074
PAC-NC- | 0.0170 12.82 0.88 | 2283 1.4 x 263.1 0.99
LDH 107*

As can be seen, for (ACF-NC-LDH) and (PAC-NC-LDH), respectively, the
correlation coefficient values for pseudo-first-order kinetics (R? = 0.8983) are
lower than those for pseudo-second-order kinetics (R? = 0.9987) and for pseudo-
first-order kinetics (R? = 0.8825) are lower than those for pseudo-second-order
kinetics (R? = 0.9954). According to the coefficient of correlation values of the

results with a pseudo-second-order kinetic model which most closely fits the

65



obtained experimental data, the primary adsorption mechanism for the investigated
adsorption procedure for removing COD from industrial wastewater by preparing
the activated carbon fiber is chemisorption reaction. Intraparticle diffusion (IPD)-
governed Kinetics data analysis. The dispersion mechanism and rate-limiting
mechanisms that affect the adsorption kinetics are identified using this connection.
The diffusion models frequently have as their basis the following mechanistic steps.
Internal mass transfer inside the adsorbent particle's internal structure (intraparticle
diffusion), external mass transfer across the boundary region surrounding the
adsorbent particles, diffusional mass transfer through a pore or surface, or a
combination of these processes, as well as adsorption/desorption at a surface site.
The intraparticle dispersion model states that the speed at which the adsorbate

diffuses in the direction of the adsorbent determines the rate of adsorption. By this

idea, t§ rather than t, the adsorbate uptake gt varies almost proportionately with the
contact time. If the product of the graph between the adsorption amplitude and the
square root of time is a straight line passing through the origin, then the intraparticle
diffusion step is the only velocity-determining step. However, the deviation of the
straight line from the point of origin (and this is noted by the cut-off value C when
it is greater than zero) as a result of the change in mass transfer in the initial and
final stages of the adsorption process indicates that the adsorption process consists

of several steps, including adsorption on the outer surface and internal diffusion.

Figure 4.24 shows the diffusion curve diagram for both samples produced.
Furthermore, in Table (4.4) the C values (147.37 and 91.52) for both ACF-NC-
LDH and PAC-NC-LDH respectively were larger than zero, demonstrating that the
adsorption process rate limiting, rather than intra-specific diffusion, contributes to
the diffusion of the border layer.
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Figure 4. 24 The intraparticle diffusion model for (PAC-NC-ACF) and (ACF-NC-LDH).

Table 4. 4 The results of intra-particular diffusion model.

Model Intra-particular diffusion
Parameters C Kd R?
ACF-LC-LDH 147.37 8.1994 0.8325
PAC-NC-LDH 91.522 11.107 0.9108

4.5  Adsorption isotherm models
4.5.1 Langmuir adsorption isotherm
The monolayer adsorption of a solute from a fluid solution on an outer layer

with a limited number of identical sites is consistent with the Langmuir adsorption
isotherm. The model is based on several fundamental hypotheses, including The
capacity of the adsorbent to hold the adsorbate is finite (at equilibrium); (i) sorption
takes place at predetermined homogenous sites inside the adsorbent; (ii) once a dye
molecule occupies a site; and (iii), (iii), (iv), and (v) all sites are identical and
energetically equivalent. The Langmuir isotherm model states that during
homogeneous energy of adsorption onto the surface, there is no adsorbate migration
in the plane of the surface. The Langmuir isotherm model was chosen to determine
the maximum adsorption capacity corresponding to complete monolayer coverage
on the sorbent surface.

For the Langmuir isotherm, Ce/qe is plotted versus Ce, as shown in Figures
4.25, and Figure 4.26. The Langmuir isotherm model is appropriate for COD
adsorption from industrial wastewater treated by ACF-NC-LDH, according to
straight lines (R2 > 0.99) that were obtained and for PAC-NC-LDH was (R2 < 0.99).
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Figure 4. 25 Langmuir adsorption isotherm for PAC-NC-LDH.

y =0.0025x + 0.0486
R?=0.9944

31.5 32 32.5 33 33.5 34 34.5 35 35.5 36 36.5
Ce

Figure 4. 26 Langmuir adsorption isotherm for ACF-NC-LDH

The RL value indicates that the isothermal form is either unfit (RL), linear (R
=1), fit (0 <RL < 1), orirreversible (RL = 0) (255). As shown in Table 4.5, for the
two adsorption systems, the RL values at different concentrations range between 0
and 1, which indicates a suitable adsorption. Low values of Ry indicate high and
favorable adsorption for both samples.

Table 4. 5 Langmuir adsorption isotherm parameters.

Langmuir adsorption isotherm
Sample
R? RL q, (mg/g) k (1/mg)
PAC-NC-LDH | 0.9551 0.284-0.293 111.11 0.00283
ACF-NC-LDH | 0.9944 | 0.0219-0.0229 400 0.05
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4.5.2 Freundlich adsorption isotherm
The first established model for the sorption process is the Freundlich isotherm

model (255). The Freundlich equation is also used to propose that sorption energy
rapidly reduces upon completion of the sorption centers of an adsorbent. The model
applies to adsorption on heterogeneous surfaces with interaction between adsorbed
molecules.

From plotting log (Ce) and Log (ge) the 1/n value has been calculated as
shown in Figures 4.27 and Figure 4.28. As shown in Table 4.6, the values of n are
(1.2 and 2.7) for each of (PAC-NC-LDH and ACF-NC-LDH), respectively, where
(n>1), which means that the adsorption is a favorable physical process. The
heterogeneity factor is 1/n, and n is a measurement of the adsorption's departure
from linearity. According to its value, the relationship between solution
concentration and adsorption is not linear to the extent shown below: Adsorption is
linear if n is equal to unity; chemical adsorption is implied if n is less than unity;
and advantageous physical adsorption is implied if n is more than unity.
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o 2.405
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o
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Figure 4. 27 The Freundlich adsorption isotherm model for ACF-NC-LDH.
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Figure 4. 28 The Freundlich adsorption isotherm model for PAC-NC-LDH.

Table 4. 6 Freundlich adsorption isotherm parameters.

Freundlich adsorption isotherm
Samples
R2 1/n n k
PAC-NC-LDH 0.9968 0.7939 1.2 6.3
ACF-NC-LDH 0.9813 0.3616 2.7 70.2

In addition, the values of R? are (0.99 and 0.98) for each of (PAC-NC-LDH
and ACF-NC-LDH), respectively, which means that the Freundlich adsorption
isotherm applies to the powder sample more than its counterpart (ACF-NC-LDH).

4.5.3 Temkin Isotherm
Temkin makes the supposition that the quality of different binding sites

makes them not all equal. Adsorption will only take place at specific locations,
ideally the higher energy locations, yet there will be repulsion at empty locations
when the nearby locations are filled, then low-energy locations. Adsorbent
interactions between adsorbent species are explicitly taken into account by a factor
in the Temkin isothermal model. This model makes two key assumptions: (i)
adsorption is defined by a uniform distribution of binding energies, up to a
maximum binding energy; and (ii) adsorption is characterized by a linear reduction
in heat of adsorption for all molecules in the layer with coverage owing to
adsorption-adsorption interactions. The Freundlich equation demonstrates that the
reduction in the heat of absorption is linear rather than logarithmic, which is the
assumption used in the derivation of the Tempkin isotherms. The Tempkin

constants At (I/mg) and by (J/mol) are used in the following diagram to represent
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how the Tempkin isotherms are often utilized. R is the universal gas constant, which
has the value of 8.314 J.mol~1 K~1, and T is the absolute temperature in Kelvin.
The slope and intercepts of the plots produced by plotting ge vs, logCe are used to

calculate the A and b constants.

Plotted by plotting log Ce with ge, Figures 4.29 and 4.30 show the Temkin
model for PAC-NC-LDH and ACF-NC-LDH, respectively. It turns out that both
samples apply to the Temkin model, as shown in Table 4.7. The R-value is (.9970
and 0.9821 for PAC-NC-LDH and ACF-NC-LDH, respectively.

240

238

236 y = 185.16x - 606.77

234 R*=0.997

ge

232
230
228

226
4.5 4.51 4.52 4.53 4.54 4.55 4.56 4.57

log Ce

Figure 4. 29 The Temkin isotherm model for PAC-NC-LDH
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Figure 4. 30 The Temkin isotherm model for ACF-NC-LDH
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Table 4. 7 Temkin isotherm results.

Parameters Temkin isotherm model
Sample R2 At (I/mg) b (J/mol)
ACF-NC-LDH 0.9821 0.469 27.278
PAC-NC-LDH 0.9970 0.037 13.380

An increase or decrease in the values of A and by affects this relationship.
- At is the adjustment factor representing the effect of surface reactions on
adsorption. An increase enhances the chemical impact on the adsorption process.
- by is a coefficient controlling the structural effect on the surface. An increase
suggests a lesser structural impact, possibly due to the formation of a chemical layer
that reduces structural effects.
It is expected that Ay is larger for active carbon fibers, indicating a more significant
chemical impact on the adsorption process. Meanwhile, by also signifies a
structural influence, and it seems to have a higher b value for active carbon fibers.
This higher bt may suggest a lesser structural impact compared to activated carbon
powder.

4.6  Response Surface Method (RSM)
The theoretical model that connects certain controllable variables (factors) to

a response is frequently either unavailable or extremely complicated. Information
on the relationship between the causes and the response in this situation should be
gathered empirically. The Central Compsite Design of Response Surface
Methodology (RSM) is a group of statistical and mathematical methods for
studying situations like the one being presented using an empirical model.

ACF-NC-LDH was analyzed using the response surface method RSM and
ANOVA tables by MINITAB software. Table 4.8 shows the P-value and F-value
for the ANOVA analysis where both pH and time were chosen as variables versus
COD which was selected as the response. In Table 4.8, the F-value for the PH,
which was 0.71, indicates that the regression equation can account for the majority
of the variance in response. To determine if the F distribution is statistically
significant, the P-value is utilized. A P-value of less than 0.05 indicates that the
model is statistically significant. It should be noted that the P-values for pH and
time were (0.005, and 0.041), respectively, indicating that the variables indeed
impact the process's outcomes and that the model is statistically significant.
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The degree to which the points on a normal probability plot match a straight
line is one technique to evaluate the normality of a distribution. As seen in Figure
4.31, Minitab often provides the normal probability plot directly. Which variables
have the most influence on the experiment is determined through the Pareto chart
(Figure 4.31a), which shows that the square vector of pH is the most influential,
followed by time. The vertical line can be observed at 2.101, which indicates that
the distribution is statistically significant when the line intersects more vectors. It
appears that the model has a normal distribution when observing the figure (Figure
4.31b). This is known by observing the points that the closer they are to the
reference line, the more normal the distribution is. Figure 4.31c shows that the
model has a normal distribution, as a pyramid-shaped histogram with a peak
appears. The more points on the versus order represent an irregular shape with
pulses, the more it indicates that the distribution is normal and has an impact on the
efficiency of the target, as in Figure 4.31d. The Response Optimizer tool shows that
the best value for obtaining the lowest COD is at a pH of 6.4 and a time of 120 min,
and shows the 3D surface plot of COD vs PH and time (Figure 4.32).

Table 4. 8 The ANOVA table of pH and time as variables and COD as response for
ACF-NC-LDH.

Source DF Adj SS Adj MS F-Value P-Value
Model 5 392844 78569 9.88 0.000
Linear 2 112864 56432 7.10 0.005
PH 1 5643 5643 0.71 0.041
TIME 1 107221 107221 13.48 0.002
Square 2 269638 134819 16.95 0.000
PH*PH 1 269337 269337 33.86 0.000
TIME*TIME 1 301 301 0.04 0.848
2-Way Interaction | 1 10341 10341 1.30 0.269
PH*TIME 1 10341 10341 1.30 0.269
Error 18 143168 7954

Total 23 536012
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Figure 4. 31 Normal probability plots of pH and time as variables and COD as response
for ACF-NC-LDH.
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Figure 4. 32 The left: 3d surface plot for COD vs time and PH, The right: the
optimum values of time and PH for lower COD for ACF-NC-LDH.

The P-value and F-value for the ANOVA analysis in which COD was chosen
as the response and both stirring speed and time were chosen as variables are shown
in Table 4.9. The F-value for the stirring speed, which was 1390.01, indicates that
the regression equation can account for the majority of the variance in response
Table 4.9. To determine if the F distribution is statistically significant, the P-value

is utilized. A (P-value) of less than 0.05 indicates that the model is statistically
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significant. It should be noted that the P-values for stirring speed and time were
(0.000, 0.000), respectively, indicating that the variables indeed impact the
process's outcomes and that the model is statistically significant. The degree to
which the points on a normal probability plot match a straight line is one technique
to evaluate the normality of a distribution. As seen in Figure 4.33, Minitab often
provides the normal probability plot directly. Through the Pareto chart (Figure
4.33a), which demonstrates that the vector of stirring speed is the most significant
variable, it is possible to identify which factors have the most impact on the
experiment. The vertical line can be observed at 2.1, which indicates that the
distribution is statistically significant when the line intersects more vectors. When
looking at the Figure 4.33b, it looks like the model has a normal distribution. By
examining the points, it can be determined that the distribution is more normally
distributed the closer the points are to the reference line. Figure 4.33c displays a
pyramid-shaped histogram with a peak, demonstrating the model's normal
distribution. As shown in Figure 4.33d, the more points on the versus order that
show an irregular shape with pulses, the more strongly it suggests that the
distribution is normal and affects the effectiveness of the target. The response
optimizer tool demonstrates that a speed of stirring of 509.09 rpm and a duration of
120 minutes result in the lowest COD, and displays a 3D surface plot of COD versus
stirring speed and time (Figure 4.34).

Table 4. 9 The ANOVA table of stirring speed and time as variables and COD as
response for ACF-NC-LDH.

Source DF | AdjSS | Adj MS | F-Value P-Value
Model 5 11007720 | 201544 344.62 0.000
Linear 2 | 865212 | 432606 739.71 0.000
Stirring speed 1 | 812920 | 812920 | 1390.01 0.000
Time 1 52292 52292 89.41 0.000
Square 2 | 133359 | 66679 114.02 0.000
Stirring speed*stirring speed | 1 | 129329 | 129329 221.14 0.000
Time*time 1 4030 4030 6.89 0.017
2-way interaction 1 9149 9149 15.64 0.001
Stirring speed*time 1 9149 9149 15.64 0.001
Error 18 | 10527 585

Total 23 | 1018247
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Figure 4. 33 Normal probability plots of stirring speed and time as variables and COD as
response for ACF-NC-LDH.
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Figure 4. 34 The left: 3d surface plot for COD vs time and stirring speed, The
right: the optimum values of time and stirring speed for lower COD for ACF-NC-
LDH.

Table 4.10 displays the P-value and F-value for the ANOVA study in which
dosage and time were chosen as factors and COD was selected as the response. The
regression equation can explain the bulk of the variance in response, according to
the F-value for the dose, which was 440.82 in Table 4.10. The P-value is used to
assess the statistical significance of the F distribution. When the (P-value) is less

than 0.05, the model is considered statistically significant. It should be noted that
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the P-values for the dosage and time were (0.000, and 0.000), respectively,
demonstrating that the variables do indeed affect the process' results and that the
model is statistically significant. One method to assess a distribution's normality is
to see how closely the points on a normal probability plot resemble a straight line.
Figure 4.35 illustrates how Minitab frequently offers the normal probability plot
directly. It is possible to determine which variables have the most effects on the
experiment by using the Pareto chart (Figure 4.35a), which shows that the vector of
dosage is the most important variable. The vertical line can be observed at 2.1,
which indicates that the distribution is statistically significant when the line
intersects more vectors. The model appears to have a normal distribution
considering Figure 4.35b. The distribution is shown to be more regularly distributed
the closer the points are to the reference line by looking at the points. The normal
distribution of the model is illustrated by a pyramid-shaped histogram with a peak
in Figure 4.35c. The efficacy of the target is impacted by the number of spots on
the versus order that exhibit an irregular shape with pulses, as illustrated in Figure
4.35d. The more such points, the more firmly the distribution is thought to be
normal. The response optimizer tool shows that dosage for 120 minutes at 1.4434
yields the lowest COD and shows a 3D surface plot of COD against dosage and
time (Figure 4.36).

Table 4. 10 The ANOVA table of dosage and time as variables and COD as response for
ACF-NC-LDH.

Source DF Adj SS Adj MS F-Value P-Value
Model 5 776571 155314 136.97 0.000
Linear 2 542223 271111 239.08 0.000
Dose 1 499870 499870 440.82 0.000
Time 1 42353 42353 37.35 0.000
Square 2 169689 84844 74.82 0.000
Dose*dose 1 166829 166829 147.12 0.000
Time*time 1 2860 2860 2.52 0.130
2-way interaction 1 2951 2951 2.60 0.124
Dose*time 1 2951 2951 2.60 0.124
Error 18 20411 1134

Total 23 796982
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Figure 4. 35 Residual plots of dosage and time as variables and COD as response for
ACF-NC-LDH.
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Figure 4. 36 The left: 3d surface plot for COD vs time and dosage, The right: the
optimum values of time and dosage for lower COD for ACF-NC-LDH.

The P-value and F-value for the ANOVA analysis with temperature and time

as variables and COD as the response are shown in Table 4.11. According to the F-

value for the temperature, which was 957.92, the regression equation can explain

the majority of the variance in response in Table 4.11. The statistical significance

of the F distribution is determined by the P-value. The model is considered

statistically significant when the P-value is less than 0.05. It should be noted that

the P-values for the temperature and time were (0.000, and 0.000), indicating that
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the variables do impact the process's results and that the model is statistically
significant. One way to determine the normality of a distribution is to examine how
closely the points on a normal probability plot resemble a straight line. Minitab
typically provides the normal probability plot directly as seen in Figure 4.37. The
Pareto chart (Figure 4.37 a) may be used to discover which factors have the most
influence on the experiment, revealing that the vector of temperature is the most
relevant variable. The vertical line can be observed at 2.06, which indicates that the
distribution is statistically significant when the line intersects more vectors. When
evaluated in Figure 4.37b, the model looks to have a normal distribution. Looking
at the points, the distribution is seen to be more consistently distributed the closer
the points are to the reference line. A pyramid-shaped histogram with a peak in
Figure 4.37c depicts the model's normal distribution. The amount of dots on the
versus order that have an irregular form with pulses affects the target's
effectiveness, as shown in Figure 4.37d. The greater the number of such points, the
more strongly the distribution is regarded to be normal. The response optimizer tool
(Figure 4.38) demonstrates that a temperature of 84.34 °C for 120min produces the

lowest COD, and presents a 3D surface plot of COD against temperature and time.

Table 4. 11 The ANOVA table of temperature and time as variables and COD as
response for ACF-NC-LDH.

Source DF | AdjSS | Adj MS F-Value P-Value
Model 5| 768283 | 153657 310.47 0.000
Linear 2| 704596 | 352298 711.84 0.000
TEMP 1| 474088 | 474088 957.92 0.000
TIME 1| 230508 | 230508 465.76 0.000
Square 2 63600 31800 64.25 0.000
TEMP*TEMP 1 53411 53411 107.92 0.000
TIME*TIME 1 10189 10189 20.59 0.000
2-Way Interaction 1 87 87 0.18 0.678
TEMP*TIME 1 87 87 0.18 0.678
Error 26 12868 495
Total 31| 781150
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Figure 4. 37 Residual plots of temperature and time as variables and COD as response
for ACF-NC-LDH.
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Figure 4. 38 The left: 3d surface plot for COD vs time and temperature, The
right: the optimum values of time and temperature for lower COD for ACF-NC-
LDH.

For PAC-NC-LDH, analysis of variance was performed on the COD results
obtained from previous experiments. Regarding the effect of pH on the efficiency
of reducing the amount of COD, the results of the ANOVA table showed that
changing the pH does not greatly affect adsorption, or more precisely, we can say
that adsorption does not depend primarily on changing the pH. As shown in Table
4.12, the P-value was about 0.935, which is a value much higher than the value of
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the highest specified error rate, which is equal to 0.05. In addition, as shown in
Figure 4.39a, the pH vector does not intersect the critical line at 2.101, meaning that
the distribution does not depend on the pH vector. Figure 4.39b shows that most of
the points are close to the reference line, and some are relatively far away. The
closer the points are to the reference line, the more it indicates that the distribution
is normal and that the variables have an impact on the process. Figure 4.39¢ shows
an unorganized shape, as the shape should be a pyramid with a peak so that we can
say that the distribution is similar to the normal distribution. There are also spaces
in the columns that expose the deficiency of some sources or variables, and here it
can be said that the distribution is not statistically significant. To confirm the notion
that the residuals are independent from one another, use the residuals against the
order plot (Figure 4.39d). When exhibited in temporal order, independent residuals
do not exhibit any trends or patterns. The patterns in the data may suggest that
residuals close to one another are likely connected and hence not independent. The
residuals on the plot should ideally be distributed randomly about the center line.
The right part of Figure 4.40 shows that the lowest COD obtained was at a pH of
6.74 and a time of 120 minutes. The left part shows a 3D surface plot for both pH
and time versus COD.

Table 4. 12 The ANOVA table of PH and time as variables and COD as response
for PAC-NC-LDH.

Source DF Adj SS | Adj MS F-Value P-Value
Model 5 490586 98117 14.53 0.000
Linear 2 158460 79230 11.74 0.001
PH 1 46 46 0.01 0.935
TIME 1 158413 158413 23.46 0.000
Square 2 328128 164064 24.30 0.000
PH*PH 1 319002 319002 47.25 0.000
TIME*TIME 1 9126 9126 1.35 0.260
2-Way Interaction 1 3999 3999 0.59 0.452
PH*TIME 1 3999 3999 0.59 0.452
Error 18 121526 6751
Total 23 612112
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Figure 4. 39 Residual plots of PH and time as variables and COD as response for
PAC-NC-LDH
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Figure 4. 40 The left: 3D surface plot for COD vs time and PH, The right: the
optimum values of time and PH for lower COD for PAC-NC-LDH.
According to the results of the ANOVA table, altering the stirring speed
greatly influences the adsorption, or more precisely, we can say that the adsorption
mostly depends on altering the stirring speed when examining the impact of stirring
speed on the effectiveness of lowering the quantity of COD. The P-value was 0, as
shown in Table 4.13, which is significantly less than the value of the greatest
specified error rate, which is 0.05. Additionally, as seen in Figure 4.41 a, the

distribution is dependent on the stirring speed vector, which is the biggest and most
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significant vector in the experiment and meets the critical line at 2.101. The
majority of the spots are near the reference line, but a few are somewhat far away,
as shown in Figure 4.41b. The more closely the points resemble the reference line,
the more normal the distribution is and the more the variables affect the process.
An unstructured form could be seen in Figure 4.41c. To state that the distribution
resembles a normal distribution, the form must be a pyramid with a summit. The
columns also include gaps, which indicate the absence of some sources or variables.
Use the residual versus system diagram (Figure 4.41 d) to demonstrate the residuals'
independence from one another. The independent residuals do not exhibit any
patterns or trends when studied in chronological order. Data patterns may suggest
that residues near one another are probably connected and hence not independent.
The plot's leftovers are best dispersed at random along the middle line. The right
part of Figure 4.42 shows that the lowest COD obtained was at a stirring speed of
514.14 rpm and a time of 120 min. The left part shows a 3D surface plot of both

stirring speed and time versus COD.

Table 4. 13 The ANOVA table of stirring speed and time as variables and COD as
response for PAC-NC-LDH.

Source DF Adj SS | Adj MS | F-Value | P-Value
Model 5| 1060485 | 212097 | 263.77 0.000
Linear 2 910172 | 455086 | 565.96 0.000
Stirring speed 1 816372 | 816372 | 1015.27 0.000
TIME 1 93800 93800 | 116.65 0.000
Square 2 142445 71222 88.57 0.000
Stirring speed*Stirring speed 1 124240 | 124240 | 154.51 0.000
TIME*TIME 1 18205 18205 22.64 0.000
2-Way Interaction 1 7868 7868 9.79 0.006
Stirring speed*TIME 1 7868 7868 9.79 0.006
Error 18 14474 804
Total 23 | 1074959
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Figure 4. 41 Residual plots of stirring speed and time as variables and COD as
response for PAC-NC-LDH
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Figure 4. 42 The left: 3D surface plot for COD vs time and stirring speed, the
right: the optimum values of time and stirring speed for lower COD for PAC-NC-
LDH

In terms of the influence of carbon dosage on the effectiveness of lowering
COD, the ANOVA table revealed that adsorption is mostly affected by modifying

the stirring speed. The P-value was 0, as shown in Table 4.14 which is substantially

lower than the value of the greatest specified error rate, which is 0.05. Furthermore,

as shown in Figure 4.43a, the carbon dosage vector is the largest and most important

vector in the experiment, intersecting the crucial line at 2.101, indicating that the

distribution is influenced by the carbon dose vector. Figure 4.43Db illustrates that the
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majority of the points are near the reference line, while a few are somewhat far
away. The closer the points are to the reference line, the more normal the
distribution is, and the variables influence the process. Figure 4.43c depicts an
unstructured shape. To say that the distribution is similar to a normal distribution,
the shape must be a pyramid with a peak. There are also gaps in the columns,
indicating the absence of some sources or variables. The residual versus system
diagram (Figure 4.43d) can be used to confirm the idea that the residuals are
independent of one another. The independent residuals show no trends or patterns
when viewed in chronological order. Data patterns may indicate that residues near
each other are likely related and thus not independent. The plot's remains are best
distributed at random around the center line. The right part of Figure 4.44 shows
that the lowest COD obtained was at a carbon dose of 1.4434 g/300ml and a time
of 120 min. The left part shows a 3D surface plot of both carbon dose and time
versus COD.

Table 4. 14 The ANOVA table of dosage and time as variables and COD as
response for PAC-NC-LDH.

Source DF | AdjSS| AdjMS | F-Value | P-Value
Model 5| 831386 166277 | 123.73 0.000
Linear 2| 581911 290956 | 216.50 0.000
Dosage 1| 499892 499892 | 371.98 0.000
TIME 1 82019 82019 61.03 0.000
Square 2 | 180552 90276 67.18 0.000
Dosage*Dosage 1| 167298 167298 | 124.49 0.000
TIME*TIME 1 13254 13254 9.86 0.006
2-Way Interaction 1 2942 2942 2.19 0.156
Dosage*TIME 1 2942 2942 2.19 0.156
Error 18 24190 1344
Total 23 | 855576
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Figure 4. 43 Residual plots of dosage and time as variables and COD as response
for PAC-NC-LDH.
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Figure 4. 44 The left: 3D surface plot for COD vs time and dosage, The right: the
optimum values of time and dosage for lower COD for PAC-NC-LDH.

In terms of the effect of temperature on the efficiency of reducing the amount
of COD, the ANOVA table results revealed that adsorption is primarily affected by
temperature changes. The P-value was 0, as shown in Table 4.15, which is much
lower than the value of the highest specified error rate, which is 0.05. Furthermore,
as shown in Figure 4.45a, the temperature vector is the largest and most influential
vector in the experiment, intersecting the critical line at 2.06, indicating that the

distribution is affected by the temperature vector. All of the points in Figure 4.45b
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are close to the reference line. The closer the points are to the reference line, the
more normal the distribution is, and the variables affect the process. Figure 4.45c
depicts an organized shape, which should be a pyramid with a top, and the
distribution is similar to the normal distribution. There are no blank spaces in the
columns, indicating that there is no deficiency in any of the sources or variables.
The residual versus system diagram (Figure 4.45d) can be used to confirm the idea
that the residuals are independent of one another. The independent residuals show
no trends or patterns when viewed in chronological order. Data patterns may
indicate that residues near each other are likely related and thus not independent.
The plot's remains are best distributed at random around the center line. The right
part of Figure 4.46 shows that the lowest COD obtained was at a temperature of
83.63 °C and a time of 120 min. The left part shows a 3D surface plot of both
temperature and time versus COD.

Table 4. 15 The ANOVA table of temperature and time as variables and COD as
response for PAC-NC-LDH.

Source DF AdjSS | AdjMS | F-Value | P-Value
Model 5 966763 193353 725.86 0.000
Linear 2 877819 438910 | 1647.69 0.000
TEMP 1 536863 536863 | 201541 0.000
TIME di 340956 340956 | 1279.97 0.000
Square 2 88321 44161 165.78 0.000
TEMP*TEMP 1 72833 72833 273.42 0.000
TIME*TIME 1 15488 15488 58.14 0.000
2-Way Interaction 1 622 622 2.34 0.138
TEMP*TIME 1 622 622 2.34 0.138
Error 26 6926 266
Total 31 973689
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Figure 4. 45 Residual plots of Temperature and time as variables and COD as
response for PAC-NC-LDH
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Figure 4. 46 The left: 3D surface plot for COD vs time and Temp., The right: the
optimum values of time and Temperature for lower COD for PAC-NC-LDH
The outcomes derived from the experimental data were analyzed using
Response Surface Methodology (RSM), which is a statistical technique. This
analysis facilitated the development of mathematical models, as detailed in Table

4.16.

Table 4. 16 Mathematical models of the variables in RSM.

Variables

PH

Mix
Speed
Dosage

Mathematical Models for (ACF-NC-LDH)

939 - 157.7 PH - 2.67 TIME + 10.62 PH*PH - 0.0039 TIME*TIME + 0.181

PH*TIME

1042.6 - 3.393 RPM - 0.425 TIME + 0.00294 RPM*RPM - 0.01440
TIME*TIME+ 0.003409 RPM*TIME
660.6 - 756.1 DOSE + 0.03 TIME + 241.8 DOSE*DOSE - 0.01213

TIME*TIME + 0.484 DOSE*TIME
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Temp.

Variables
PH

Mix
Speed
Dosage

Temp.

1027.1 - 15.28 TEMP - 5.622 TIME + 0.089 TEMP*TEMP +
0.0198TIME*TIME + 0.00215 TEMP*TIME

Mathematical Models for (PAC-NC-LDH)
1030 - 169.8 PH + 0.04 TIME + 11.55 PH*PH - 0.0217 TIME*TIME +
0.113 PH*TIME
1094.5 - 3.336 RPM + 1.62 TIME + 0.002884 RPM*RPM - 0.03060
TIME*TIME + 0.00316 RPM *TIME
735.0 - 756.7 DOSE + 1.62 TIME + 242.2 DOSE*DOSE - 0.02611
TIME*TIME + 0.483 DOSE*TIME
1228.1-16.674 TEMP - 6.429 TIME + 0.104 TEMP*TEMP + 0.0244
TIME*TIME - 0.00574 TEMP*TIME
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5. CONCLUSIONS AND DISCUSSION

In this study, the effect of variables (pH, stirring speed, carbon dose,
temperature, and contact time) on the efficiency of adsorption of organic pollutants
was studied using activated carbon fibers produced from date palm fibers. Chemical
oxygen demand (COD) was determined as a value to determine the amount of
organic pollutants and oil factory wastewater. Two samples were produced with
different activation methods in addition to being chemically treated to improve their
properties. (ACF-NC-LDH, PAC-NC-LDH) were obtained. The results were
calculated and analyzed using kinetic, thermodynamic, and isothermal calculations,
in addition to using the response surface method (RSM) to show the optimal way

to reduce organic pollutants in water.

e The results showed that the two treatment processes used to improve the
product properties had a great benefit in increasing the efficiency of the
physical, mechanical, and chemical properties, as activated carbon fibers
were produced coated with a layer of doped carbon in addition to the
lamination network (ACF-NC-LDH), which gave more active sites that led
to greater adsorption of pollutants.

e Chemical treatments were applied to the second sample, and activated
carbon powder coated with a layer of doped carbon and a double layer of
hydroxide (PAC-NC-LDH) was obtained.

e Concerning ACF-NC-LDH, the experimental findings demonstrated that
99.32% of the COD was removed at pH 6, 400 rpm stirring speed, 1 g/300
ml carbon dosage, and 70 °C temperature for 120 min.

e Regarding PAC-NC-LDH, the experimental results showed that the highest
percentage of COD removal was at pH 6, stirring speed of 400 rpm, carbon
dose of 1 g/300ml, and temperature of 70 °C for 120 min, where it reached
89.66%.

e The efficiency of removing oil from factory wastewater using ACF-NC-
LDH was about 99.51%, and 89.44% using PAC-NC-LDH.

e The efficiency of removing heavy metals from factory wastewater using
ACF-NC-LDH was about 99.13%, and 92.62% using PAC-NC-LDH.
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The efficiency of removing TDS from factory wastewater using ACF-NC-
LDH was about 98.75%, and 87.38% using PAC-NC-LDH.

The total removal rate of all organic pollutants was 99.26% and 90.38%
using ACF-NC-LDH and PAC-NC-LDH, respectively.

The predicted positive values of AH® in the thermodynamic findings
demonstrate the endothermic nature of the activated carbon from the COD
absorption system. Negative results of AG® validate the adsorption process's
validity and spontaneous nature. The magnitude (AG®°) rose as the
temperature rose, suggesting that the system's level of spontaneity rose as
well. The computed positive values (AS°) indicate enhanced randomness
and disorder at the activated carbon/treated industrial waste interface in the
adsorption process.

The Kkinetic results indicate that the correlation coefficient values of pseudo-
first-order kinetics (R? = 0.8983) and pseudo-second-order kinetics (R? =
0.9987) for (ACF-NC-LDH) and (PAC-NC-LDH), respectively, are lower.
Compared with the pseudo-second-order mobility (R? = 0.9954), the
pseudo-first-order mobility (R? = 0.8825) is lower. In the studied adsorption
procedure for removing COD from industrial wastewater by preparing
activated carbon fibers, the chemisorption reaction is the primary adsorption
mechanism, as demonstrated by the correlation coefficient values of the
results with a pseudo-second-order kinetic model that closely fits the
obtained experimental data.

The results of the response surface method, through which ANOVA tables
and normal distribution forms were used, showed complete agreement with
the typical objectives. The P-value for all variables was less than 0.05,
which is the value that the method aims not to reach, as it represents the
error value in the experiments.

The standard graphs of the residual values are in good agreement.
Examining the produced histograms reveals that the data is symmetric and
closely resembles a normal distribution. The locations where the residues
are 0 are where the data is denser, as seen by an examination of the typical
probability plots. The histograms show that the highest frequency values are

near zero or very close to zero. The versus order chart also shows that the
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values are distributed positively and negatively in a waveform around zero
areas. This arrangement shows that the analysis is highly acceptable and is
like a typical histogram.

e The results of the response surface method showed that the optimal design
through which the lowest COD can be obtained is achieved at a pH of 6.74,
a stirring speed of 514.14 rpm, a carbon dose of 1.44 g/300ml, a temperature
of 84.34 °C, and a duration of 120 min for ACF-NC-LDH. As for the
optimal design through which the lowest COD can be obtained using PAC-
NC-LDH, the analysis results showed that it is achieved at a pH of 6.409, a
stirring speed of 509.09 rpm, a carbon dose of 1.44 ¢/300ml, and a
temperature of 83.63 °C for 120 min.
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