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ABSTRACT

Many industries such as pharmaceuticals, dye manufacturing, fungi and pest
control, petroleum refineries etc. generate a huge amount of effluents containing
phenolic compounds. These Phenolic compounds have been known to exhibit
toxic effects on both humans and aquatic biota. Also, consumption of potable
water containing these phenolic compounds can have undesired effects on human
health since they are suspected to be carcinogenic and can cause liver damage
even at very low concentrations. Hence, it is essential to properly treat industrial

waste containing phenols before discharge into the environment.

In this study, we proposed a simple hydrothermal method to synthesize a
magnetic mesoporous resin (m-RMF) and magnetic porous resin grafted onto
chitosan beads (R-g-Ch) and applied it for removal of two phenolic compounds

(4- Chloro phenol and phenol) via adsorption.

The as-synthesized adsorbents; m-RMF and R-g-Ch were characterized using
Fourier Transfer Infrared (FT-IR), scanning electronic microscopy (SEM),
vibrating sample magnetometer (VSM), X-ray diffraction (XRD),
thermogravimetric (TG) and derivative thermogravimetric (DTG) analysis.
Batch adsorption studies were conducted under varying conditions of contact
time, temperature, dosage, pH etc. to optimize the experimental conditions
required for the optimum removal of phenol and 4-CP. Experimental data were
then analyzed using pseudo-first order, pseudo-second order and intra-particle

diffusion models. In addition, two commonly used adsorption equilibrium



isotherms i.e. the Freundlich and Langmuir isotherm models were utilized to
analyze the equilibrium isotherms for the adsorption of both phenolic

compounds.

The collected results indicate that the adsorption process fitted the Langmuir
isotherm model well in both cases which implies monolayer adsorption. The
maximum adsorption capacity of R-g-Ch was found to be 180.9 mg/g and 95.5
mg/g for phenol and 4-CP while that of m-RMF was 2.49 and 1.5 mmol/g
respectively. Equilibrium uptake of both phenols increased with an increase in
initial concentration while the adsorption was found to be highly pH dependent
with maximum removal obtained in the alkaline pH. The kinetics of the
adsorption process was well explained by the pseudo-second-order Kkinetic
model. Thermodynamic parameters (Gibbs free energy AG®° at 298K, -14.37 and
-14.29 kJ mol™, enthalpy AH°, -23.29 and -15.54 kJ mol™, and entropy AS°, -
29.9 and -4.2 J mol* K for phenol and 4-chlorophenol respectively) were also
calculated. The overall adsorption process was irreversible, spontaneous,

exothermic and feasible within the range of 298.15-318K.

These results suggest that both the R-g-Ch porous beads and m-RMF could be
used as efficient adsorbents for remediation of waste water containing phenols

and 4-CP.

Keywords: Phenol, 4-Chlorophenol, Chitosan, Melamine, Resorcinol
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Farmasotikler, boya imalati, mantarlar ve hasere kontrolii, petrol rafinerileri vs.
gibi pek c¢ok endiistri, fenolik bilesikler iceren ¢ok miktarda atik su iiretir. Bu
Fenolik bilesiklerin, hem insanlar hem de suda yasayan biyota iizerinde toksik
etkiler gosterdigi bilinmektedir. Ayrica, bu fenolik bilesikleri igeren igilebilir su
tiketiminin kanserojen oldugundan siiphelenildiginden ve ¢ok diisiik
konsantrasyonlarda bile karaciger hasarina neden olabileceginden insan sagligi
uzerinde istenmeyen etkileri olabilir. Bu nedenle, ¢cevreye bosalmadan 6nce fenol

igeren endiistriyel atiklarin uygun sekilde aritilmasi esastir.

Bu calismada, kitosan taneciklerine (Rg-Ch) asilanmis manyetik bir gézenekli
recine (m-RMF) ve manyetik gdzenekli recinenin sentezlenmesi icin basit bir
hidrotermal yontem o6nerdik ve iki fenolik bilesigin (4-Kloro fenol ve fenoliin)

adsorpsiyon yoluyla aritilmasi i¢in uygulama yapildi.

Sentezlenmis adsorbanlar; m-RMF ve Rg-Ch, Fourier Transfer Infrared (FT-IR),
taramali elektronik mikroskopi (SEM), titresimli 6rnek manyetometre (VSM), X
1511 kirmimi (XRD), termogravimetrik (TG) ve tiirev termogravimetrik analizi
(DTG) kullanilarak karakterize edildi. Fenol ve 4-CP'nin optimum sekilde
aritilmasi i¢in gereken deneysel kosullari optimize etmek i¢in ¢esitli temas
suresi, sicaklik, dozaj, pH vb. Kosullar altinda adsorpsiyon ¢aligmalar1 seri
olarak yapilmistir. Deneysel veriler daha sonara pseudo birinci dereceden,
pseudo ikinci dereceden ve parcacik i¢i difiizyon modelleri kullanilarak analiz

edildi. Ek olarak, yaygin olarak kullanilan iki adsorpsiyon denge izotermi, diger



bir deyisle Freundlich ve Langmuir izoterm modelleri, her iki fenolik bilesigin

adsorpsiyonu i¢in denge izotermlerini analiz etmek i¢in kullanilmastir.

Toplanan sonuglar, adsorpsiyon isleminin Langmuir izoterm modelini her iki
durumda da tek tabakali adsorpsiyonla uyumlu oldugunu gostermektedir. R-g-
Ch'nin maksimum adsorpsiyon kapasitesi fenol ve 4-CP i¢in 180.9mg /g ve 95.5
mg / g iken m-RMF'nin sirasiyla 2.49 ve 1.5 mmol / g oldugu bulundu. iki
fenoliin denge alimi, ilk konsantrasyondaki artisla artarken, adsorpsiyonun,
alkalin pH'ta elde edilen maksimum aritmaya bagl olarak yiiksek pH'a baglh
oldugu bulundu. Adsorpsiyon isleminin kinetigi s6zde (pseudo) ikinci dereceden
kinetik model ile iyi a¢iklanmistir. ermodinamik parametreler (Gibbs serbest
enerjisi AG®, 298K, -14.37 ve -14.29 kJ mol-1, entalpi AH®, -23.29 ve -15.54 kJ
mol? ve entropi S°, -29.9 ve -4.2 J mol Ayrica fenol icin -1 K ve sirasiyla 4-
klorofenol) hesaplandi. Genel adsorpsiyon islemi, geri doniisiimsiiz,

kendiliginden, ekzotermik ve 298.15-318°K araliginda uygulanabilirdi.

Bu sonuclar, hem R-g-Ch gdzenekli taneciklerinin hem de m-RMF'nin, fenoller
ve 4-CP igeren atik suyun iyilestirilmesi icin etkili adsorbanlar olarak

kullanilabilecegini gostermektedir.

Anahtar Kelimeler: Fenol, 4-Klorofenol, Kitosan, Melamin, Rezorsol
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Chapter 1

INTRODUCTION

1.1 Environmental pollution

Environmental pollution is an undesirable change we are facing in our environment
today. Pollution is simply the introduction of contaminants/pollutants into the natural
environment that causes harm to the environment, human health and other living
organisms, or damages the ecological system as a whole. When the concentration of
any substance in the environment is more than the permissible level, it is considered a
pollutant. Studies have shown that environmental water pollution is mainly related to
human activities which include unsupervised discharge of domestic, industrial and
agricultural wastes into water bodies, application of pesticides by farmers, leaks of

radioactive materials, gas emissions into the atmosphere etc. [1].

For decades, water was considered to be pure and uncontaminated if it was odorless,
colorless and tasteless. However, no water is regarded as completely pure because it
contains certain amount of suspended and dissolved solids, minerals, gases as well as
biological life. At present times, all concepts related to water contamination has been
modified. It simply means that clear, odorless and tasteless water may possess
undesirable substances such as radioactive nuclides, toxic metals, organic
contaminants, and emerging contaminants which when present in limits beyond the

acceptable range are harmful to both humans and the aquatic habitat at large [2].



Water is required by all living things for their survival and existence on the planet. As
one of the most important commodities which man has exploited in the world today it
has a high tendency to get polluted easily. Rising global population and
limited/diminishing quantity of utilizable water on the earth has led to concerns that
the world might experience a scarcity of fresh water in the coming years. In line with
this, concerted efforts are now focused on the need to preserve and improve water

quality at all times.
1.2 Water Pollution and water pollutants

Water Pollution is a result of the discharge of undesirable substances either directly or
indirectly into water bodies. For example, water contamination occurs when chemical
and mineral fertilizers from farms or factories flow into the rivers, oceans and
underground waters untreated. This directly affects plants and living organisms within
these waters. As earlier noted, no water is regarded as completely pure however water
becomes polluted when the presence of these contaminants cause unwanted alteration
in the physicochemical or biological properties of water that can have undesirable

results on human activity, health and survival of other living organisms.

Water pollutants are chemical, physical or biological factors that have detrimental or
aesthetically unpleasing effects on aquatic life and on those that consume the water.
They can be categorized as organic, inorganic and biological pollutants. Majority of
these water pollutants are in form of chemicals that are suspended or dissolved in water
bodies. In general, any factor can be characterized as a pollutant under certain
conditions if it is present in excessive amounts that can have an adverse effect on the

aquatic habitat [1].



Generally, two main sources of water contaminants have been identified and they are
classified as either direct/point and indirect/non- point sources of water pollution [3].
To further clarify this, sources of water pollution that include harmful substances
discharged directly from factories, wastewater treatment facilities, septic systems are
termed as direct or point sources. Indirect or non-point contamination sources on the
other hand are a product of soils/groundwater systems (from excess fertilizers,
herbicides etc. used in agricultural lands i.e. human agricultural practices), from
atmospheric gaseous emissions by automobiles, factories etc. which are also derived
from human practices that are then carried into a stream by rain or water run-off.
Majority of the contaminants in streams and lake are from indirect sources which in

most cases tend to be much more difficult to control [4].

In broader terms, industrial, municipal and agricultural activities are the main sources
of water contamination. The wastewater from homes and commercial establishments
produce Municipal water pollution. Characteristics i.e. type and concentration of
pollutants present in industrial wastewaters usually depends on the industry and the
waste cleaning/disposal method applied in industry [5]. Also, studies have shown that
there is a relationship between industrial activities, chemicals potentially disposed of
and present, and their impacts on surrounding water bodies, such as biochemical
oxygen demand (BOD), chemical oxygen demand (COD) and the number of
suspended solids present in them. The most common pollutants in water are heavy
metals, toxic organic substances like pesticides, phenols, insecticides etc., and
biological microorganisms such as bacteria, fungi, pathogens which are usually
referred to as biopollutants [6]. Persistent organic pollutants (POPs) are organic

compounds that are resistant to environmental and synergetic characteristics of the



ecosystem and can affect human well-being, health and general body function, food

production etc. [7].

Table 1.1 shows some important water contaminants and their adverse effects on both

humans and the aquatic habitat. These contaminants can either be completely soluble

in water, exist as particulate matter or a cumulative of both.

Table 1: Important contaminants in wastewater (Source adapted from Metcalf and

Eddy, 1991)

Contaminants

Reason(s) for importance

Sediments and suspended
solids (SS)

They can cover gravel beds and cause fish can find the|
food hardly and, also damage gill structures oh insects
and fish directly. Organic sediments causing &
reduction in oxygen and creating anaerobic conditions
like unpleasant odors.

Biodegradable organics

The oxygen demanding nature of biodegradable
organics is very important for natural water system due
to secondary action of microorganism.

Pathogens and  microbial

contaminants

Infectious disease be

contaminated water

can spread

by

Organic ~ compound  like
phenolic  compounds  and
inorganic  compounds  such

as calcium, sodium and sulfate.

They are human highly toxic, carcinogenic, or|
mutagenic.

Refractory organics

Some refractory organics are toxic to aquatic life such
as surfactants, phenols and agricultural pesticides
which are more resistant to microbial degradation

Heavy metals

Usually they are in present in industrial waste water.
They can enter into the food chain and can prove toxig
even in the low metal concentration.

Inorganic compounds such as
calcium, sodium and sulfate
which is dissolved in water.

These compound are initially added to domestic water
supplies, however in excessive amounts have negative
effect therefore they must to be removed.

Nutrients

Discharge of these substances into water leads to|
increase in phosphorus and nitrogen concentration.
Hence, algae and aquatic macrophytes grow in
drinking water.




Table 1: Important contaminants in wastewater (Source adapted from Metcalf and
Eddy, 1991)
Contaminants Reason(s) for importance

High temperature Increase the rate of decomposition of organic
substances and causes changes in oxygen levels in the
water. Therefore it may change the composition of
species present in drinking water.

Emerging contaminants such(They can be harmful to human health even in the low
as pharmaceuticals Products famount due to their adverse health effects.

In recent years, the effect of water pollution on human health and the aquatic biota has
been a cause of rising concern. Heavy metals, dyes and phenolic compounds have been
increasingly found in water in varying concentrations, sometimes beyond the
permissible level. The fact that these pollutants are toxic, contaminate the aquatic
environment and can be passed right up to humans in the food chain has led to the
dedication of many research institutes to find concerted efforts towards reducing water

pollution in the world today [8, 9].

Phenols generally are considered to be one of the most dangerous organic pollutants
discharged into the environment, even more so that low concentrations of Phenolic
compounds present in water can prove dangerous to living organisms. Furthermore,
phenols and some of its related compounds are suspected to be carcinogenic in nature
and can be toxic to both humans and aquatic life, therefore they is a need to treat waste

water containing phenols before release into receiving water bodies.

With respect to increasing effluent discharge standards to the permissible level before
release into the environment, many industries take into consideration different factors

before selecting the most appropriate methods of treatment based on the nature of their

5



activities. This procedure takes into consideration the advantages and disadvantages

of chemical, biological and physical treatment processes [10].

Major industrial sources of phenolic compounds are; coke oven plants, petrochemical
and pharmaceutical industries, coal gas, petroleum refineries, steel mills, paints,
plywood industries, synthetic resins, and plywood industries. The reported average
phenolic concentrations for some of the industrial wastewaters generated by these

industries are given in Tablel.2.

Table 2: Industrial source and concentration of phenol

Industries Concentration, (mg/L)
Coking plant weak ammonia liquor 580.100.000
Without diphenolization weak ammonia liquor | 4-332
After diphenolization wash oil still waste 30-50
QOil refineries sour water 50-185
General wastewater 10-100
APF Separator effluent 0.3-6.8
Petrochemical benzene refinery 210
Tar distillation 300
Nitrogen works 250
Organic manufacturing 100-150
Plastic factory 200-00
Phenolic resin production 1600
Fiberboard factory 150
Fiberglass manufacturing 40-400
Aircraft maintenance 200-400

As seen from the Table above, the highest concentration of phenols (>5000 mg/L) is
obtained from coke processing plants. The resin plants also produce a considerable
amount of phenolic compounds with a concentration of 1600 mg/L. Phenol production
in the United States ranks in the top 50 with respect to production volume for chemicals

[14].



The Environmental Protection Agency (EPA) and World Health Organization (WHO)
recognize that phenol is a toxic substance with serious health and ecological hazards
and placed in the priority list of hazardous compounds [13]. Therefore, in order to
prevent the potential adverse health effects of phenols on human and protect the
environment, the Environmental Protection Agency (EPA) set the maximum
concentration of phenol in treated effluents to be 0.1 mg/L [11]. The World Health
Organization (WHO) on the other hand was more stringent and set the maximum
concentration of phenol in potable water to be 0.001 mg/L [12]. The WHO also went
as far as to declare the maximum concentrations of some phenolic compounds that can
be acceptable in drinking water. These include; 2,4, 6-trichlorophenol (200 mg/L),
pentachlorophenol (9 mg/L), 2- chlorophenol 2 (10 mg/L) and 4- dichlorophenol (40
mg/L) respectively. The Environmental Protection Agency (US-EPA) also included
some substituted phenols (window range concentration is considered between 60 to
400 mg/L) known to be hazardous in the Federal Register. The permissible limit of
phenolic compounds for industrial effluents before discharging into municipal sewers

and surface waters was set at 1-5 mg/L [15, 16].
1.3 Technologies available for phenolic compounds removal

Wastewater treatment technologies can be classified into three principal categories:
biological, chemical and physical procedures. Each one of these methods has its own
advantages and drawbacks. According to literature, there are several reported
procedures available to eliminate phenols from effluents. However, most of these
treatment procedures for removing phenol from wastewater suffer from several
drawbacks such as: high initial cost and disposal problems hence, they have not been
used widely on the industrial scale. Also, removal and control of specific contaminants

like phenols is a rigorous process in the treatment of wastewater. Natural wastewater



treatment systems are widely used in land-based applications. To date, not one
treatment process can be used to effectively treat waste water from industries because
of the sophisticated nature of industrial effluents (i.e. they contain more than just one
pollutant). So in reality, to achieve the desired water quality required by law in the
most economical way, most industries try several different combinations of treatment
processes. This adds to the economic cost of production as well so most scientists are

looking for inexpensive and suitable technologies to get this done.

A comprehensive literature review carried out during this research work demonstrates
that research has been and still continues to combine both biological technologies and
adsorption as a means of treatment to enhance the biodegradation of phenols and

minimize the sludge production.

As previously mentioned, wastewater treatment procedures are divided into physical,
chemical and biological processes. Examples of waste water treatment operating units
and processes are displayed below [14]:

a) Physical unit operations

1. Screening 2. Comminution
3. Flow equalization 4. Sedimentation
5. Flotation 6. Granular-medium filtration

b) Chemical unit operations
1. Chemical precipitation 2. Adsorption
3. Disinfection 4. Dechlorination
5. Other chemical applications

c) Biological unit operations

1. Activated sludge process 2. Aerated lagoon



3. Trickling filters 4. Rotating biological contactors
5. Pond stabilization 6. Anaerobic digestion

7. Biological nutrient removal

These methods listed above can be used for removing phenolic compounds from
wastewaters [14]. However, they are very expensive, low-efficient processes that
generate toxic by-product [17]. Adsorption technique on the other hand is now widely
used to remove toxic substances due to the availability and affordability of many
adsorbents. The adsorption process is now regarded as the best technique for removal
of phenolic compounds because it is a simple method and easy to operate [20]. For a
material to serve as a suitable adsorbent, it must have the ability to concentrate specific

substance(s) from solution onto its surface and retain it.

Many conventional and non-conventional adsorbents have been applied in recent times
for the removal of several pollutants from wastewater. In the past few years, it is
interesting to note that various biomasses and agricultural wastes have attracted
attention and been used as biosorbents because they are eco-friendly and are cost-
effective in nature. This process is termed as biosorption i.e. the use of biomass for

separation of pollutants from an aquatic environment [21].

An important factor to consider when using nonconventional materials as adsorbents
in wastewater treatment is the adsorption capacity of the adsorbent [15]. Different non-
conventional adsorbents like sawdust, activated coconut shell powder, bagasse pith,
rice husk ash, fly ash, peat, controlled burnt wood charcoal, wood, jute fibers etc. have

been used by numerous investigators [18].



The use of polymer resins for removing phenolic compounds from wastewater have
also been investigated as an effective method due to its high adsorption capacity large
surface area, high purity, microporous nature, and ease of availableness [19].

1.4 Adsorption of phenol and its derivatives

From the literature survey shown in table 1.3, a wide range of adsorbents have been
evaluated for the removal of phenolic compounds via adsorption. The table shows that
many low-cost natural products such as wheat husk [22], jute stick [23], tobacco

residues [24] and tamarind nutshell [25] have been used for phenol removal.
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