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ABSTRACT

The presence of dyestuffs in wastewater poses an environmental concern since these
organic contaminants are toxic to aquatic and non-aquatic life. In addition, these
contaminants are difficult to remove or biodegrade, which poses a challenge to the

conventional wastewater treatment techniques.

Iron-oxide nanoparticles are attractive for wastewater treatment for two important
reasons. First, nanoadsorbents can remove contaminants from wastewater rapidly.
Second, this type of iron oxide could be separated easily using magnet after finishing
treatment process. In this project we aim at investigating the effectiveness of the
magnetic iron oxide NPs in the removal of large organic contaminants (dyes) from real
textile wastewater. This study provides valuable insight on the effect of NPs toward the
treatment and recyclability of textile wastewater and two different types of model dyes
crystal violet (CV), bromocresol green (BCG) and methylene red (MR) which is crucial
for the textile industry. In this study, a batch-contact-time method is used for the
treatment of a real textile wastewater sample obtained from a local factory in the city
of Nablus. The effects of different experimental parameters such as contact time, initial
concentration, solution pH, and coexisting anions on dye removal are investigated.
Results showed that dye adsorption was fast, and equilibrium for CV, BCG, MR and
real wastewater was achieved respectively within 10, 60,50 and 90 min. The adsorption
equilibrium data fit very well to Langmuir and Freundlich adsorption isotherm models.
The thermodynamics studies indicated that the adsorption was spontaneous,
endothermic and physical in nature. The desorption and regeneration studies have
proven that nanoparticles can be employed repeatedly without impacting its adsorption
capacity. Therefore, magnetic nanoparticles are recommended as fast, effective and
inexpensive adsorbents for rapid removal and recovery of contaminants from

wastewater effluents, like textile industry.
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NOMENCLATURE

BCG: bromcresol green dye

C: concentration of dyes and containments in the solution at any time (mg/L)
Cads: amount of dyes and containments adsorbed onto the nanoparticles (mg/L)
Ce: equilibrium concentration of dyes and containments in the solution(mg/L)
Co: initial concentration of dyes and containments in the solution(mg/L)

CV: crystal violet dye

K:adsorption equilibrium constant (dimensionless)

Kr: Freundlich isotherm constant (mmol/g)(L/mmol)1/n

1/n: Freundlich heterogeneity factor (unitless)

Kvr: Langmuir isotherm constant (L/mmol)

M: mass of nanoparticles (g)

MR: methylene red dye

MMC: million meters cubic

Qe.: amount of dyes and containments adsorbed at equilibrium time(mg/g)
Qm: maximum adsorption capacity of dyes and containments(mg/g)

Q« amount of dyes and containments adsorbed at any time (mg/g)

R: ideal gas constant (R = 8.314 J/mol.K)

RWW: real textile wastewatrer obtained from AL-Aqgad Company, Nablus.
AG®: standard Gibbs free energy change (kJ/mol)

AHP®: standard enthalpy change (kJ/mol)

AS°: standard entropy change ( J/mol.K)
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CHAPTER ONE

LITERATURE REVIEW

In this chapter, a brief literature review of the literature on the major challenges facing
the water worldwide is presented. Water shortages in Palestine and its main
consumption as well as major industrial generators of wastewater are also discussed.
The commonly used wastewater treatment processes and techniques are reported, with
more emphasis on textile wastewater because it is considered as one of the main
consumer of fresh water and generator of the industrial wastewater in Palestine.
Discussion on the model dyes commonly used in the textile industry is presented. The
chapter also provides a brief literature review on the use of nanoparticles in water and
wastewater treatment as an alternate to the classical treatment technology currently

employed for textile wastewater.

1.1 World water challenges

There is no doubt that the world is facing formidable challenges in meeting the rising
demands of potable water as the available supplies of freshwater are decreasing due to
extended droughts, population growth, more stringent health-based regulations, and
competing demands from a variety of users (WWO, 2011). Moreover, increasing
pollution of groundwater and surface water from a wide variety of industrial, municipal,
and agricultural sources has seriously tainted water quality in these sources and
effectively reduced the supply of freshwater for human (EPA, 1990). Although the
nature of pollution problems may vary, they are typically due to inadequate sanitation,
algal blooms fertilized by the phosphorus and nitrogen contained in human and animal

wastes, detergents and fertilizers, pesticides, chemicals, heavy metals, salinity caused




by widespread and inefficient irrigation, and high sediment loads resulting from

upstream soil erosion (Nikulina et al.,1995).

Given the importance of potable water to people in both the developed and
developing countries, and taking into account concerns regarding the viability of
current practices of meeting the increasing demands of all water users, there is a clear
need for the development of innovative new technologies and materials whereby
challenges associated with the provision of safe potable water can be addressed (EPA,
1990). Although new approaches are continually being examined, these need to be
lower in overall cost, durable and more effective than current methods used for the
removal of contaminants from water, either in-situ or ex-situ water purification systems

(WWO, 2011).

1.2 Water Shortages in Palestine

Severe water shortages and water quality problems continue to negatively affect the
lives and livelihoods of millions of Palestinians living in the West Bank and Gaza Strip
(Ollgaard, 1998). Rather than the caused by environmental factors, both are attributable
to the discriminatory water policies and practices that Israel has instituted across the
occupied Palestinian territory over the last sixty years. Moreover, Palestinians water
consumption is very high in comparison with other countries, and with the limited
sources of fresh water (Authority, 2012) wastewater treatment and recyclability are of
paramount importance. For instance, at the end of 2010, more than 110 MMC of fresh
water consumed for industrial uses in Palestine, and about 200 MMC for human and
agricultural uses (Authority, 2012). Accordingly, these facts have led to an increased
demand on the treatment and recycling of industrial wastewater in order to meet current
and future clean water needs in Palestine. Figure 1.1 shows the percentages of water

consumption in Palestine for the year of 2012.




® human uses

" industrial

" agricultural

Figure 1.1: Percentages of water consumption in Palestine for the year of 2012. Data obtained
from Authority of Palestinian Water (Authority of Palestinian Water, 2012)

Clearly, the major consumer is the agricultural sector followed by the industrial
sector. This is not surprising, as agriculture is the backbone of Palestinian economy.
However, recycling agricultural water is challenging as most of used water seeps
underground. On the other hand, the used industrial wastewater is significant and can
be easily recycled as they could be collected in settling tank or lagoon. In this project,
we are mainly focusing on textile wastewater treatment because of the difficulty of
treating this type of water in classical wastewater treatment station. It should be noted
here that this kind of water represents about 6% of the total consumption and that equals

17 MMClyear.




1.3 Textile dyes and their environmental concern.

Wastewater from the textile industry is a complex mixture of many polluting substances
ranging from organochlorine-based pesticides to heavy metals associated with dyes or
the dyeing process (Correia et al., 1994). Many dyes are visible in water at
concentrations as low as 1 mg/L and textile-processing wastewaters, typically with dye
content in the range of 10-200 mg/L (O'Neill et al., 1999) are therefore usually highly
colored and discharged in open waters presents an aesthetic problem. As dyes designed
to be chemically and photolytically stable, they are highly persistent in natural
environments. Major classes of synthetic dyes include azo, anthraquinon and triaryl-
methane dyes, and many of them are toxic or even carcinogenic compounds with long
turnover times. The majority of dyes pose a potential health hazard to all forms of life
(Prakash, 1993). These dyes may cause allergic responses, skin dermatoses, eczema (Su
and Horton, 1998), and may affect the liver, the lungs, the vasco-circulatory system,
the immune system and the reproductive system of experimental animals as well as

humans (Nikulina et al., 1995).

Synthetic dyes are extensively used in textile dyeing, paper printing, color
photography, pharmaceutical, food, cosmetics and other industries (Rafi et al., 1990).
Approximately, 10,000 different dyes and pigments are used industrially, and over
7x10° tons of synthetic dyes are produced annually worldwide (Horton, 1998). In 1991,
the world production of dyes was estimated 668,000 tons (Ollgaard et al., 1998) of
which azo dyes contributed 70% (ETAD, 1997). During dying process, a substantial
amount of azo dye is lost in wastewater (Ollgaard et al., 1998). About 10-15% of dyes
were lost in effluent during dyeing process (Zollinger, 1987). With the increased use of
a wide variety of dyes, pollution caused by dyes wastewater is becoming increasingly

alarming (Ollgaard et al., 1998).




1.3.1 Dyes typical removal techniques

Dye or color is the first contaminant to be recognized in wastewater and has to be
removed before discharging into water bodies or on land. The removal of color from
wastewater is often more important than the removal of the soluble colorless organic
substances, which usually contribute the major fraction of the biochemical oxygen
demand (BOD) (Fewson, 1988; Seshadri et al, 1994). Many methods have been
reported for removing textile dyes from wastewater, among which are
coagulation/flocculation, precipitation, flotation, membrane filtration, adsorption by
activated carbon and low cost adsorbents, ion exchange, ion pair extraction, ultrasonic,
mineralization, electrolysis, advanced oxidation (chlorination, bleaching, ozonation,
Fenton oxidation and photocatalytic oxidation) and chemical reduction (Neemann,
2004). Biological treatment techniques were also used for color removal; including
bacterial and fungal biosorption and biodegradation in aerobic, anaerobic or combined
anaerobic/aerobic treatment processes (Cooper, 1993). The use of one individual
process may often not be sufficient to achieve complete decolorization. In addition,
most of the aforementioned methods are not always effective even from cost side or
quality in work and need a lot of processes to be applied in reality (Fewson, 1988).
Table 1.1 shows the most popular typical textile wastewater treatment methods used

nowadays and the difference between them.




Table 1. 1: Typical treatment methods for textile wastewater treatment used nowadays and the difference between them.

Reverse osmosis Activated carbon UV oxidizer Electro-dialysis Distillation
Disadvantages Pretreatment needed, high | Does not remove High cost Does not remove Regular maintenance
maintenance and Brine microbial and hardness, microorganisms and | and high cost
disposal but it is very slow high cost
Description Flow of water across semi- | Adsorption of Free radical UV lamp | Charge separation Reduce pressure
premeable membrane under | contaminants on porous | in water. under electric field evaporation then
pressure surface condensation
Ability Remove heavy metals and | Remove color ,odor and | High filtration High TDS removal Removes high range of
microorganisms VOCs capacity and contaminates
microorganisms
removal.
References (Tiwari, 2011) (Crittenden, 2005) (Eugene, 2010) (Tiwari, 2011) (Enzler, 1998)




As seen in Table 1.1, the available treatment technologies for textile wastewater is
limited as they are not cost efficient, time consuming and inefficient in meeting the
strict environmental regulations. It should be noted her that adsorption by activated
carbon is the most popular method worldwide for textile wastewater treatment, due to
their high adsorption capacity and affinity. However, adsorption by activated carbon
still facing a number of challenges; including time-consuming for achieving process
equilibrium due to high porosity and high capital and operating cost, in addition to the
huge amount of sludge waste generated from the spent adsorbents. Accordingly, the
search for a new technology or enhancing the available technology for textile
wastewater treatment is a must. In this project, we are mainly investigating the use of
magnetic nanoadsorbents for the adsorptive removal of dye from an actual textile
wastewater samples. To the best of our knowledge, this is the first time of applying
this technology for real textile wastewater treatment in Palestine. Since the treatment
is on the use of new technology on the basis of adsorption fundamental we thought to
provide a quick review on the adsorption method and pinpoint the uniqueness of our
nanoadsorbent technique. The use of nanoadsorbent technology for dye adsorption
removal was initiated by Nassar and coworkers (Nassar&Rngserd, 2012; Nassar,

2010a).

1.4 Magnetic nanoadsorbents

Magnetic nanoparticles are very effective as a separation medium for water purification
as they contain a number of key physio-chemical properties. They are known for their
high surface area to mass ratio which occurs as a result of decreasing the size of the
adsorbent particle from bulk to nanoscale dimensions (Savage, 2005). This property of
magnetic nanoparticles leads to the availability of a high number of atoms or molecules

on the surface available for contaminants thereby enhancing the adsorption capacities




and affinities (Anshup, 2009). Moreover, this large surface area coupled with their size,
electronic and catalytic properties provide unparalleled opportunities to develop more
efficient water purification adsorbents, catalysts and redox active media. Nanoparticles
can also be functionalized with various chemical groups to increase their affinity toward
a given compound (Savage et al., 2005). Lastly, since more adsorbent atoms/molecules
are present per unit mass of the adsorbent, less waste will be generated post treatment
as these atoms will be actively utilized for adsorption (Tiwari, 2011). Because of these
unique properties, nanoparticles have potential applications for the treatment of
wastewater and drinking water as well, and the value of their application to wastewater
treatment has grown rapidly (Nassar, 2012). Due their multi-functionalities and
magnetic properties, iron-oxide nanoparticles are the most commonly used adsorbent
and/or catalyst for wastewater remediation (Nassar, 2011). Furthermore, because iron
oxide is naturally occurring, inexpensive, and stable over a wide range of temperatures
and acidity levels, nanoparticles of iron oxide are advantageous over other metal oxides.
There have been numerous studies on the use of iron-oxide nanoparticles as catalysts
for degradation of contaminants, usually organic materials from wastewater, and as
adsorbents for adsorptive removal of pollutants, mainly metal ions or functionlized
organic compund from wastewater. (Nassar, 2011). The use of iron oxide
nanoadsorbent for dye adsorption removal from synthetic wastewater was first
introduced by Nassar and coworkers (Nassar 2010a, Nassar and Ringsred, 2011). In
their studies, Nassar and coworkers have used different types of dyes that vary in their
chemical structure, molecular weight and functionalities. The authors showed that iron
based nanoadsorbents are efficient and successful in removing different types of dyes

and heavy metals, provided the right solution pH and temperature.




In this study, we decide to use magnetic nanoadsorbents for the treatment of actual
textile wastewater samples obtained from a local textile factory. Before treating the real
sample, however different model dyes that having different molecular weight, structure
and functionalities were tested for adsorption onto magnetic nanoparticles in order to

understand the adsorption mechanism and behavior.




CHAPTER TWO
OBJECTIVES

2.1 General objectives

Earlier studies on nanoadsorbent technology examine the importance of the magnetic
nanoadsorbents in removing heavy metals and organic contaminants for synthetic
wastewater. Other researchers evaluated the unique properties of nanoadsorbents in
wastewater treatment. The objective of the present work is to employ nanoadsorbents

for actual textile wastewater treatment in Palestine for the first time.

2.2 Specific objectives
The specific objectives of this work were to:

1. Maximize the treatment efficiency and evaluate the effect of the following
variables on adsorption efficiency of y-Fe>O3; nanoadsorbent:
a. Contact time (kinetics)
b. Initial concentration of dye
c. Dosage of nanoadsorbents
d. Solution pH
e. Temperature (thermodynamics)
f. Coexisting contaminants
2. Apply different adsorption isotherm model, to examine the effect of the above
variables on the adsorption capacity and affinity of nanoadsorbents.
3. Develop a kinetic model that is capable of descripting the adsorption kinetics.
4. Conduct a thermodynamic study for estimating the standard changes in Gibbs

free energy, enthalpy and entropy of adsorption.

10




CHAPTER THREE
EXPERIMENTAL WORK

This chapter describes the materials used, the characterization techniques employed,

and the experimental methodology and procedure applied in this study.

3.1 Materials
3.1.1 Adsorbates

Different model dyes having different molecular weight, structure and functionalities
were obtained from Sigma-Aldrich. Table 3.1 lists these different types of dyes used in

this study with their chemical properties and structure.

Table 3.1: Model dyes used in this study and their properties as reported by the vendor.

Adsorbate Crystal violet Bromocresol green Methylene red
Symbol (CV) BCG) (MR)
e Y |
O or My
Structure @
O \ HBC\N COOH
L Al ch
l\;lolecular C25N3H30Cl C21H14B1r4OsS CisHisN3O2
ormula
Molar mass 407.979 698.01 269.30
(g.mol ")
A max (nm) 590 617 425

Actual textile wastewater sample obtained from Al-Aqad Textile Company in the city
of Nablus was used as a source of real contaminants. The sample was lightly colored

and was free of suspended solid particles. Once the sample reached our lab, its pH, total

11




organic compound (TOC), chemical oxygen demand (COD), chromium (Cr*?) and

(Cu*?) concentrations were determined. The obtained results are shown in Table 3.2.

Table 3.2: Result of actual wastewater initial analytical tests.

Test Value
pH at exist 6.8
Exit Temperature (C°) 25
COD (ppm) 2582
TOC (ppm) 971
Cr*? (ppm) 0.0511
Cu*? (ppm) 0.0011
3.1.2 Adsorbent

Magnetic nanoparticles (y-FeoOs) prepared by water-in-oil (w/0) microemulsion

followed the technique reported by Nassar (Nassar, 2007) were used as an adsorbent.

The particles size ranged between 20 and 50 nm.

3.2 Precursors

Nitric acid HNO3 and sodium hydroxide NaOH purchased from Riedel-de Haen were

used at concentration of 0.1 M for pH adjustment. For heavy metals determination tests,

a standard solution containing CrCl>.6H>0O and Cu(NO3)2.5H>O obtained from Riedel

de Hain, Germany were used as sources for Cr**> and Cu*>. A calibration curve was

constructed between 0 and 20 ppm, by using prescribed standard solutions.

12




3.3. Dye characterization and adsorption measurement

The following instruments were used to estimate the amount of adsorbed dye, solution

pH, heavy metal concentration and COD level.

3.3.1 UV-vis spectrophotometry

The UV-vis spectroscopy measurements were conducted using UV-VIS-NIR-3101PC
(Shimadzu). A range of wavelength between 200 and 700 nm was covered. Distilled
water was used as a blank during the UV measurements. All measurements were carried

out using quartz cells 10-mm width at temperature 25 C°.

3.3.2 Atomic absorption spectrometer (AA)

AA measurements were performed using (iCE 3400, Scientific Thermo) for heavy
metals detecting Cr*? and Cu*? using standard solutions purchased from Riedel de Hain,

Germany.

3.3.3 Digital reactor block (DRB) for chemical oxygen demand (COD)
Measurements

COD measurements were performed following the USEPA method (USEPA, 2013)
using (Digital Reactor Block DRB 2000, HACH, Germany). COD sample was prepared
by adding 1 mL deionized water and 1 mL of supernatant (wastewater sample) to a
standard solution from HACH containing 65 wt% of H2SO4, HgSO4 and K>CrO7. Then
the solution was transferred to the DRB instrument for 2 h at 150 °C for COD

monitoring. Deionized water was used as a blank in this test.

3.3.4 pH meter

pH measurements were carried out using HANNA pH meter, model HI 8424.

13




3.3.5 Simple magnet

A simple kitchen magnet was used for separation and recovery of magnetic

nanoadsorbents from the solution.

3.4 Experimental procedure

Batch-mode adsorption method was employed in this study by exposing a specified
dried mass of nanoparticles to an aqueous solution containing a certain concentration
of a specified dye, unless otherwise specified. Then, the mixture was shaken for a
certain time at a pre-described temperature. In all experiments, the y-Fe)Os
nanoparticles containing adsorbed dye were separated from the mixture by a magnet
and the supernatant was decanted. Figure 3.1 shows a photograph presenting the
separation of nanoparticles from wastewater by a simple magnet. The residual
concentration of each dye in the solution was measured by UV-vis spectrophotometry
concentration of dye were measured at the specified wavelength (Amax). A calibration
curve of UV-vis absorbance at same wavelengths against the dyes concentration was
established, using prepared standard model solutions with known concentrations (i.e.,
0, 20, 50, 75, 100 ppm). UV-vis spectra of dyes in solution were selected on the basis
of the absorption linearity range. The adsorbed amount of dye (mg of dye/g of

nanoparticles) was determined by the mass balance in Equation (3.1):

Q= |4 (3.1

where C, is the initial concentration of dye in the solution (mg/L), C is the final
concentration of dye in the supernatant (mg/L), V is the solution volume (L), and m is
the dry mass of y-FeoOs3)nanoparticles (g). For equilibrium data, Ce replaces C, and Qe

replaces Q in Equation (3.1).

14




Figure 3.1: A photograph of dye adsorptive removal from real textile wastewater
sample by magnetic nanoparticles. The photograph was taken by Nidal Marie in May

2013.

The following experimental and operational variables were tested to understand the

adsorption mechanism, maximize the removal

process.

3.4.1 Types of dyes

efficiency and optimized the adsorption

Three commercially available dyes having different chemical structure and

functionalities were tested for their adsorptive
dyes chemical properties are listed in Table 3.1

was also tested for dye removal by adsorption.

removal from wastewater. The selected

. Further, real textile wastewater sample
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3.4.2 Effect of contact time

Typically, time-dependent adsorption process is conducted by exposing a certain
amount of nanoadsorbents to a solution containing a specified concentration of
pollutant for fixed preselected time intervals. In this study, 0.1 g of y-Fe>O3
nanoparticles were added to 10 ml aqueous solution containing a 100 ppm
concentration of each dye at 293 K and a specified solution pH (i.e., pH solution for
CV =10.94, 2.39 for BCG and 2.36 for MR). The mixture was shaken for 90 minutes,
unless otherwise noted. To determine the adsorption equilibrium time required for
saturation, samples were selected at different times during the 90 minutes and analyzed

for dye and contaminants concentration.

3.4.3 Effect of solution pH

For pH-dependent studies, model dyes and real wastewater dye adsorption pH
experiments were conducted at 293 K for a mixing time of 24 h for a pH range of 2 to
12. To adjust the pH of the solution, HNO3 or NaOH, was used.

3.4.4 Effect of Temperature

For the isotherm studies, 0.1 g of y-Fe2O3 nanoparticles were added to a set of 10 mL
aqueous solution with model dye initial concentrations ranges between 0 and 400 mg/L

at different temperatures between 293 and 353 K for 24 h, at specified pH.

3.5 Application of Nanoparticles to Real wastewater (RWW)

After the successful achievement of the adsorption experiments on model dyes, the
procedure was employed to a real textile wastewater sample. Same procedure used for
model dye solutions were applied on real wastewater in all tests except for the case of
constant initial concentration of the sample was kept constant (TOC =971 ppm) at pH

6.8. For isotherm experiment, different masses of y-Fe2O3 nanoparticles from 0.02-0.25

16




g were added to a set of 10-mL test tubes containing real wastewater at TOC =971 ppm
at pH 6.8. The mixer was left shaking for 24 h. After that, nanoparticles with adsorbed
dyes were separated by magnet and the supernatant was decanted like the model dyes,
the adsorbed amount of contaminants (mg contaminants/g of nanoparticles) was

determined by the mass balance in Equation (3.1)
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CHAPTER FOUR

MODELING

This chapter introduces the mathematical models employed in this study and the
evaluation of their performance in describing the adsorption kinetics, isotherms, and
thermodynamic studies of dyes adsorptive removal from synthetic wastewater and

actual textile wastewater.

4.1 Adsorption Kinetics test

Adsorption kinetics is one of the important factors that represent the efficiency of the
adsorption process. Modeling of the adsorption kinetics was achieved using Lagergren
pseudo first-order model Eq(4.1) (Ho, 2004) and pseudo-second-order model Eq(4.2)

(McKay, 1998).

= Ki(Q Q) 1)
=K (Qe — Q0)* (42)

where Q. and Q are the amount of pollutant adsorbed onto the nanoadsorbents (mg/g)
at equilibrium and at any time, t (min), respectively, and ki and k; are the equilibrium

rate constants of first order and second order adsorption, respectively.

Nonlinear Chi-square analyses were conducted for comparing the best-fit-model, using

Equation (4.3) (Montgomery and Runger, 2006):

_ 2
XZ — Z (Qe Qemodel) (43)

Qemodel

where Qe and Qemodel are the adsorbed amount of dye and contaminants obtained
experimentally and by model fitting, respectively. The lower value of %2 the better for

fitting.
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4.2 Adsorption isotherms

Adsorption isotherms are common models that compare adsorbent surface properties
and their adsorption capacity of pollutants. Several adsorption models are available for
interpreting the adsorption equilibrium data. The most commonly used models are the
Freundlich and Langmuir isotherms (Freundlich, 1906; Langmuir, 1916). In this study,
the shapes of the isotherms were fit to the Langmuir and Freundlich models, which are

expressed linearly in equations 4.4 and 4.5, respectively:

Log(Qe) = Log(Kr) + - Log(Ce) (4.4)

L= 4.5)

Qe QmaxKL Qmax

where Qe is the amount of pollutant adsorbed onto the nanoadsorbents (mg/g), Ce is the
equilibrium concentration of pollutant in solution (mg/L), Kr [(mg/g)(L/mg)1/n] and
I/n (unitless) are Freundlich constants. Kr is roughly an indicator of the adsorption
capacity, and 1/n is an indicator for the degree of favorability of adsorption (adsorption
affinity). A larger Kr value suggests to a greater adsorption capacity, and a lower 1/n
value indicates stronger adsorption strength. Ki (L/mg) and Qmax (mg/g) are Langmuir
constants. Kr is the equilibrium adsorption constant related to the affinity of binding
sites, and Qmax 1s the monolayer saturation capacity, representing the maximum amount
of pollutant adsorbed per unit weight of nanoadsorbents for complete monolayer
coverage (mg/g). Again, chi-square analyses (Equation 4.3) were also employed for

finding the goodness of fittings.

4.3 Thermodynamic studies

Temperature plays an important role on the adsorption process as the viscosity of the

solution decreases with temperature which results in an increase in the diffusion rate of

19




the adsorbate molecules across the external boundary layer, which in turn, increases the
adsorption capacity (Nassar, 2012). Moreover, changing the temperature alters the
equilibrium capacity of the adsorbent (Ngomsik, 2005). For instance, the adsorption
capacity will decrease upon increasing the temperature for an exothermic reaction;
while it will increase for an endothermic one (Nassar 2010). Hence, in this study,
thermodynamic studies were employed to better explain the adsorption reaction and to
provide more insights into the effect of temperature on adsorption. These
thermodynamic parameters are the changes in standard Gibbs free energy (AG°),
enthalpy (AH®), and entropy (AS°) during adsorption. AG® was estimated as follow

(Smith et al., 2005):

AG° = —RTIn K (4.6)

where R is the ideal gas constant (R = 8.314 J/mol.K), T is the temperature (Kelvin)
and K is the adsorption equilibrium constant (dimensionless). The adsorption
equilibrium constant was estimated from the Langmuir’s constant, using Equation (4.7)

(Nassar, 2010a, 2010b; Rudrake et al., 2009):

K =K Csotvent 4.7)

where Ky is the equilibrium Langmuir constant (L/mmol) and Csolvent is the solvent
molar concentration (mM), which was estimated from the density and molecular weight
of water at the given temperature. AH° and AS°® were estimated using the van’t Hoff
equation (Smith et al., 2005), which shows the dependence of the adsorption reaction

equilibrium constant on temperature, as follows:

AH®  AS°
RT + R

InkK = — (4.8)
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By plotting the experimental results as In K against 1/T, AH®° and AS°® were obtained

from the slope and intercept of the best-fit line.
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CHAPTER FIVE

RESULTS AND DISCUSSION

In this chapter, results of experiments for model dyes and real wastewater samples are
presented. The obtained data were fit to the Langmuir and adsorption isotherm and the
kinetic data were modeled using first pseudo order and second order models.

Thermodynamic studies of the adsorption process are presented as well.

5.1 Model dyes
In this section we are presenting the results pertaining to the effect of experimental and
operation conditions on the adsorptive removal of model dyes (i.e., CV, BCG, and MR)

by y-Fe»>O3 nanoparticles.

5.1.1 Effect of contact time (adsorption Kinetics)

Adsorption kinetics is one of the important factors that represent the efficiency of the
adsorption process. Figure 5.1a-c shows the change in the amount adsorbed of different
dyes as a function of contact time. As seen, in all cases, the dye adsorption was fast, as
adsorption equilibrium was reached within 50 minutes or less. This is not surprising as
the selected nanoparticles are nonporous. Therefore, one would anticipate that external
adsorption is dominant and no intraparticle diffusion is available to retard the
adsorption rate (Nassar 2010, Nassar and Rigsred 2012). Unlike the classical adsorbents
such as activated carbon and activated alumina, where adsorption equilibrium time
could take days (Crittenden, 2005). This illustrated schematically in Figure 5.2, which
shows a schematic representation for adsorption mechanism of dye molecules onto
different surfaces of adsorbents. Clearly, there will be more mass transfer resistances
for the case of porous adsorbent in comparison of non-porous nanoparticles. These

findings are in excellent agreement with those reported by Nassar and coworkers for
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the removal of organic contaminants and heavy metals from wastewater by iron oxide
nanoparticles (Nassar 2010a, Nassar 2010b, Nassar 2012a, Nassar and Ringsred 2012).
To further investigate the kinetic mechanism that controls the adsorption process, the
experimental data were fitted to the Lagergren pseudo-first-order model (Ho 2004) and
pseudo-second-order model (Ho and McKay 1998) presented previously in Equations
4.1 and 4.2; respectively. Table 5.1 shows the estimated kinetic parameters pertaining
to the two models as obtained by the Polymath package. As shown in Figure 5.1a-c,
and on the basis of chi values presented in Table 5.1, both models fit well to the
experimental data with the pseudo-first-order model being the best fit for the model
dyes. This suggests that, owing to good degree of mixing and extent dispersion of
nanoparticles, adsorption is only affected by the film diffusion (Nassar and Ringsred
2012). It is worth noting here that the estimated theoretical values of Q. (i.e., by the
kinetic model) were in excellent agreement with the ones obtained experimentally, as

seen in Table 5.1.
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Figure 5.1: Effect of contact time on the adsorptive removal of a) BCG b) MR c¢) CV
by y-Fe,Osf nanoparticles. Points are experiments and red line is pseudo -first- order
model fit and green line is pseudo- second-order model fit. Other experimental
conditions are T= 293 K, pH: 10.94 for CV, 2.39 for BCG and 2.36 for MR, shaking
rate = 300 rpm and C, = 100 ppm.

Table 5.1: Estimated Effect of contact time on the adsorption removal of BCG, MR and
CV by 7-FexOsf nanoparticles. Pseudo-first- order model fit pseudo-second-order
model fit. Other experimental parameters- are T= 293K, pH: 10.94 for CV, 2.39 for
BCG and 2.36 for MR and shaking rate = 300 rpm and C, = 100 ppm.

dyes pseudo-first-order pseudo-second-order
Qe K1 x? Qe K1 v
CvV 0.05 0.28 0.00012 0.052 0.052 0.00071
BCG 0.03 0.18 0.00027 0.026 0.31 0.00080
MR 0.05 0.21 0.00009 0.047 0.39 0.00012
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Figure 5.2: Schematic representation of adsorption mechanism of organic molecules

onto different surfaces of adsorbents; (a)activated carbon and (b) nanoadsorbent.

5.1.2 Effect of solution pH

The adsorption of polar or charged organic contaminants by iron oxide nanoadsorbent

depends significantly on the electrostatic interactions between the nanoadsorbent

surface and the contaminants (Nassar, 2012). These interactions are influenced mainly

by the pH of the solution, provided that it directly affects the surface charge of the

nanoparticles (Nassar, 2012; Shaw DJ., 1992). Figure 5.3 shows the effect of pH on the

adsorptive removal of different dyes from wastewater by y-Fe2O3 nanoparticles.
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Figure 5.3: Effect of pH on the adsorptive removal of different dyes from wastewater

by y-Fe2O3 nanoparticles at initial concentration of 50 ppm. Nanoparticle dose = 0.1 g
per 10 mL, T = 293 K, mixing time 24 h.

As seen, dye adsorptive removal is strongly dependent on solution pH and dye
adsorption is likely to be electrostatic attraction. It can be clearly seen in Figure 5.3 that
the maximum removal of BCG and MR dyes was at pH = 2.39 and 2.36; respectively.
This suggests the adsorption is favorable in the acidic environment. On the other hand
CV dye maximum removal was achieved at pH= 10.94, basic environment. This is not
surprising as the point of zero charge (pHpzc) of iron oxide particle is around 7.5 (Nassar
and Ringsred, 2012, Balistrieri and Murray, 1981). Therefore, at a pH higher than pHp.c,
the nanoadsorbent surface is negatively charged attracting cations like CV dye, whereas
at a lower pH, the surface is positively charged attracting anions like MR and BCG

dyes.

5.1.2 Effect of temperatures

Temperature plays an important role in the adsorption process. In one hand, increasing
the temperature reduces the viscosity of the solution, which results in an increase in the

diffusion rate of the adsorbate molecules across the external boundary layer, which in
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turn, increases the adsorption capacity (Nassar 2010). On the other hand, changing the
temperature could alter the equilibrium capacity of the adsorbent (Ngomsik, 2005). In
this set of experiments, the effect of temperature on dye adsorptive removal was study
at solution temperature of 293, 328 and 353 K and the initial concentration of dyes was

in the range 0 to 0.8 mM.

Figure 5.4 shows that CV adsorption at the preselected temperatures increased sharply
at low equilibrium concentration and started to level off as the equilibrium
concentration increased. This suggests that y-Fe,O3; nanoparticles has good adsorption
affinity towards CV. In addition, increasing the solution temperature favored the
adsorption. This could be attributed to the increase in the mobility of CV molecules and
the subsequent increase in the number of molecules that could interact with the active
adsorption sites on the nanoparticle surface (Nassar, 2010b). Further, the increase of
adsorption with temperature indicates that the adsorption process is endothermic in
nature. Similar observations can be seen for MR and BCG dyes in Figures 5.5 and 5.6,
respectively. For all dyes tested in this study, the experimental adsorption isotherms
were fit to the Langmuir and Freundlich models. The estimated model parameters are
listed in Tables 5.2 and 5.3. The good fitting to the experimental data was indicated by
the low chi values and high relative coefficients (R?) in Tables 5.2 and 5.3. Clearly, for
all the dyes, the Langmuir model presented a better fitting to the experimental data.
This suggests that the selected nanoparticles portray a homogeneous surface where a

monolayer adsorption would occur.
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Figure 5.4: Effect of temperature on CV dye adsorptive removal by y-FexOs
nanoparticles. Points are experiments, red line is for Freundlich model and green line
is for Langmuir model. Temperatures are a) 293 K, b) 328 K, and c¢) 353 K. Other
experimental conditions are pH=10.94, contact time = 24 h, and nanoparticle dose =
0.1 gper 10 mL.
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g per 10 mL.
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Figure 5.6: Effect of temperature on BCG dye adsorptive removal by y-FexOs
nanoparticles. Points are experiments, red line is for Freundlich model and green line
is for Langmuir model. Temperatures are a) 293 K, b) 328 K, and c) 353 K. Other
experimental conditions are pH=2.39, contact time = 24 h, and nanoparticle dose = 0.1
g per 10 mL.

Table 5. 2: Langmuir isotherm parameters obtained at different temperatures and pH,
Kyr:(L/mmol), Qm:(mmol/g)

Temperature
293 K 328 K 353 K
dyes pH KL Qm x> KL Qm 12 KL Qm 12
CV 10.94 120.990 [ 0.491 [ 0.050 [ 20.038 ] 0.547]0.040 | 21.260 [ 0.605 | 0.040
BCG 2.39 9.320 | 0.205 | 0.010 10.630 [ 0.208 | 0.010 12.030 | 0.209 | 0.010
MR 2.36 2.430 ] 0.380 [ 0.030 2.480 0.400 | 0.030 2.980 0.416 | 0.030
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Table 5. 3: Freundlich isotherm parameters obtained at different temperatures and pH.

Kg:[(mmol/g)(L/mmol)1/n], 1/n: (unit less)

Temperature
293 K 328K 353 K
dyes pH Kr 1/n e Kr 1/n x2 Kr 1/n $?
Cv 10.94 | 0.821 | 0.497 | 0.201 | 0.898 | 0.489 | 0.170 | 0.976 | 0.493 | 0.161
BCG | 2.39 0.770 | 0.840 | 0.190 | 0.839 | 0.836 | 0.220 | 0.840 | 0.810 | 0.201
MR 2.36 0.366 | 0.724 | 0.081 | 0.402 | 0.743 | 0.090 | 0.465 | 0.730 | 0.090

5.1.3 Thermodynamic studies

Thermodynamic studies were performed to better understand the effect of temperatures

on dye adsorptive removal and estimate the changes in standard AG®°, AH® and AS® of

adsorption. The values of AG® were estimated using equation 4.6. The van’t Hoff

equation (eq 4.8) was used to estimate the values of AH® and AS® by plotting the

experimental results as In K against 1/T, and AH® and AS° were obtained from the slope

and intercept of the best-fit line; respectively (Figure 5.7). The calculated

thermodynamic parameters for the three dyes are presented in Table 5.4.

Table 5.4: Values of AG°, AH® and AS° for CV, BCG and MR dyes adsorption at
different temperatures and pH. Units AG°(kJ/mol), AS°:( J/mol.K), AH®:(kJ/mol), K:(
dimensionless )

Temperature (K)
293 353 353
dyes AG ° AS° AH° K AG ° K AG ° K
CcvV -34.03 | 116.14 | 0.05 | 1164517.00 | -35.64 | 1106681.00 | -38.09 | 1163550.00
BCG -32.05 | 128.20 | 5.50 | 517314.70 | -34.01 | 587273.00 | -36.54 | 658840.80
MR -29.28 | 110.68 | 3.61 | 165732.60 | -30.28 | 136826.20 | -32.74 | 163557.60

As seen in Table 5.4, the values of AG® at all temperatures are negative, which indicates

the spontaneous and thermodynamically favorable nature of adsorption. Further, the

AH® value is positive for all dyes, which implies that the adsorption process is
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endothermic in nature. The positive value of AS°® may be attributed to the increase in
randomness at the solid-liquid interface, which results from the extra translational
entropy gained by the water molecules that were previously adsorbed onto the surface
of nanoparticles but then displaced by contaminants, leading to entropy generation
during dye adsorption. It should be noted that an adsorption reaction with AG® values
between - 20 kJ/mol and 0 kJ/mol indicates a spontaneous physical adsorption, while
an adsorption reaction with values between - 400 kJ/mol and - 80 kJ/mol indicates a
chemisorption, and values between -80 to -20, the adsorption process could be
attributed to a physical adsorption enhanced by a chemical effect (Yu et al., 2001). In
this study, the AG® values for all dyes were between —29.28 kJ/mol and - 38.09 kJ/mol,
which suggests that the adsorption mechanism may be attributed to a physical
adsorption enhanced by a chemical effect (Yu et al., 2001). In addition, the fact that
AH° <40 kJ/mol suggests a physical adsorption process (Yurdakoc, 2006). The findings

pertaining to the pH effect which confirms that adsorption mechanism is electrostatic.
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(c) MR.
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5.2 Application of nanoparticles to real textile wastewater (RWW)

Because the nanoparticles were successfully tested for adsorptive removal of basic and
acidic dye from synthetic wastewater, hence the same procedure was employed for the
removal of dye from real textile wastewater. Thus, in this section the effect of contact
time, solution pH and temperatures on dye removal is presented. Further, the section

also presents the thermodynamic studies of dye adsorption from textile wastewater.

5.2.1 Effect of contact time

Table 5.5 shows estimated pseudo -first- order and pseudo- second- order parameters

using polymath at 293 K and pH 6.8.

Table 5. 5: Estimated pseudo -first- order and pseudo- second- order parameters using
polymath at 293 K and pH 6.8 and amount of y-Fe>O3=0.1g with 300 rpm shaking rate.

pseudo-first-order pseudo-second-order

K1 Qe 22 K2 Qe x>

0.033 90.734 7.55 0.035 | 98.547 4.53

From Table 5.5 Chi square factor show that pseudo-second-order is the best fit for
RWW adsorption which mean two adsorption kinetics, namely, initial rapid adsorption
which was presumably due to electrostatic attraction and slow adsorption at the later
stage represented a gradual adsorption of pollutant at the nanoadsorbent surface by

complexation or ion-exchange.
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5.2.2 pH test

Figure 5.9 show the effect of solution pH on the adsorption removal from RWW
sample

250

200 - B

150 +

100 - == RWW

COD (ppm)

50 -

Figure 5. 9: Effect pH on real wastewater with initial COD 2582 ppm onto 0.1 g of
nanoparticles at 293 k. for 24h with 300 rpm shaking rate.
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Due to their small size and large surface area, nanoparticles exhibit novel properties
which differ from those of bulk materials can act as multifunctional charge which mean
it can be positive in acidic solution and negative in basic solution and that what

happened with RWW as there is no change on adsorption with pH changes.

5.2.3 Effect of temperature

Adsorption isotherm test were done for RWW and Figure5.10 show the result of
adsorption test at different temperature with linearized Langumir and Freundlich model
linearized done to make the plot more clear because the point were so close to each

other.
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Figure 5.10: Isotherm test for RWW (a)Adsorption isotherm for real wastewater at
differnt temperature  b) Langmuir adsorption isotherms of real waste water, symbols
are experimental data, and the solid lines are linearized Langmuir model c¢) Freundlich
adsorption isotherms of RWW, symbols are experimental data, and the solid lines are
linearized Freundlich model
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From Figure5.10 and Chi factors at Table 5.6 we can see that Langmuir model is better
choice. Langmuir model assumes that adsorption occurs on a homogeneous surface by
monolayer adsorption and that there is no interaction between adsorbed species. The
values of K. and Qm shown in Table5.4 increased with temperature, indicating that
RWW is favorably adsorbed by the nanoparticles, and the adsorption capacity increases
with temperature. It is possible that this because of the high surface area, good
dispersion ability, and intrinsic reactivity of nanoparticles. Table5.6 show the constants

of Langmuir and Freundlich models.

Table 5.6: Langmuir and Freundlich Isotherm Parameters Obtained at Different
Temperatures and a pH of 6.8.

Temp (K) Freundlich model Langmuir model
Kr 1/n (unitless) | 2 | K (L/mg) Qmax v 2
[(mg/g)(L/mg)1/n] (mg/g)
293 0.17 0.98 1.51 | 0.000017 363.357 | 1.43
328 0.35 0.89 2.75 | 0.000125 413.160 | 1.71
353 0.52 0.85 4.33 | 0.000190 | 425.208 | 2.46

5.2.4 Thermodynamic study

The adsorption capacity will decrease upon increasing the temperature for an
exothermic reaction; while it will increase for an endothermic one as it happened in all

model dyes and RWW. And Table 5.7 shows Values of AG°, AH® and AS°® for for

RWW adsorption at different temperature.
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Table 5. 7: Values of AG®, AH® and AS°® for RWW adsorption at pH 6.8 and different

temperature.
Temp(K) | KL(L/mg)x10° K AG=-RT InK AH(kJ/mol.K) | AS(J/mol.k)
(kJ/mol)
293 17.43 17.40 -6.95 35.00 144.17
328 125.50 123.17 -13.13
353 190.03 184.95 -15.32

From Table5.7 for RWW it can be noticed that AH of adsorption is positive which mean

its endothermic reaction and less than 40 (kJ/mol.k) exactly as the model dyes that mean

it’s a physical adsorption process, and AG® between -6.96 to -15.32 (KJ/mol) in the

range of physical adsorption, positive value of AS® may be attributed to the increase in

randomness at the nanoparticle-liquid interface. And Figure 5.11 show van’t Hoff plot

for the endothermic adsorption of RWW.

2.7

2.9 3.1
1/T (1/K) x10A-3

3.3

3.5

Figure 5. 11: Van’t Hoff plot for the endothermic adsorption of RWW.
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5.2.5 Effect of contaminants

As wastewater effluent contains more than one pollutant, the presence of other
pollutants may interfere in the removal efficiency of an individual one. As a result, the
effect of coexisting pollutants should be addressed when conducting an adsorption
study. This test should give us good expression about the nature of the particles surface,
and if it can effect on the adsorption itself. RWW have been tested by A.A device for
heavy metal test Cr*? found at 0.0511 ppm and after the adsorption become 0.0011 ppm

which mean that more than 97% of Cr*? removed.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK

This chapter presents the conclusions of this study and highlights the recommendations
for future work.

6.1 Conclusions

In this work, the adsorption mechanism by magnetic nanoparticles applied on actual

textile wastewater and another different models of pure dyes.

6.1.1 Dyes removal

v -Fe203 nanoadsorbents were employed successfully for the removal of different
model dyes (CV, MR and BCG). The adsorption rate was very fast and equilibrium was
achieved within times of less than 50 min. The adsorption is highly dependent on the
dye concentration, solution pH, and temperature. Lower solution pH ” <7 ” favored the
adsorption of anionic dyes such (MR and BCG) and higher pH “>7for cationic dye
(CV). For all dyes the adsorption increased with increasing initial concentration and
increasing temperature. The adsorption isotherms were also determined and were
appropriately described by both the Langmuir and Freundlich models. The standard
enthalpy change, AH®, for the adsorption process were positive and less than <40
kJ/mol confirmed the endothermic and physical adsorption, while the standard Gibbs
free energy change in the range of -29.28 to -38.09 kJ/mol. This confirmed that the
adsorption mechanism may be attributed to a physical adsorption enhanced by a
chemical. The positive standard entropy change AS° confirmed the increase in

randomness at the solid solution interface.

6.1.2 Real wastewater RWW

Same type of nanoparticles were applied on the real wastewater obtained from Al-Aqad

Textile local factory. Again, the adsorption was fast and equilibrium was achieved in
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less than 90 min, which slightly higher than the pure dyes we refer this to the multitude
of the component in the real wastewater which contain coexisting, contaminants and
dirt’s. The adsorption increased with increasing initial concentration and increasing
temperature. The adsorption fit very well with Langmuir model, confirm the
homogenous surface of nanoparticles. The thermodynamic study it was endothermic
where AH®, was positive. AG° were calculated to be in the range of -6.95 to -15.32
kJ/mol which indicates a spontaneous physical adsorption. Standard entropy AS°,

confirmed the increase in randomness at the solid solution interface too.

The study confirms that y -Fe,Os nanoparticles could be employed as an alternative
technology for the removal of color from textile wastewater effluent. This nanoparticles
technology is expected to be cost-effective as nanoparticles could be employed in-situ

or can be easily in corporation with the conventional treatment technology.
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6.2 Recommendations for Future Work

Preparation of nanoparticles in-situ (i.e., in the real textile wastewater sample) could
be tested. This would favor the cost-effectiveness of the process.

Running the experiments in continuous flow mode (i.e., packed bed column) could
provide more valuable results and better understanding of the future application on
the integration of nanoparticle technology with the conventional wastewater
treatment processes.

Coupling the adsorption with photo-catalysis could be an interesting future study as
well. This would help in getting red of the adsorbed contaminants and regeneration
of the nanoparticles.

There exist other wastewater effluent from local industries like olive mill, tanneries
and stone cutting that could be treated with the nanoparticle technology.

Testing another type of nanoparticles could be advantageous for widen the

application of nanoparticles.
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