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Synthesis and Characterization of UiO-66 Metal Organic Frameworks
for Sorption of Lead, Cadmium and Zinc from Aqueous Solution

ABSTRACT

Various industries like galvanizing, metallurgical, electroplating,  mining,
pharmaceuticals, agrochemicals and leather industry produce metal-containing waste
waters that have harmful effects on the environment as well as human health. For this
purpose, UiO-66 (Zr-MOF) adsorbent was prepared to evaluate the removal capacity of
selected metals Lead Pb(I1), Cadmium Cd(Il) and Zinc (Zn(Il) from aqueous solution. The
adsorbent UiO-66(Zr-MOF) was synthesized by solvothermal method and was
characterized using XRD, TGA, SEM-EDX, AAS, BET and FTIR. The results indicated that
UiO-66(Zr-MOF) demonstrated a high adsorption capacity which may possibly arise from
its high porosity and smaller particle size. Adsorption study was carried out by batch
experiment. The effects of different experimental parameters, namely, solution pH,
adsorbent dose, contact time, and initial metal concentrations were determined. The
isotherm experiment showed that equilibrium data were well fitted to the Freundlich
model. From kinetic study, pseudo-second order model gave a best fit to the adsorption of
metals on the adsorbent. The thermodynamic parameters were calculated and the results
showed that the adsorption of metals on the adsorbent was spontaneous and endothermic
process. The regeneration of metals saturated UiO-66(Zr-MOF) was investigated by using
NaOH solution and the result revealed that, UiO-66(Zr-MOF) can be easily regenerated
and re-used several times, indicating that this adsorbent could have great potential for the

metals adsorption from wastewater.

Keywords: Heavy metals, Metal Organic Frameworks, Adsorption, UiO-66 and Isotherms

XVi



1. INTRODUCTION

Water pollution has become a critical issue worldwide. The quality of water resources is
deteriorating day by day due to population growth, rapid development of industrialization,
agricultural activities, and other geological and environmental changes (Chong et al., 2010;
Zeng et al., 2011, 2013a). Heavy metals are elements that are naturally found in the earth’s
crust. Trace amounts of some heavy metals are essential to the human body, however, high
concentrations can be dangerous leading to a damage of human health, as they are non-
biodegradable and can be accumulated in living tissues. Heavy metals are some of the most
serious environmental pollutants, particularly in water and soil. Heavy metal pollution
poses a risk to the environment, and it can be detrimental to human health via the food
chain. Among all water contaminants, heavy metal ions, such as Pb®*, Cd**, Zn*, Ni** and
Hg?*, having high toxic and non-biodegradable properties, can cause severe health

problems in animals and human beings (Nourbakhsh et al., 1997).

Among these heavy metals Lead (Pb) is a non-physiological metal and environmental
pollutant that is exposed to most of the general human population below levels known to
cause clinical effects of toxicity (Rasha and Fekry, 2013). Lead is a common and very
toxic pollutant introduced into natural water from a variety of industrial wastewater. It has
been demonstrated to be accumulated in bone and in some soft tissues, such as liver,
kidney and brain. Toxic effects of Pb(Il) are manifested in the central nervous system,
where encephalopathy, seizures and irritability etc. are the most severe symptoms observed
(Donmez and Aksu, 2002).

Cadmium in environments pose a serious threat to plants, animals and even human beings
because of its bioaccumulation, non-biodegradable property and toxicity even at low
concentrations (Trivedi and Axe, 2000). It is a toxic heavy metal of significant
environmental and occupational concern. It has been identified as a human carcinogen and
teratogen substance severely impacting lungs, kidneys, liver and reproductive organs
(Filipic, 2012; Waalkes, 2000).

Zinc is often found in effluents discharged from industries involved in acid mine drainage,
galvanizing plants, natural ores, and municipal wastewater treatment plants and is not

biodegradable and travels through the food chain via bioaccumulation (Zeid et al., 2012).
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Zinc is the least toxic of the two metals described above (Jamaleddin et al., 2000). It is the
most common pollutants found in industrial effluents. It is essential trace elements; high
levels can cause harmful health effects. Therefore, determination of trace levels of heavy
metals is very critical for environmental protection, food and agricultural chemistry and

also for monitoring environmental pollution (Bailey et al., 1999; Duran et al., 2007).

Several methods are used for the removal of heavy metals from aqueous solution such as
electrochemical precipitation, electro-dialysis, ion exchange, biological removal, liquid
extraction, reverse osmosis and adsorpition (Kornaros et al., 2006; Fu et al., 2001; Gao et
al., 2010; Tofik et al., 2016). Electrochemical techniques are preferred for the in situ
measurements of heavy metals due to their high sensitivity, good selectivity, low cost,
simplicity, and easy data read-out. Due to its low cost, high efficiency and simplicity to
operate, adsorption technology is regarded as the most promising one to remove heavy
metal ions from effluents (Zamboulis et al., 2011).

The process of adsorption has advantages over the other methods due to its sludge free
clean operation and complete removal of heavy-metals, even from the diluted solution.
Therefore, the physical adsorption process at the solid-liquid interface is known to be a
powerful method for removing contaminants owing to economical and environmental
friendly reasons. The cost of an adsorption process mainly depends on the cost of the
adsorbent and its regeneration. Although traditional sorbents such as activated carbons
(Kobya et al., 2005), clay minerals (Oubagaranadin and Murthy, 2009), chelating materials
(Sun et al., 2006) and chitosan/natural zeolites (Wang et al., 2009) have been used for the
removal of heavy metal ions from wastewater, the low sorption capacities and efficiencies
limit their application, but activated carbon is currently the most widely used and studied
adsorbent. Metal-Organic Frameworks (MOFs) as a new kind of most effective of

adsorbent for removal of heavy metals is a recent research endeavor (Haque et al., 2010).

Metal organic framework MOFs are a class of porous materials composed of metal-
containing nodes connected by organic linkers through strong chemical bonds. The union
of these two building units produces different coordination modes, depending on the
symmetry of the linker and the coordination number of the metal center. The synthesis and

applications of metal-organic frameworks (MOFs) has emerged as a topic of much current
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interest due to the large flexibility in the preparation, the possibility to apply rational
design due to the large surface area, pore volume and the high metal content of the
materials ( Lee et al., 2009). Additionally, one of the main limitations of MOF materials
may be ascribed to their rather low thermal, hydrothermal, and chemical stabilities when
compared with zeolites, a fact that may undoubtedly limit their use in large scale industrial
applications (Kandiah et al., 2010). Metal-organic frameworks (MOFs) are promising
adsorbents for gas storage and separation, such as H, and CH, storage, and CO, capture,
due to their extraordinarily high porosity, adjustable pore sizes, controllable surface

functionality (Ying and Yang, 2014).

Recently, researchers start to investigate the capability of MOFs as adsorbents in the waste
water treatment. It is found that several types of MOFs are stable in water and
exhibit promising adsorption capacities for the removal of pollutants from water
such as metal ions (Roushani et al., 2017). Some MOFs revealed even higher adsorption
capacities than conventional adsorbents, such as granular activated carbon (Wang et al.,
2017).

To date, porous MOFs based on polycarboxylate and tetravalent metals are still scarce with
only a few such solids being accessible to nitrogen molecules (Dan-Hard et al., 2009).
Among them, the titanium(IV) terephthalate MIL-125 (MIL stands for Materials from
Institute Lavoisier) (Dan-Hard et al., 2009) and the zirconium terephthalate UiO-66(Zr)
(UiO for University of Oslo) (Cavka et al., 2008) which both have a 3D microporous
cubic pore system, are of interest because of their relatively high stability combined
with large accessible pore volumes. For instance, UiO-66(Zr) is stable up to 450 °C
under air and remains unaltered upon water adsorption/ desorption cycles by switching
reversibly between dehydroxylated and hydroxylated version (Wiersum et al.,2011) and
has an exceptional stability under mechanical stimulus (Cavka et al., 2008). Report
related to sorption of heavy metals by MOFs is scant. For example, MOF-5 and FJI-9 were
employed for Pb(I1) and Co(ll) ions sorption (Xue et al., 2016; Riverea et al., 2016). The
purpose of the present work is, therefore, to evaluate the sorption behavior of UiO-66 MOF

as adsorbent material for removal of Pb(11), Cd(l1) and Zn(ll) from aqueous solution.



Objectives of the Study

General Objective

» To study the sorption behavior of UiO-66 (Zr) MOF for the removal of lead,

cadmium and zinc ions from aqueous solution.
Specific Objectives

» To synthesize UiO-66 MOFs using solvothermal method

» To characterize the as-synthesized MOFs using instruments such as XRD, TGA,
BET SEM-EDX and FT-IR.

» To optimize the synthesized material with respect to some parameters: pH,
adsorbent dose, contact time and initial concentration.

» To evaluate the adsorption process by using the Langmuir, Freundlich and D-R
isotherm models and to evaluate the kinetic and thermodynamic parameters for the
adsorption process.

» To evaluate desorption and reusability of the adsorbent.



2. LITERATURE REVIEW

2.1. Heavy Metals

Heavy metals are elements having atomic weights between 63.5 and 200.6, and a specific
gravity greater than 5.0. Most of the heavy metals are dangerous to health or to the
environment (Lakherwal, 2014). Heavy metals are considered to be the following
elements: Copper, Silver, Zinc, Cadmium, Gold, Mercury, Lead, Chromium, Iron, Nickel,
Tin, Arsenic, Selenium, Molybdenum, Cobalt, Manganese, and Aluminum. From this
heavy metals Cd**, zn**, Pb®, Ni** and Hg”* the major toxic heavy metals. The most
common sources of this heavy metal pollutants are industrial wastewater from mining,
metal processing, tanneries, pharmaceuticals, pesticides, organic chemicals, rubber and

plastics, lumber and wood products (Gunatilake, 2015).

The heavy metals are transported by runoff water and contaminate water sources
downstream from the industrial site (Lakherwal, 2014). Thus, it is very important to
determine effective methods for remediating heavy metal contamination (Shahriar et al.,
2012). Heavy metals in wastewater can have detrimental effects on all forms of life when
discharged directly into the environment (Chen and Li, 2010; Heidari et al., 2009). The
introduction of heavy metals into water is a growing and serious environmental and public
health concern because of the toxicity of heavy metals and their non-biodegradable nature.
Many technologies have been developed for removing toxic heavy metals from wastewater
(Pan et al., 2010).

2.1.1. Lead

Lead is one of the most heavy metals that are often found in industrial wastewater and its
discharge into the environment poses a serious threat due to its toxicity to aquatic and
terrestrial lives (Bachale et al., 2016). Lead contamination of the environment is primarily
due to anthropogenic activities, making it the most ubiquitous toxic metal in the
environment. Contamination of soil, water, and air by heavy metals, particularly lead,
poses a detrimental threat to our environment, humans, animals, plants, and marine life.

Lead uptake, transport, and accumulation by plants and animals as well as the potential for
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its propagation into the food chain exacerbate its toxic health effects (Agwaramgbo et al.,
2013).

Lead pollution is a consequence of many human activities such as lead paint production
(Mielke, 1993) mining, agricultural fertilizers, insecticides and pesticides (Ma et al., 1995).
Lead enters man by inhalation and ingestion. Absorbed and carried by the blood,
accumulated in liver, kidney, and bone up to about the fifth decade of life. It is causes brain
damage particularly to the young. There is evidence that Lead pollution can induce
aggressive behavior in animals which can also occur in humans (Mengel and Kirkby,
1978).

2.1.2. Cadmium

Cadmium is one of the most dangerous heavy metals both to human health and aquatic
ecosystems. It can be released into the environment from various sources, such as in by
products from zinc refining, smoke from coal combustion, wastes from electroplating
process, and mine wastes. It is a natural, usually minor constituent of surface and
groundwater. It may exist in water as a hydrated ion, as inorganic complexes such as
carbonates, hydroxides, chlorides or sulfates, or as organic complexes with humic acids
(Singh et al., 2009).

The presence of cadmium in the natural environment is related to both natural (cadmium
coexists in earth with zinc in copper mines) and anthropogenic discharge sources (Yu et
al., 2015). According to the World Health Organization (WHO, 2006) cadmium is the
most toxic heavy metals. They cannot be degraded or destroyed. To a small extent they
enter our bodies via food, drinking water and air, for these reasons, environmental
regulations define severe limitations on the maximum cadmium concentration in natural

water bodies as well as on the maximum allowed concentration for wastewater discharge.

Average Cd(Il) concentration from plating factory is generally around 15-20 mg/L, in lead
mine acid drainage, the concentration can be as high as 1000 mg/L (Naiya et al., 2008) and
the consentration of cadmium in inland surface water a public sewers are 2.0 and 1.0 mg/L,

respectively. Cadmium can be easily transferred into animals and human beings by smoke
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in the air, water, and food and subsequently accumulated in the body. This means cigarette
smoke is the main source of cadmium polutante. The toxicity of Cd causes high blood
pressure, kidney damage, destruction of testicular tissue, and red blood cells (Yu et al.,
2015).

2.1.2. Zinc

Zinc is one of the toxic metals and is present in high concentration in wastewater of
various industries like galvanizing, metallurgical, electroplating, mining, paints and
pigments, pharmaceuticals, fiber production, ground wood pulp, newsprint paper, batteries,
petroleum and petrochemical (King et al., 2008; Deliyanni et al., 2007). Zinc metal ions do
not degrade and thus are carried away to the food chain and finally get accumulated in the
living organisms, causing several diseases and disorders. Zinc enters into water through
natural as well as anthropogenic sources (anthropogenic effects, materials or process are
those that are derived from human activities as opposed to occurring in natural
environments without human influence). Erosion of soil and rocks has been found to be

responsible for natural zinc contamination in water (Deliyanni et al., 2007).

Zinc is an essential element but its concentration in air, water and food should be below the
tolerance limits, otherwise it would be harmful to humans and animals (Klassen et al.,
1996). Due to this too much intake of Zn(ll) can lead to respiratory incapacitation, as
indicated by increased respiratory activity such as breathing rate, volume and frequency of

ventilation, coughing, decrease in oxygen uptake efficiency (Petrell et al., 2002).
2.2. Metal Organic Frameworks

Metal organic frameworks (MOFs), also known as porous coordination polymers (PCPs)
or porous coordination networks (PCNs) refers to similar but not the same general type of
materials (Hirscher et al., 2010). Metal organic frameworks (MOFs) are some of the most
recent classes of microporous materials. The formation of metal organic frame work by
connecting metal ion clusters with multitopic ligands (for example, a di-, tri- or
tetracarboxylate ligand), a three dimensional network is formed with a molecular defined

porosity (Felix et al., 2013).
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MOFs are the highly crystalized and adjustable in porosity. The main advantage of MOFs
Is that their pore size and porosity can be designed to adsorb specific contaminants and
their structure can also be customized for the chemical specificity. Porous solid materials
are generally used as adsorbents in the separation process and especially important in gas-
phase separations, an area which has received considerable research and development
attention, to create advanced porous materials with tailor made porosity and surface

properties, for particular separation applications (Ying Yang et al., 2014).

The most interesting versions of these materials display permanent nano scale porosity, a
feature that can translate into large internal surface areas, ultralow densities, and the
availability of uniformly structured cavities and portals of molecular dimensions. The
majority of metal ions are transition metals with various geometries, due to their versatile
coordination numbers. The organic ligands contain halides, cyanides, neutral organic
molecules, and anionic organic molecules. Together, both organic and inorganic
components can form one-, two-, or three-dimensional networks (MOFs) constructed from
metal ions/clusters and multidentate organic linkers via coordination bonding, which are
emerging as an important group of materials for energy storage, CO, adsorption,
alkane/alkene separation, and catalysis MOFs which show flexibility upon interactions
with guest (Chen et al., 2010).

MOFs are typically constructed by connecting secondary building units (SBUs) with
organic spacers to create diverse networks. The organic spacers or the metallic SBUs can
be altered to control the pore environment of the MOF, which controls its interactions with
adsorbates, which ultimately enables its utilization for a particular application (Chandan et
al., 2013).

The stability of MOFs is largely determined by the structure of the inorganic brick and the
nature of the chemical bonds it forms with the linker. The main limitation of MOF
materials may be ascribed to their rather low thermal, hydrothermal, and chemical
stabilities when compared with zeolites, a fact that may undoubtedly limit their use in large

scale industrial applications (Lee et al., 2013).
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Metal organic frameworks (MOFs) have emerged as an extensive class of crystalline
materials with ultrahigh porosity (up to 90% free volume) and high internal surface areas,
extending beyond 6000 m?/g. These properties, together with the extraordinary degree of
variability for both the organic and inorganic components of their structures, make MOFs
of interest for potential applications in clean energy, most significantly as storage media
for gases such as hydrogen and methane, and as high-capacity adsorbents to meet various
separation needs. Additional applications in membranes, thin film devices, catalysis, and

biomedical imaging are increasingly gaining importance.

Zirconium MOFs (UiO-66) have been prepared at high temperature using benzene
dicarboxylic acid or 1, 4-benzene-dicarboxylate, as a linker source using DMF as a solvent,
which would be extraordinarily attractive for industrial applications. The UiO-66 (UiO =
University of Oslo) family of microporous MOF materials is based on a 3D structure of
hexamers of eight coordinated ZrOg(OH) , and 1, 4-benzene-dicarboxylate (BDC) linkers
(Cavka et al., 2008; Valenzano et al., 2011). UiO-66 is stable up to 450 °C under air and
remains unaltered upon water adsorption/desorption cycles by switching reversibly
between dehydroxylated and hydroxylated versions (Wiersum et al., 2011) and has an
exceptional stability under mechanical stimulus. The high thermal stability has been
attributed to the combination of strong Zr-O bonds and on the ability of the inner Zrg
cluster to rearrange reversibly upon dehydroxylation or rehydratation of p3-OH groups,
without detrimental effects on the stabilities of the connecting di carboxylate bridges
(Cavka et al., 2008).

.fb)p g
£
o *d@o

Figure 1. (a) Six-center octahedral zirconium oxide cluster. (b) fcu unit cell of UiO-66;
blue atom — Zr, red atom — O, white atom — C, H atoms are omitted for clarity.
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2.3. Applications of MOFs

Due to their high surface areas and void volumes MOFs are exciting materials with a great
potential for applications in adsorption, separation, drug delivery, biomedical applications,
sensing, catalysis, etc. However, MOFs need to show improvements in stability and
performance when compared with other nanoporous materials, particularly those that are
already used in industrial applications i.e Separation, Energy Storage, Catalysis, Sensors and
Drug Storage and Delivery (Biomedical Application) (Holiday and Smith, 2014; Kuppler,
2009; Ma and Zohu, 2010; Ma and Meng, 2011; Schroder, 2010)

2.4. MOFs as Adsorbents for Removal of Heavy Metals

Various studies using MOFs as Adsorbent materials for gas and organic compound
removal have shown good adsorption capacities (Chen et al., 2009; Yang et al., 2011).
However, only few studies have used MOFs as adsorbent material for heavy metal
adsorption in aqueous media, and there is therefore scarce information about the possible
interaction mechanisms between the adsorbent and the adsorbate. In particular, (Bakhtiari
and Azizian, 2015) have recently presented evidence of Cu** and Pb*" adsorption in
aqueous media with MOF-5 (consists of Zn,O inorganic moiety that acts as secondary
building unit, coordinating to benzene 1,4-dicarboxylate, a bi dentate ligand that acts as
spacers, to form a three-dimensional structure). The authors suggested that the obtained
290 mg/g of Cu®* and 658.5 mg/g of Pb®* maximum adsorption capacity may be explained
by the heterogenic surface of MOF-5 which contains different active sites for adsorption.
The adsorption capacities of this MOF were much higher than the commercially available
activated carbon. The performance of iron terephthalate having high adsorption capacity
was remarkable because the adsorption of Pb®*, Cd®* and Zn®* was as a result of specific
electrostatic interactions between the metal ions and the adsorbent (MOF). Thus, MOF-
type materials were suggested as potential adsorbents in removing harmful materials

(metal ions inclusive) in the liquid phase (Haque et al., 2010).
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2.5. Sorption Processes

2.5.1. Definition

Sorption is transfer of ions from water to the soil i.e. from solution phase to the solid
phase. It includes adsorption, absorption and ion exchange (Fettea, 1999) expands this
definition to include processes such as surface precipitation and diffusion of solutes into

porous media.
2.5.2. Adsorption

Adsorption process has been proved to be an excellent way to treat industrial waste
effluents, offering significant advantages like the low cost, availability, profitability, easy
operation, and efficiency. In addition, adsorbent of heavy metal could be selective for some
metal ions. (Assign the adsorption of zinc on UiO-66 MOFs Sorbent System). Adsorption
is operative in most natural physical, biological, and chemical systems, and is widely used
in industrial applications such as activated charcoal, synthetic resins and water purification.
Among these methods, adsorption is currently considered to be very suitable for
wastewater treatment because of its simplicity and cost effectiveness (Kwon et al., 2010;
Yadanaparthi et al., 2009).

Adsorption was the most commonly used technique for the removal of metal ions from
various industrial wastewaters (Gottipati et al., 2012). In addition to this adsorption is a
mass transfer process by which a substance is transferred from the liquid phase to the
surface of a solid, and becomes bound by physical and or chemical interactions to the
adsorbent (Babel and Kurniawan, 2003).

Adsorption was controlled by various parameters such as temperature, nature of the
adsorbate and adsorbent, and the presence of other pollutants along with the experimental
conditions (pH, concentration of pollutants, contact time, particle size, and temperature).
An equilibrium is established when the concentrations of pollutant adsorbed in water
become constant. The adsorption is treated for calculation of various adsorption parameters

is used. The important models are Langmuir, Freundlich, Halsey, and Henderson, Smith,
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Elovich liquid film diffusion, intraparticle diffusion, and Lagergren. These are different
well-known models used to explain the results of adsorption studies. Among these models

is use almost similar principle but a little difference in their approach (Masel, 1996).

2.5.3. Mechanism for Adsorption of Heavy metals

As coordination compounds, MOFs are potentially unstable in water (e.g. MOF-5)
depending on the nature of the bond between the metallic sites and the organic ligands as
well as its structure. However, as a greater understanding is reached on the water stability
of MOFs, a new breed of water-stable MOFs is being developed. These materials can
withstand immersion in water for extended periods of time, in large pH ranges (0 to 12).
Overall, MOFs can appear as promising candidates for the treatment of wastewater streams
owing to their high porosities and specific adsorbate/adsorbent interactions (Wang et al.,
2015).

As described before, the greatest advantage of MOFs as adsorbents is their unique textural
properties such as high surface areas and tunable porosities. Besides these properties,
several added advantages that have made MOFs more competitive as adsorbents are the
capability to incorporate functionalities by grafting or loading functional or active species
and analogous MOFs with different central metal ions. Understanding the mechanisms of
adsorption is very important because without proper knowledge of adsorbate-adsorbent
interactions, it is absolutely impossible to design materials for future applications or
developments. As a consequence, an attempt to summarize the mechanisms or types of
interactions during adsorptive removals of hazardous contaminants from water over MOFs
has been made in this review. The important mechanisms for the adsorption of hazardous
materials over MOFs are summarized in Fig. 3. The mechanisms of interactions for the
selective adsorptions include electrostatic interaction, acid-base interaction, hydrogen

bonding, IT-IT stacking/interaction, and hydrophobic interaction (Hasan and Jhung, 2015).
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Figure 2. Schematic diagram of possible mechanisms for adsorptive removal of hazardous
materials over MOFs
(Zn40) (BDC) 3 + 4H,0 — [(Zn40) (H20), (BDC),]** + BDC*
[(Zn40) (H20)4 (BDC),]** + BDC?* + M** — [(Zn4O) (H,0)s (BDC),]** + MBDC
Where M = Metal ions i.e Cu?* and Pb**
MBDC structures according to the possible mechanism for adsorption of heavy metals

(ignoring associated hydrolysis reactions)
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2.5.4. Fundamentals of Adsorption

Adsorption is a process that occurs when a gas or liquid solute accumulates on the surface
of a solid or a liquid (adsorbent), forming a molecular or atomic film (the adsorbate).
Examples include: liquid-solid interface (Yadanaparthi et al., 2009). Moreover, adsorption
iIs coming to be regarded as a practicable separation method for purification or bulk
separation in newly developed material production processes of, for example, high tech
materials and biochemical and biomedical products. Surface characteristics and pore
structures of adsorbents are the main properties in determining adsorption equilibrium and
rate properties which are needed for plant design. New adsorbents are continuously being
developed, introducing new applications for adsorption technology. Adsorption
equilibrium is the fundamental factor in designing adsorption operations (Ayhan, 2008).
Depend on the type of interaction there are two types of adsorption phenomena, physical
adsorption and chemical adsorption (Jiaping, 2012). Physical adsorption is the result of
intermolecular forces of attraction between molecules of the solid adsorbent and the
substance adsorbed. Chemisorption is the result of chemical interaction between the solid
adsorbent and the adsorbed substance (Ayhan, 2008).

In principle, adsorption can occur at any solid fluid interface. To develop isotherms, a
known quantity of adsorbate in a fixed volume of liquid is exposed to various dosages of
adsorbent. After sufficient time, the adsorption equilibrium is reached and the adsorption
equilibrium capacity can be calculated from a mass balance: The quantity of adsorbed
metal was calculated by the difference of the initial and equilibrium amounts of metal in
solution divided by the weight of the adsorbent. From mass balance for the adsorbate in the

glassware is:
M (Qo-Qe) = (Co—Ce)Vv 1)

From which a relationship between values of Co and the corresponding equilibrium value

of ge can be established. To determine equilibrium relationship it is go= 0,

Oe= %(CO —Cy) 2)
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Where, v is the volume of liquid, m is the mass of adsorbent used, Co is the initial, and Ce
Is the adsorbate residual concentration in solution. It is important to differentiate between
adsorption of a single and multiple compounds. In the latter case, the different adsorbates
was compete for adsorption sites and the adsorption equilibrium as well as the isotherm
can be significantly different than without competition. In a multi component system, the
initial concentration of the target adsorbate influences the resultant isotherm. In order to
describe the adsorption equilibrium mathematically, different models exist, differing in
complexity and a number of parameter is necessary. Of practical relevance are mainly
three parametric isotherms, in particular those formulated by (Langmuir, 1918; Freundlich,
1906) and Dubinin—Radushkevich (D-R) isotherm.

2.5.5. Langmuir Isotherm

One of the simplest and the most widely used isotherms is the Langmuir isotherm that was
originally derived from adsorption Kkinetics by equating the rate of adsorption and
desorption onto a flat surface. The theoretical Langmuir isotherm, Langmuir, (1918) is
valid for sorption of a solute from a liquid solution as monolayer adsorption (Limousin et
al., 2007) on a surface containing a finite number of identical sites. It is used to describe
the equilibrium between surface and solution as a reversible chemical equilibrium between

species.

Langmuir isotherm model assumes uniform energies of adsorption onto the surface without
interaction of adsorbate in the plane of the surface where adsorbate molecules can be
chemically bound. It is assumed that the reaction has a constant free-energy change for all
sites and a maximum of one adsorbate molecule can be bound to each site (monolayer
coverage). The Langmuir equation n assumes that homogeneous structure of the adsorbent
surface, i.e. all adsorption sites are energetically equal. That is why the Langmuir equation
is in most cases only applicable for small concentration ranges. RL indicates the isotherm
shape and whether the adsorption is favorable or not. The Langmuir nonlinear equation is
commonly expressed as follows (Hameed et al., 2009):

bCe
Oe = Qo o ©)
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To derive the model parameters Q, and b, can be linearized. The linear Langmuir isotherm
allows the calculation of adsorption capacities and is equated by the following equation

Ce_ 1 | Ce

4e BC | Q @
The plot shown as (C¢/ge) Vs Ce should yield a straight line if the Langmuir equation is
obeyed by the adsorption equilibrium. The essential characteristics of a Langmuir isotherm
can be expressed in terms of a dimensionless constant separation factor or equilibrium

parameter R which is defined by:

R.=— 5)

" 1+4bCe

For all the above equation (3-5), C, = is the initial adsorbate concentration in solution
(mg/L). While C, = is the adsorbate residual concentration in solution, go= is the initial
amount of adsorbate per unit mass of adsorbent (mg/g), m = is mass of adsorbent (g) and v
is the volume of liquid, g. is milligrams of adsorbate accumulated per gram of the
adsorbent material. Q, = is the maximum uptake corresponding to the site saturation and b

is the ratio of adsorption and desorption rates.

Table 1. Type of isotherm for various R, (Hamdaoui, 2006)

Table R. Type of isotherm
R >1 Unfavorable
R =1 Linear
0<R. <1 Favorable
R, =0 Irreversible

Where b and Q, are constants related to the apparent energy of adsorption and the
adsorption capacity, respectively; and q. is the amount adsorbed per unit mass of the
adsorbent (mg/g) with 20 an equilibrium concentration of C, (mg/L). A plot of (C./qe) vs. C. was

linear and the constants Q, and b were determined from the slope and intercept of the plot.
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2.5.6. Freundlich Isotherm

The Freundlich isotherm model Freundlich, (1906) is the earliest known equation
describing the adsorption process. Its equation is an empirical expression that encompasses
the heterogeneity of the surface and the exponential distribution of sites with different
adsorption energies. This equation assumes that each class of adsorption site adsorbs
molecules, in the Langmuir equation. The Freundlich isotherm equation is the most widely
used equation in adsorption from aqueous solution. In other words, for Freundlich isotherm
to be valid, the adsorption must be purely a physical process with no change in the
configuration of the molecules in the adsorbent. Freundlich isotherm can be derived
assuming a logarithmic decrease in the enthalpy of sorption with the increase in the

fraction of occupied sites.

The Freundlich isotherm is generally better suited to describe adsorption in aqueous
solutions than the Langmuir isotherm. It has been shown that the Freundlich equation can
be derived from the Langmuir equation if a logarithmic decrease of the differential
adsorption enthalpy with increasing solid phase concentration is assumed, corresponding to
the behavior of a heterogeneous adsorbent surface. It is important to note that the
Freundlich equation can only be used to describe experimental data within a limited
concentration range where the constants are valid. To describe adsorption outside of this
range, other isotherms have to be derived in experiments within other concentration ranges.

The Freundlich model is commonly given by the nonlinear equation (Freundlich, 1906).

qe = Kf Cel/n (6)

Where Kt is a constant for the system related to the bonding energy. K¢ can be defined as
the adsorption or distribution coefficient and represents the quantity of adsorbate adsorbed
on to adsorbent for unit equilibrium concentration. (n is the heterogeneity factor
representing the deviation from linearity of adsorption and is also known as Freundlich
coefficient) 1/n is an empirical constant related to the magnitude of the adsorption driving
force on to the sorbent or surface heterogeneity, becoming more heterogeneous as its value

gets closer to zero. Both K; and n have to be determined in batch experiments, using
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logarithmic regression of the data and the linearized form of the Freundlich equation
described below (Sairam et al., 2009).

Log ge = log K¢+1/n log Ce @)

The Freundlich coefficients were determined from a plot of logqge vs logC.. The Freundlich

model clearly agreed very well with the experimental data.
2.5.7. Dubinin—Radushkevich (D-R) Isotherm

The D-R isotherm, apart from being an analogue of the Langmuir isotherm; is more
general than the Langmuir as it rejects the homogeneous surface or constant adsorption
potential. The linear form of (D—R) isotherm equation can be expressed by equation.

INGe = Q, - 3¢ (8)

Where ge (mg/g) is the amount of metals adsorbed per unit mass of adsorbent, qm (mg/g) is
the theoretical adsorption capacity. p (mol’K™J?) is the constant of the sorption energy
which is related to the average energy of sorption per mole of the adsorbate as it is
transferred to the surface of the solid from infinite distance in the solution. While € is
Polanyi potential, which described by equation

£€=RTIn(1 +C—1e) 9)

Where T is the temperature (K) and R (kJ mol™K™) is the gas constant, C, (mg L™) is the

equilibrium concentration of Heavy metals.

To deepen the understanding of adsorption mechanism, D-R isotherm model was chosen to
describe adsorption on both homogenous and heterogeneous surfaces (Jovanovic et al.,
2011). The D-R isotherm model was also applied to distinguish between physical and
chemical adsorption of Heavy metals on UiO-66 (Zr-MOF).
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2.6. Kinetics of Adsorption

The general kinetics of adsorption, as reported by (Goh et al., 2008) in their review of
hydrotalcite adsorption suggest that initial adsorption proceeds quite quickly which is
suggestive of external mass transfer and the time to equilibrium is indicative of
intraparticle diffusion. Goh et al., 2008 also noted that there have been a number of kinetic
models used to describe the kinetics of adsorption, with studies showing a variety of
kinetics models, such a s first order kinetics, second order kinetics, as well as intra-particle

diffusion and other models used to describe the adsorption behavior of these materials.
2.6.1. Pseudo-First Order Kinetics

The first model of kinetics that was examined is the applicability of first order kinetics to
the rate of adsorption n of contaminant upon Bayer liquors. This relationship was explored
by developing Lagergren plots log(qge-g;) vs t according to the relationship (Gupta and
Bhattacharryya, 2008).

IN(Qe-qr) = IN(Qle — Kat) (10)

Where: g = amount of target species adsorbed at equilibrium; Q; = amount of target
species adsorbed at time t; t = time; ky = first order rate constant From the Lagergren plot,

the first order rate constant (k;) is found from the slope of the graph.
2.6.2. Pseudo-Second Order Kinetics

Testing for second order kinetics was initially performed by preparing plots of t/g;vs t. The
formation of a linear plot shows that the reaction follows second order kinetics (Gupta and

Bhattacharryya, 2008) according to the relationship:
t/0; = 1/koQe? +1/ge(t) (11)

Where: t = time; g; = amount of target species adsorbed at time t; g, = amount of target

species adsorbed at equilibrium and k, = second order rate constant.
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2.6.3. Intra-particle Diffusion Rate

The structure of the solid and its interaction with the diffusion substance influences the rate
of transport. Adsorbent may be in the form of porous barriers and solute movement by
diffusion from one fluid body to the other by virtue of concentration gradient (Tsegaye,
2016).

Intra-particle diffusion is a transport process involving movement of species from the bulk
of the solution to the solid phase. In a well-stirred batch adsorption system, the intra-
particle diffusion model has been used to describe the adsorption process occurring on a
porous adsorbent. Weber and Morris (Annadurai et al., 2002) proposed the most-widely

applied intra-particle diffusion equation for sorption system as:
G = Kig t2 (12)

Where, q; is the amount of Heavy metals adsorbed per unit mass of adsorbent (mg/g) at a

time t and Kjq the intra-particle diffusion rate constant (mg/g.min™?

Kiq of stage i was obtained from the slope of straight line of g; vs t*2.

). The rate parameter

2.7. Thermodynamic Study

The concept of thermodynamics assumed that in an isolated system, where energy cannot
be gained or lost, the entropy change is the driving force. In environmental engineering
practice, both energy and entropy factors must be considered in order to determine what

processes will occur spontaneously. The Gibbs free energy change, AG is the fundamental

criterion of spontaneity. Reaction occurs spontaneously at a given temperature if AG is a

negative quantity. (Mohan and Singh, 2002; Chen et al., 2010)

Thermodynamic parameters associated with adsorption Viz., free energy change (AG),
enthalpy change (AH) and entropy change (AS) will be calculated for the sorbent. By
plotting the graph InKc versus T, the values of AH and AS can be estimated from the
slopes and intercepts hence spontaneity of the process will also be assessed by using the

following equation:
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AG = -nRTInKc (13)
AG = AH-TAS (14)
LnKc=AS/R-AH/RT, where, InK;=0e/Ce (15)

Where R (8.314 J/mole K) is the gas constant, T(K) is the absolute temperature and Kc
(cm®g™) is the standard thermodynamic equilibrium constant defined by ge/Ce, AG s

Gibb’s free energy change, AH is change in enthalphy , AS is entropy change.
2.8. Synthesis Methods of MOFs

Several methods have been employed in the synthesis of metal-organic frameworks (Wang
et al., 2012). These methods are

2.8.1. Solvothermal Synthesis

The solvothermal synthesis can be perform by heating a mixture of organic linker and
metal salt in a solvent system that usually contains N,N-dimethylformamide or diethyl
formamide functional group (Tsa et al., 2007). It is the most commonly applied synthetic
route, allowing the system to be operated without the need for specialist equipment and the
relatively fast growth of crystals with high levels of crystallinity, phase purity and surface
areas compared with other method of MOFs synthesis (Li et al., 2009). In most cases,
high-boiling organic solvents have been used for solvothermal reactions. The most
commonly used organic solvents are dimethyl formamide, diethyl formamide, acetonitrile,
acetone, ethanol, methanol etc. In addition to this solvo and Hydro thermal synthesis is the
most common method for synthesis of MOFs. The hydrothermal method has been used
successfully for the synthesis of an enormous number of inorganic compounds and

inorganic organic hybrid materials (Chandan et al., 2013).
2.8.2. The slow Evaporation Method

The slow evaporation method is a conventional method to prepare MOFs, which mostly
does not need any external energy supply. Although this method is sometimes preferred at
room temperature. Metal salts and organic linkers are mixed together in the liquid phase

with or without the aid of additional auxiliary molecules. Usually, highly soluble
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precursors are used in this method which is concentrated by slow evaporation (Zou et al.,
2005). The major disadvantage remains that it requires more time compared with other
well-known conventional methods. In the slow evaporation method, a solution of the
starting materials is concentrated by slow evaporation of the solvent at a fixed temperature,
mostly at room temperature. Sometimes the process involves a mixture of solvents, which
can increase the solubility of the reagents and can make the process faster by quicker
evaporation of low-boiling solvents (Du et al., 2005; Halper et al., 2006; Ohi et al., 2004;
Yoo et al., 2011).

2.8.3. Microwave Assisted Synthesis

Microwave assisted synthesis provides a very rapid method for the synthesis of MOFs.
Microwave-assisted procedures have been used extensively to produce nano size metal
oxides. It is a very energy efficient method of heating and a way to achieve fast
crystallization due to higher nucleation rate. Recently MW assisted method is widely
applied to obtain nano scale MOFs with high purity, identical morphology and very
uniform distribution. The microwave-assisted synthesis has been termed ‘microwave
assisted solvothermal syntheses for the preparation of MOFs. The quality of the crystals
obtained by microwave assisted processes are generally the same as those produced by the
regular solvothermal processes, but the synthesis is much quicker (Bux et al., 2009;
Klinowski et al., 2011; Liang and Alessandro, 2013; Zornoza et al., 2011).

2.8.4. Mechanochemical Synthesis

As a solvent free synthesis mechanochemical method is the simplest, economical and
environmental friendly method compared to other liquid phase synthesis. Nowadays this
method is employed for large scale synthesis of MOF materials. Here mechanical force has
been applied for grinding the mixture of metal salts and organic linkers together in a
mechanical ball mill. As a result, mechanical breakage of intramolecular bonds and
construction of new bonds occurs. Sometimes liquid assisted grinding is also followed for
the acceleration of mechanochemical reactions. The main advantages of this method are

that (1) organic solvents can be avoided, (2) room temperature is sufficient, (3) side
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products formed are harmless and (4) MOF can be obtained in short reaction time (Friscic,
2011; Klimakow et al., 2010; Pilloni et al., 2015; Singh et al., 2013; Yan et al., 2013).

2.8.5. Electrochemical Synthesis

The electrochemical synthesis has been recently employed for the fast and continuous
production of large amounts of MOF crystals. Instead of metal salts, metal ions are used as
a metal source in this method. The metal ions provided through anodic dissolution which
react with organic linkers, and electrolytes in the reaction medium. Micro crystalline
powders and films can be obtained by this continuous process (Campagnol et al., 2014;
Carson et al., 2011; Martinez et al., 2012).

2.8.6. Sonochemical Synthesis

Recently sonochemical synthesis has been efficiently employed for the rapid synthesis of
MOFs. This is also an efficient method to shorten the crystallization time by the
application of ultrasound. This ultrasound enhances the chemical or physical changes in a
liquid medium through a process called cavitation. In this process growth and subsequent
destruction of bubbles throughout the liquid occur after sonication. The collapse of bubbles
results in rapid release of energy with temperatures of about 4000 K and pressure in excess
of 1000 atmospheres. This is an energy efficient, environmental friendly method to
generate homogeneous nucleation centres as there is no direct interaction between
ultrasound and molecules (Bigdeli and Morsali, 2015; Hu et al., 2012; Karizi et al., 2015;
Mehrani et al., 2014).

2.8.7. Room Temperature Synthesis

In this method, the metal salt solution in a specific solvent and the linker solution in the
same/different solvent are prepared and mixed with stirring. The resultant solution is
further stirred for longer hours and the product is separated, washed and dried (Negash,
2013).



24

2.9. Characterization of MOFs

There are different analytical techniques to characterize the crystalline MOF materials. The

basic techniques are discussed below as follows:

2.9.1. X-Ray Diffraction

X-ray diffraction (XRD) is an effective method to investigate crystalline properties of a
synthesized material. It is a non-destructive analytical technique that can be applied for the
identification of unknown specimens and for the determination of materials properties. It
is the most important and beneficial technique in solid state chemistry and it has been
applied for the fingerprint characterization of crystals and for the determination of their
structures. This method requires an X-ray source (monochromatic or of variable L), of the
sample (Ece, 2012).

2.9.2. Ny Adsorption and BET Analysis

BET theory explains the adsorption of gas molecules on solid surfaces. It serves as the
basis for the measurement of specific surface area of a material. The concept used in this
theory is the multilayer adsorption of molecules. Gas adsorption is the technique used for
total surface area measurements. Gas molecules are condensed onto the pores of the
sample. As the size of the gas molecule is known to us, the surface area of the sample can
be determined. By completely covering the surface the surface area analyzer can
characterize the surface (Mohanty, 2012).

Nitrogen isotherms in a series of MOFs and showed that the accessible surface areas agree
very well with the Brunauer- Emmett-Teller (BET) surface areas obtained from the
simulated isotherms(Walton and Snurr, 2007). This demonstrates that the surface areas
obtained using the BET methods are physically meaningful. It also suggests that
comparing the geometrically calculated accessible surface area with the BET surface area
obtained from an experimental N, adsorption isotherm can provide a useful
characterization of deviations in the sample from the perfect crystal structure. If the BET

surface area is lower than the calculated accessible surface area, this could be due to the
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presence of reactants from the MOF synthesis, solvent molecules, partial collapse, or
catenation (Liu et al., 2007).

2.9.3. Thermogravimetric Analysis

Thermal gravimetric analyses is (TGA) is a method of thermal analysis in which loss of
mass from a material is measured as a function of increasing temperature with constant
heating rate, or as a function of time with constant temperature and/or constant mass loss.
This means thermogravimetry is a method in order to measure the change in weight of a
substance as a function of temperature or time and results are given as a continuous chart
record. Each MOF has a specific TGA pattern representing its porosity and thermal
stability. The initial mass loss shown in these patterns usually shows loss of the solvent
present in its pores as it evaporates at its boiling point. Secondary mass loss in a MOF
loaded only with pure solvent usually indicates the structure at which its structure
decomposes. The different temperatures at which mass loss occurs correspond to the
boiling point of the solvent and the loss of structural integrity in the MOF and thus shift
with changes in the solvent present and the crystal for which the pattern is obtained
(Tsegaye, 2016).

2.9.4. Scanning Electron Microscopy

SEM is a type of electron microscope which provides the information about sample’s
surface topography, composition and other surface properties such as electrical
conductivity. In scanning electron microscopy (SEM), it is possible to observe and
characterize the heterogeneous organic and inorganic materials on a nanometer (hnm) to
micrometer (um) scale (Ece, 2012). A three-dimensional-like image of the surfaces of a
very wide range of materials can be taken. The basic constituents of the SEM are the lens
system, electron gun, electron collector, visual and photo-recording cathode ray tubes
(CRTs) and associated electronics (Goldstein, 2003). In scanning electron microscope
technique, the electrons from a focused beam are rastered across the surface of the
material. Then, electrons reflected by the surface of the sample and emitted secondary

electrons are detected in order to give the surface topography of samples like catalysts,
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polymers and crystals. It is a common method for examining the particle size, magnetic
domains, crystal morphology, and surface defects (Smart and Moore, 2005).

2.9.5. FT-IR Analysis

The functional groups involved in the adsorption of the metal ions onto UiO-66 (Zr-MOF)
were confirmed by FTIR spectral comparison of the adsorbent, unloaded with metals. The
FTIR spectra were to find out the information regarding the bending vibrations and the
stretching of the functional groups which are responsible for the adsorption process
(Srivastava et al., 2006).
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3. MATERIAL AND METHODE

3.1. Experimental Work Site

Preparation of the adsorbent and the batch adsorption experiments were conducted at
Instrumental and Research Laboratory, Department of Chemistry, Haramaya University.
All the characterization techniques PXRD, SEM-EDX, BET and TGA were conducted at
the Institute of catalysis and Petroleum Chemistry (CSIC), Spain and FT-IR was conducted
at Department of Chemistry at Addis Ababa University, Ethiopia.

3.2. Instruments and Apparatus

Instrument were used in this study were: X-ray diffractometer (XRD) (BRUKER D8
Advanced X-Ray Powder Diffraction, AXS GmbH, Karlsruhe, West Germany), Brunauer—
Emmett-Teller (BET) (Micromeritics ASAP 2420), SEM-EDX ((HITACHI Tabletop
Microscope TM-1000), Thermogravimetric analysis TGA (PerkinElmer TGA?7), Fourier
transforms infrared spectrophotometer (FT-IR) (Perkin Elmer), Flame atomic absorption
spectroscopy (FAAS model 210 VGP Back Scientific made in U.S.A), pH meter (pH-
016), Rotary shaker (Orbital shaker SO1 made in UK), oven (Gallenkamp, MODEL
A050626), deionizer (Wation DB 50), centrifuge (Hermle, Z 300, Germany). Various
types of apparatuses were also used during the study, different size glassware such as
(beaker, volumetric flasks, erlenmeyer flasks, cylinders, pipettes, dropper and funnel),
crucible dish, filter paper, mortar & pestle, thermometer, magnetic stirrer and wash
bottles.

3.3. Chemicals and Reagents

The following chemicals were used during the study. Zirconium oxychloride octahydrate
salt, (ZrOCl,. 8H,0) (> 99.5 %, Aldrich), Benzene dicarboxylic acid (terphtalic acid) (98
%, Aldrich), DMF (99.8 %), Methanol (99.8 %), Cd(NOgs),. 4H,O (99%, Merch,
Germany), Pb(NO3), (99 % Bulux, india), Zn(NO3),. 6H,O, NaNO3; (98 % BDH,
England) HCI (37 %, Sigma Aldrich, Germany) and NaOH (99 %, Sigma Aldrich,

Germany). All the chemical and reagents were used as received.
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3.4. Experimental Procedures
3.4.1. Sample Preparation

The stock standard solutions of 1000 ppm of Pb(ll), Zn(I1) and Cd(Il) were prepared from
Pb(NOs3),;, Zn(NOs3),. 6H,0 and Cd(NOs),. 4H,0 by dissolving appropriate amount in 250
mL of slightly acidified double distilled water, respectively. The working solutions of 100
mg L of each heavy metal was prepared daily by suitable dilution of the stock solutions.
The pH of the solutions was varied by using 0.1M and 0.01M of NaOH or HCI
(Agwaramgbo et al., 2013).

3.4.2. Synthesis of UiO-66 (HT)

Calculated 12.77 mmol of zirconium oxychloride octahydrate salt was dissolved in 50 mL
of DMF and stirred for 30 min. Then 12.05 mmol of benzene dicarboxylic acid was
dissolved in 50 mL of DMF and stirred for 30 min. The metal salt solution was added to
the linker solution slowly and stirred for 24 h. The reaction was continued for 24 h in an
oven at 120 °C. The precipitate formed was centrifuged at 2500 rpm for 30 min and the
solid was washed three times with DMF and four times with methanol. Finally the solid
was dried in open air at room temperature and weighed. The precipitated Zr-MOF was
denoted as UiO-66-DMF (HT) with the expected structural formula of ZrgO4(OH) 4[CsH4
(CO2)2]12 (Tsegaye, 2016).

3.4.3. Characterization of UiO-66

The instruments employed in this study include the following: XRD (BRUCKER
D8 Advanced AXS GmbH, Germany), FTIR spectrometer (SHIMADZU 1730, Japan), pH
meter (METTLER TOLEDO, MP 220, Switzerland), powder X-ray diffraction (XRD)
using X’Pert Pro PANalytical equipped with an X-ray source of a CuKa radiation
(wavelength of 0.15406 nm) at step scan rate of 0.02 (step time: 1s; 20 range:
5.0-90.4°), scanning electron microscopy (SEM) using a Hitachi TM1000 with EDX
detector. N, adsorption isotherms were measured at -196 °C (77 K) on Micromeritics
ASAP 2420 and the micropore surface areas were calculated by the Brunauer—

Emmett-Teller (BET) method. Thermogravimetric analysis (TGA) was performed on a
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thermogravimetric analyzer PerkinElmer TGA7. Samples were heated at a rate of 20 °C

min ' to a maximum temperature of 700 °C in a flowing atmosphere of oxygen.

3.5. Point of zero charge determination

The determination of pH of point of zero charge (pHp.c) of the as-synthesized UiO-66 (Zr)
MOF adsorbent was assessed. To this effect 50 mL of 0.001M NaNO3 solution was added
to 0.1 g of UiO-66 MOF and adjusted to various pH values ranging from 3-10 by using
dilute HCI or NaOH solutions in a 250 mL beaker. Equilibrating the mixed solution for 60
min in a mechanical shaker, the initial pH was determined. Then 1 g of NaNO3; was added
to the above and further equilibrated for another 60 min and after agitation the pHyina Was
measured, the Plot of pH final-initiar (Y-axis) versus pHsina (X-axis) was recorded from which
the point of zero charge was determined as the point where the graph intersects the X-axis
(Panumati et al., 2008).

3.6. Batch Adsorption Studies

Batch experiments were conducted using 250 mL polyethylene bottle under continuous
mixing conditions with mechanical shaker at room temperature. The effect of different
parameters such as, pH, dose of adsorbent, contact time and initial metal concentration
were studied by varying any one of the parameters and keeping the other parameters
constant for both ions in separate experiments. Standard solutions of Pb(Il), Cd(Il) and
Zn(11) ions were mixed with the adsorbent in separate container and agitated at the same
agitation rates on a mechanical shaker. The sample solution was adjusted to the required
pH by using 0.10 M and 0.01 M solutions of HCI and NaOH. For each trial, a sample was
taken periodically out of the flask and filtered off with Whatman No.42 filter paper. The
Pb(I1), Cd(ll) and Zn(Il) concentrations were determined by AAS. The calibration curve
was obtained from the spectra of the standard solutions (1-20 mg/L) concentrations and
the removal efficiency of the adsorbent was finally calculated by using the relationship in

equation (16).

Adsorption (%) = ((C, — C¢)/C,) % 100 (16)
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Where C, = the initial concentration (mg/L) and C. = final concentration (mg/L) of each
metal ions. The adsorption capacity of the adsorbent was the concentration of the
respective metal ions Pb(I1), Cd(1l) and Zn(ll) on the adsorbent mass and was calculated

based on the mass balance principle (Kassa and Akeza, 2014)

Je =( Co-Ce)V/m a7

3.6.1. Effect of pH

To study the influence of pH on Pb(ll), Cd(Il) and Zn(ll) adsorption, experiments were
carried out by adding 0.1 g of the adsorbent into 50 mL Erlenmeyer flask containing 25
mL of 30 mg/L each heavy metal and by varying pH of the solutions from 3-10 before
adsorption experiments was carried out while keeping other parameters constant (agitation
speed at 120 rpm, adsorbent dose of 0.1 g, contact time at 16 h and initial Pb(ll), Cd(ll)
and Zn(1l) concentration at 30 mg/L). Each time the pH of the solution was adjusted with
0.1 M HCI or 0.1 M NaOH solution. Then the equilibrium concentration of Pb(l1), Cd(lI)
and Zn(I1) were measured after the solutions were agitated for 16 h (Tofik et al., 2016;
Tsegaye, 2016).

3.6.2. Effect of Adsorbent Dose

To determine the effect adsorbent dosage on the adsorption of Pb(I1), Cd(I1) and Zn(ll) the
quantities of the adsorbent was varied as 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35 0.4, 0.45, 0.5,
0.55, 0.6 and 0.65 g, using the optimum pH and the other parameter were constant (Tofik
et al., 2016; Tsegaye, 2016).

3.6.3. Effect of Contact Time

To determine the effect of contact time on the adsorption, the amounts of Lead/Cadmium
/Zinc ions adsorbed were determined by varying the contact time as 1, 2, 3, 6, 8, 16 and 24
hr. With pH and adsorbent dose being kept at the optimized values whereas, the agitation

speed and initial metal ion concentration were kept constant (Tofik et al., 2016).
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3.6.4. Effect of Concentration

To study the effect of initial adsorbate concentration, the experiment was carried out using
different initial lead, cadmium and zinc ions concentrations (10, 20, 30, 50, 100 mg/L).
Optimum value of the adsorbent was loaded into a 50 mL Erlenmeyer flask and 25 mL of
each of initial lead, cadmium and zinc ions solution were added. Each time the pH of the
solution was maintained at the optimized value by manually adding 0.1 M, 0.01 M HCIl/
NaOH solutions. The flask was capped and equilibrated on mechanical shaker at 120 rpm
at optimum value of time. At the end of the adsorption period, the solution was filtered and
then analyzed for lead, cadmium and zinc ions equilibrium concentration (Tofik et al.,
2016).

3.7. Kinetics of Adsorption

Pseudo - first order, pseudo - second order and intraparticle diffusion adsorption kinetics
were studied by varying the contact time as, 1, 2, 3, 6 and 8 h by keeping all parameters
(pH, adsorbent dose, agitation speed and initial Pb, Cd and Zn concentration) at optimized
value. It was evaluated by loading 0.4 g, 0.5 g and 0.2 g of adsorbent in several 250 mL of
Erlenmeyer flasks, each containing 25 mL of 30 mg/L, Pb, Cd and Zn solution. The pH of
the solution was maintained at the optimized value. The flasks were caped and
continuously shaken at a speed of 120 rpm. The sample solution was filtered and analyzed
for the equilibrium concentration of Pb, Cd and Zn. For all the above parameters, percent

of adsorption (%) was calculated using equation 16 (Gupta and Nayak, 2012).
3.8. Adsorption Isotherms

Freundlich, Langmuir and D-R isotherm models were employed to describe the
experimental results of effect of heavy metals adsorption. Heavy metals adsorption
isotherms were determined by keeping all parameters (pH, adsorbent dose, contact time
and agitation speed) at optimized conditions and initial metals concentrations were varied
from 10-100 mg/L. All flasks were equilibrated at selected agitation speed in mechanical
shaker for 3 h (for Pb and Cd) and 2h (for Zn). After decantation and filtration, the Pb, Cd
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and Zn concentration in the filtration solution were analyzed by using AAS. The amount of
heavy metal adsorbed was calculated from the following equation (Atkin, 2010).

Vsol(co_ce) - 5
m m

Qe= (18)
Where ge = Xx/m the quantity of adsorbed material (mg) /g adsorbent; V = volume of Pb, Cd
and Zn solution (L) that was used; Co= initial concentration (mg/L); Ce = equilibrium
concentration (mg/L) and m = weight of adsorbent (g). The amount of adsorption is
expressed by the ratio x/m which is defined as the quantity of adsorbate in (mg) held by
weight of adsorbent (g).

3.9. Thermodynamics of Adsorption

In order to determine the effect of temperature on sorption phenomenon, all predetermined
and optimized values of parameters (pH, dosage, contact time, speed of agitation and
concentration) were used and the temperature was established at 30, 40, 50 and 60°C
(Buzuayehu et al., 2017).

3.10. Desorption Study

Pb(I1), Cd(I1) and Zn(ll) desorption were conducted using each metal ions loaded powder
sample. 0.1 g of UiO-66(Zr-MOF) of each metal ions loaded powder was added into each
flask containing 25 mL of deionized water. 0.1 M NaOH or 0.1 M HCI solutions were used
to adjust pH of the solution from 2, 4, 6, 8 and 10. The solutions were agitated at optimized
values, filtered and analyzed for Pb(ll), Cd(Il) and Zn(ll ions according to the method
described previously (Buzuayehu et al., 2017). The quantity of desorbed each metal ions
was determined by the amount of metal ions in the solution after each desorption

experiment was performed.

Desorbed
—_—x

Desorption Efficiency = ~dsorbed

100 (19)

Where, desorbed = the concentration of the metal ion after the desorption process and

Adsorbed = C, — C, for each recovery process.
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3.11. Recyclability Study

To investigate the extent of regeneration and reusability of the adsorbent, metal ion
solutions of constant feed concentration (20 mg L™) was run through the optimum dose of
the adsorbent for the optimized contact time. After the completion of each run, the modules
were washed thoroughly with 0.1 M NaOH solutions, for 15 min in continuous recycle
modes to remove the adsorbed metal ions. Next, the system was washed with deionized
water for thirty minutes. Then the % adsorption of Pb(ll), Cd(Il) and Zn(ll) on the

adsorbent for each cycle was recorded (Raka and Sirshendu, 2014).
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4. RESULTS AND DISCUSSION

4.1. Characterization of UiO-66(Zr-MOFs)

4.1.1. XRD Analysis

XRD patterns of the adsorbent before and after treatment with lead, cadmium
and zinc ions are shown in Figure 3. The intensive peaks appearing at small 20 angles in
the XRD pattern are characteristics of porous materials, which possess abundant pores or
cavities. As indicated in Figure 3, the most probable diffraction peaks of the MOFs were
found below scattering angle (20) of 10 and this may be due to the inverse relation of 20
and porosity of the adsorbent. This means that; as the 20 becomes less and less the
adsorbent assumes a more porous character and the more it has MOF’s character. Thus,
diffraction peaks, which are only found at 20 closer to 10° and below were, selected (Lin et
al., 2012).

Accordingly, the main diffraction peaks of the UiO-66 (Zr-MOF) appeared at scattering angles
(20) of 7.50 and its average crystallite size was calculated using the Debye Scherrer formula:

kA
BCosO

The average crystalline size (D) =

Where:
K is the shape factor constant usually 0.9
D is average crystalline size in nm
B 1s full width at half max in rad of 20
A is the wavelength of x-ray(0.15406 nm) for Cu target Kal radiation
0 is the bragg’s angle

Ds = 0.91/ Cos6 (19)

The most intense peak in the XRD pattern was used to calculate the average crystallite size
(Ds) of as-synthesized UiO-66 (Zr-MOF). As can be seen from the figure, the crystallite
size UiO-66 (Zr-MOF) was found to be (13.05 nm) with the value of 20 (7.50), Cos6
(0.1309 rad.) and 3 (0.01065 rad).
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Actually, the sharp peaks are confirmations of the crystallinity of UiO-66 (Zr-MOF). The
major peak in the XRD patterns of UiO-66 (Zr-MOF) is in line with those reported on
different similar study (He et al., 2014; Chen et al., 2015; Muluneh, 2015 and Tsegaye,
2016). However, the positions of the long and sharp peak are shifted to some extent. The
as-synthesized MOFs assumed to be impure due to the presence of additional peaks far
away from the most probable 26 values for MOFs, which may account for the presence of

their corresponding oxides or unreacted acid linker molecules (Muluneh, 2015).
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Figure 3. (a) XRD pattern of before adsorption of Zr-MOF, (b, ¢, d) XRD pattern after
adsorption For Cd(ll), Pb(1l) and Zn(Il) of Zr-MOF.

The XRD pattern of the adsorbent after sorption of the metal ions Cd(lIl), Pb(Il) and Zn(ll)

have been studied and presented in figure 4. The XRD patterns before and after adsorption

appeared to be similar in respect to the major peaks. However, the peak intensities of the

MOF after sorption were found to be weaker indicating the decrease in crystallinity of the

UiO-66(Zr-MOF).
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4.1.2. BET Analysis

The BET surface area of UiO-66-HT was 683.307 m%/g. It is higher than the BET surface
area of UiO-66-HT loaded with Pb(ll), Cd(Il) and Zn(ll) which is 264.035, 266. 33 and
253.308 m?/g respectively. This is may be due to the high crystallinity, smaller particle size
and high porosity of UiO-66-HT compared to the less crystalline, larger particle size and
less porosity of UiO-66-HT loaded with metal ions.

4.1.3. SEM-EDX Analysis

Scanning electron microscopy was used to observe the morphological features of Zr-MOF
before and after adsorption and their corresponding SEM-EDX images are presented
subsequently in Figure 4 (a to c). The figures correspond to the SEM-EDX images of as-
synthesized UiO-66(Zr-MOF) before and after adsorption. In all cases, irregular shaped
chunk like particles were observed due to the intergrowth of the MOF crystals and has non
homogeneous particle size distribution. In addition, the results for Zr-MOFs in this study
are different from those in the literature in which the MOFs were synthesized by methods

providing better crystal formation (Silva et al., 2010; Wang et al., 2015)
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Figure 4. SEM-EDX images of (a) UiO-66(Zr-MOF), (b) UiO-66 with Pb, (c) UiO-66 with

Cd and (d) EDX spectrum of the three images.

Generally, the SEM-EDX images indicated that the as-synthesized MOF powders before

and after adsorption were the same. Elemental analysis made using EDX detector showed

no sign of the metal presumable sorbet onto the MOF surface accounting for physical

sorption. The presence of Ca as impurity (6.3%) could be traced perhaps from the aqueous

system employed in this study although it is deionized.
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4.1.4. TGA Analysis

The stability and structural integrity of the UiO-66(Zr-MOF) before and after adsorption
was further studied by thermo gravimetric analysis (TGA) as shown in Figure 5. TGA-
DTA analyses of the UiO-66(Zr-MOF), UiO-66 with Pb and UiO-66 with Cd shows two
steps weight loss prior to the formation of final ZrO, product. The first step of the
TGA profile shows 28% weight loss pattern on the thermo gram of UiO-66(Zr-
MOF) in the temperature range of 25-188 °C, 11% weight loss pattern on the
thermogram of UiO-66 loaded with Cd®* in the temperature range of 25-141 °C and 12%
weight loss pattern on the thermogram of UiO-66 loaded with Pb* in the temperature
range of 25-181 °C. This may be due to the removal of surface adsorbed DMF and
methanol molecules used for the synthesis. The curve shows a stability plateau of UiO-66,
UiO-66 loaded with Cd?* and UiO-66 loaded with Pb?* in the range of 188-500, 141-466
and 181-457 °C respectively in which the plateau is the region of the TGA where the
weight is constant, this gives the thermal stability information of the sample under given
conditions. Such a temperature range reveals the high thermal stability of UiO-66(Zr-
MOF).

A second step of additional sharp weight loss 46%, 36% and 31% were also observed
around 553 °C, 536 °C and 536 °C which may be attributed to the structural collapse of the
Zr-MOF, Zr-MOF loaded with Cd** and Zr-MOF loaded with Pb?* respectively into its
oxide by the decomposition of the organic linker molecules. After 600 °C, the MOF
structure completely collapsed resulting to the formation of ZrO,. The residual weights
after heating the samples, UiO-66(Zr-MOF), UiO-66(Zr-MOF) loaded with Cd®* and UiO-
66(Zr-MOF) loaded with Pb®* were 26%, 53% and 57% at 700 °C. Thus, we can conclude
that synthesized UiO-66(Zr-MOF) has lower oxide content than UiO-66(Zr-MOF) loaded
with metal ions. The residual weight (%) obtained for UiO-66(Zr-MOF) were in a good
agreement with the value reported previously by Muluneh (2015) (29%) and 22% by
Tsegaye (2016). Besides, the Zr-oxide (cluster) residual weight (%) obtained for
UiO-66-DMF was in a good agreement with the theoretical value (25.7%). Generally, the

obtained TGA results indicate an acceptable thermal stability of the frameworks.
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Figure 5. Thermogravimetric analysis (TGA) of UiO-66(Zr-MOF)
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4.1.5. FT-IR Analysis

FT-IR measurement was made to study the surface of functional groups on the UiO-66 (Zr-
MOF). There are usually as occurring metal hydroxyl groups on the surface of metal
oxides, which are the most abundant and active adsorption sites for adsorbate and can be
detected by IR spectroscopy (Mitiku, 2015).
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Figure 6. FT-IR spectrum of UiO-66 (Zr-MOF)

FT-IR spectrum of UiO-66 (Zr-MOF) is shown in Figure 6. The peak at 3388 cm™
represents O-H stretching vibrations of adsorbed water molecules on the organic linker.
The absorption band observed at 2922.8 cm™ indicates CH stretching from an aromatic
ring. The peaks at 1588 cm™ and 1661 cm™ represent the stretching vibration of the C—O
bond in the carboxyl group and (COO-) asymmetrical stretching respectively. Another

important adsorption band can be observed at 1508 cm™ due to C=C aromatic symmetrical
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stretching, similarly the peak at 1393 cm™ is associated to the in-and out-of-phase
stretching modes of the carboxylate group, 1156 cm™ due to C-O-C asymmetrical
stretching, 1101 cm™ is non symmetric in-phase ring, 1020 cm™ for C-OH stretching
vibrations, 882.6 cm™ is OH bending + CH bending (anti-phase), 746 cm™ is Zr-ps-O
stretching and 655 cm™ is Zr-(OC) symmetric stretching. The appearance of new medium-
intensity band at 475 cm ™ was attributed to Zr-O bond stretching vibration (Ganesh et al.,
2014; Mishra and Singh, 2004).

4.1.6. Study pH of Point of Zero Charge of UiO-66

The pH of point of zero charge (pHpzc) is used to characterize an adsorbent material, since
it indicates the pH at which the adsorbent material has a net zero surface charge (Reed et
al., 2000). The adsorbent surface has a net positive charge at pH<pHpzc, whereas the
surface exhibits net negative charge at pH>pHpzc. Therefore, the adsorption of cationic
metals is favored when the pH is greater than the pHpzc, while the adsorption of anionic
elements is favored at pH values lower than the pHpzc (Srivastava et al., 2008). The pHpzc
of UiO-66(Zr-MOF) was found around 6.0 as shown in Figure 6 indicating that when the
pH of the solution is greater than 6, the adsorbent would have a negatively charged surface
that can attract positively charged metals such as Pb**, Cd**, Zn?* (El Qada et al., 2008).
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Figure 7. Plot of pH of Point of Zero Charge (pHpzc) of the UiO-66(Zr-MOF)
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4.2. Optimization of Experimental Parameters for Divalent Lead,
Cadmium and Zinc Removal by the UiO-66 Sorbent

4.2.1. Effect of pH

The efficiency of a sorption process depends on the pH of the solution, because a variation
in pH leads to the variation in the surface properties of the adsorbent and the degree of
ionization (Tofik et al., 2016). The effect of pH on the adsorption of heavy metals onto the
UiO-66(Zr-MOF) adsorbent was investigated by varying the pH from 3 - 10 and keeping
other parameters constant. As seen from Figure 8, the percentage removal of Pb**, Cd*
and Zn** was evidently dependent on pH with the greatest adsorption occurring at the

optimum pH of 8 for all ions.
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Figure 8. Effect of pH on the removal of Pb, Cd and Zn at (C, = 30 mg/L; dose = 0.1 g;
agitation speed = 120 rpm and contact time =16 h)

The sorption of Pb increased from the initial pH 3 to pH 8 attaining maximum sorption at
pH 8. Considering pHpzc of the sorbent, which is 6, the surface of the sorbent at pH 8
would be expected to be negative making it amenable for attracting cationic metal such as
lead (Xiong et al., 2010). Increasing pH from 8 to 10 exhibited consistent decline in the
sorption capacity of the UiO-66 sorbent. The sorption capacity of UiO-66 (Zr-MOF) was
as high as 96.2% at pH 8 but decreased with increasing pH to 74.2% at the pH 10.
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As the initial pH of the solution increased, the positive charge on the surface decreased and
the number of negatively charged sites increased. The negatively charged surface site on
the UiO-66 (Zr-MOF) was favorable for the adsorption of the cationic metal due to
electrostatic attraction. Moreover, there was a competition between the hydroxide ions and
metal ions resulted in a sharp increase in adsorption of cationic metal. A similar adsorption
mechanism of cationic metals via electrostatic interaction has been reported in the case of
chitosan (Rivera et al., 2016).

The adsorption of Cd and Zn by UiO-66(Zr-MOF) with increasing pH from 60.9% to 66%
and 36.04% to 63.22%, respectively, in the pH range of 3-10, with the maximum 83.77%
and 85.09% for Cd and Zn, respectively, at pH 8. Further increase in the pH of the solution
resulted in a decreased sorption of cadmium and zinc by the sorbent possibly due to the
collapse of the MOF structure in strongly alkaline medium. In this regard, Wang et al.
(2017) reported a similar trend of adsorption mechanism of cationic metals (i.e Pb(Il) and
Cd(I1) by MOF-5 from waste water.

Therefor the pH value of the metal solution plays an important role in the whole adsorption
process and particularly on the adsorption capacity. The pH of the solution would affect
both aqueous chemistry and surface binding sites of the adsorbents. The effect of pH in
turn depends on the charge on the adsorbent surface. If the adsorbent surface is negatively
charged, at lower pH, the large number of H" ions present neutralizes the negatively
charged adsorbent surface, thereby reducing hindrance to the diffusion, and a better
adsorption is obtained. If the surface charge of the adsorbent is positively charged, the H*
ions may compete effectively with the cations of the solution causing a decrease in the

amount of metal ion adsorbed (Jiaping, 2012).
4.2.2. Effect of Adsorbent Dose

The adsorbent dosage is an important parameter because this determines the capacity of an
adsorbent. The removal of metal ions increases with an increase in the adsorbent dosage
until equilibrium is attained (Tofik et al., 2016). The effect of adsorbent dose on the
removal process of Pb, Cd and Zn onto UiO-66(Zr-MOF) was studied by varying the
adsorbent amount from 0.05 g to 0.65 g at the optimum pH 8 for the three ions keeping
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other parameters constant (metals concentration 30 mg/L, agitation speed of 120 rpm and
contact time of 16 h). The percentage removal demonstrated increasing trend with dose till
a certain optimum doze beyond which the removal efficiency declined (Figure 10). The
UiO-66(Zr-MOF) adsorption capacity for Pb, Cd and Zn was as high as 98.7%, 97.5% and
96.9% at optimum adsorbent dose of 0.4 g, 0.5 g and 0.2 g, respectively. This may be
attributed to increased adsorbent surface area and availability of more adsorption sites
resulting when the adsorbent dose was increased. Further increase in dose, however, has
yielded a decreased in sorption of the metal ions due to aggregation of the nanomaterials

the event of which would lead to masking of the active sorption cites.
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Figure 9. Effect of adsorbent dose on the removal of Pb, Cd and Zn (at C, = 30 mg/L;
agitation speed =120 rpm; contact time =16 h and at optimized pH = 8 for all,
respectively)

4.2.3. Effect of Contact Time

The amount of the analyte of interest adsorbed onto the adsorbent is in a state of dynamic
equilibrium with the amount desorbed from the adsorbent. The time required to attain this
state of equilibrium is termed as the equilibrium time. The amount adsorbed at the
equilibrium time reflects the maximum adsorption. The longer residence time means the
more complete the adsorption was done. Therefore, the required contact time for sorption

to be completed is important to give insight into a sorption process. This also provides
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information on the minimum time required for considerable adsorption to take place, and
also the possible diffusion control mechanism between the adsorbate, for ions, as it moves
from the bulk solution towards the adsorbent surface (Mohammad, 2010). In the present
study the effect of contact times was studied to determine the time taken by UiO-66 MOF

to remove the heavy metals (i.e., lead, cadmium and zinc).
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Figure 10. Effect of contact time on the removal of Pb(ll), Cd(ll) and Zn(Il) (at Co=30
mg/L; agitation speed =120 rpm,; at optimized pH=8 for all and adsorbent dose
=0.4, 0.5, 0.2 g, respectively)

The effect of contact time on Pb, Cd and Zn adsorption onto UiO-66 (Zr-MOF) was

studied by varying contact time from 1 to 24 h at optimum condition of pH 8 for all ions

and dose of 0.4 g, 0.5 g, 0.2 g, respectively and keeping the other parameters constant

(metals concentration 30 mg/L, agitation speed of 120 rpm). The effect of contact time on

amount of metals adsorbed on the UiO-66 (Zr-MOF) is shown in Figure 10. The maximum

adsorption capacity of UiO-66 (Zr-MOF) for Pb, Cd and Zn was as high as 98.0%, 96.13

and 97.6 at optimum contact time of 3, 3, and 2 h, respectively.

The removal of Pb, Cd and Zn metals by adsorption on UiO-66 (Zr-MOF) was found to
increase rapidly at the initial period of contact time by increased contact time from 1-3 h
for Pb and Cd, 1- 2 h for Zn. At the beginning of this process, the adsorption rate was fast
due to the abundant availability of active sites on the surface of UiO-66(Zr-MOF) sorbent.

Further increase in contact time has been found to cause little effect on the uptake
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efficiency and gradually approached almost constant value after equilibrium was reached
(Tofik et al., 2016). A similar trend was also observed for the adsorption of Cd®* by other

previously reported adsorbents (Roushani et al., 2017)
4.2.4. Effect of Initial Concentration

The effect of initial metal concentration on the adsorption process of Pb(ll), Cd(ll) and
Zn(I1) onto UiO-66(Zr-MOF) is illustrated in Figure 11. It was studied by varying metal
concentrations from 10 to 100 mg/L while keeping other parameters at optimum conditions
(pH 8 for all ions; adsorbent dose 0.4, 0.5, and 0.2 g with contact time of 3, 3, and 2 h,

respectively and agitation speed 120 rpm).

As seen from figure 12, the efficiencies of Pb, Cd and Zn metal removal by UiO-66(Zr-
MOF) were found to decrease from 98.24% to 61.33%, 98.8% to 73..75% and 99.8% to
59.47%, respectively when the concentration was varied from 10 to 100 mg/L. This can be
explained by the fact that at lower concentrations almost all the metal ions were adsorbed
very quickly on the outer surface or the ratio of surface active sites to total metal is high.
Hence the metal ions could interact with the sorbent to occupy the active sites on the UiO-

66 (Zr-MOF) surface and can be removed from the solution (Khaled et al., 2009).
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Figure 11. Effect of initial concentration on the removal of Pb, Cd and Zn (at optimized pH
= 8 for all; adsorbent dose = 0.4 g, 0.5 g, 0.2 g; contact time =3 h,3hand 2 h
and agitation speed =120 rpm for all, respectively
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Increasing the initial concentration apparently caused a decrease in percent removal of the
heavy metals or decreasing the concentration favored for percent uptake of their removal
(Aharoni and Sparks, 1991). Further increase in initial metals concentrations led to fast
saturation of adsorbent surface, the number of active adsorption sites is not enough to
accommodate metal ions. Thus, most of the metals adsorption took place slowly inside the
pores (Roushani et al., 2017; Xiong et al., 2017).

4.3. Equilibrium Adsorption Studies

In order to determine isotherm model that described more accurately the experimental data,
the Langmuir and Freundlich ones were analyzed. The model developed by Langmuir
(1916) is represented by equation 20. Similarly, the Freundlich isotherm (1906) is

expressed by equation 21 and D-R isotherm model expressed by equation 22.

Ce_ 1 | Ce
% b2 T 0 (20)
Log ge= Log K¢+ 1/n Log C, (21)
Inge = Inq - Ke? (22)

The plot of C, /qe as a function of C, yield straight line with slope of 1/Q, and intercept of
1/Qob. While Logge as a function of LogC, yield straight line with slope of 1/n and
intercept of LogK; and where &: Polanyi potential, K: Dubinin—Radushkevich constant
related to mean free energy of adsorption, A plot In ge versus € gives a straight line from
which K and gn can be evaluated from the slope and intercept. at constant temperature
(Figure 13). The Langmuir and Freundlich isotherm constants for adsorption of Pb, Cd and
Zn on UiO-66(Zr-MOF) were calculated from this isotherm and their values are given in
Table 2.

The linearized Langmuir (Langmuir, 1918), Freundlich (Freundlich, 1906) and D-R
isotherm plots for adsorption of Pb, Cd and Zn on UiO-66(Zr-MOF) are given in Figure 12

(a, a*, ah), (b, b*, b™), and (c, c*, c'), respectively.
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Figure 12. Langmuir (a, a*, a''), Freundlich (b, b*, b'") and D-R isotherm (c, ¢, c¢')
adsorption of Pb(I1), Cd(Il) and Zn(lI1) on UiO-66(Zr-MOF) at (pH = 8 for all),
respectively

The plot of C¢/ge vs C. gave straight line with a value of Q, (4.06, 4.55 and 3.01) and b

(0.22, 0.16 and 0.21) for adsorption of Pb, Cd and Zn onto UiO-66(Zr-MOF), respectively.

The plot of logge vs logC. yields a straight line with the Ky of 1.2, 1.02 and 2.03.

The coefficient of determination calculated by fitting the experimental equilibrium data
were 0.9439, 0. 8233, 0.9186 and 0.9697, 0.939, 0.9622 for adsorption of Pb(ll), Cd(ll)
and Zn(ll) on UiO-66(Zr-MOF) using both Langmuir and Freundlich isotherms,
respectively (Table 2). These results clearly showed that the adsorption of Pb(ll), Cd(Il)
and Zn(11) metals on UiO-66(Zr-MOF) fits well with the Freundlich model.

The other Freundlich constant, n, is a measure of the deviation of the adsorption from
linearity (Roulia and Vassiliadis, 2008). The value of n less than one indicate chemical
adsorption while the value greater than one tells about the physical process. (Mezenner and
Bensmaili, 2009). In this study, the n value was found above one that is, 3.6, 2.5 and 3.11
for adsorption of Pb, Cd and Zn on UiO-66 (Zr-MOF), respectively indicating that

adsorption on UiO-66 (Zr-MOF) surface was carried out by physical process.

The (1/n) slope value is found in the range of 0-1, it may assign as a measure of the
adsorption intensity or surface heterogeneity. It is becoming more heterogonous as this
value becomes closer to zero (Valix et al., 2004). Since, the value of 1/n lying between 0
and 1, which was 0.2776, 0.368 and 0.3253 for adsorption of Pb(Il), Cd(Il) and Zn(ll) on
Ui0-66 (Zr-MOF), respectively, this indicate that surface heterogeneity.
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Furthermore, the values of the dimensionless factor, R., were between 0 and 1 for all
concentration as showed in Appendix table 8 which was calculated using equation 23. This
also suggested a favorable adsorption between adsorbate (Pb(Il), Cd(Il) and Cd(ll)) and
UiO-66(Zr-MOF).

RL= — (23)

1+bC,

To further, explain the physical and chemical characteristics of UiO-66(Zr-MOF)
adsorbent for metals (Pb, Cd and Zn) uptake, Dubinin—-Radushkevich (D-R) isotherm
analysis was also employed. Equation (24) can express the linear form of D-R isotherm

equation
Lnge = gm-3¢° (24)

The values of B and qm can be determined from the plot of Inge vs. €2 while the value of &
can be calculated from equation (24). From the plot of D-R isotherm, the value of the
sorption energy E was calculated to be 4.08 KJ mol™, 2.5 KImol™ and 7.07 KJ mol™ for
the adsorption of Pb(I1), Cd(I1) and Zn(ll) onto UiO-66(Zr-MOF), respectively.

€ = RT In(1+1/Cy) (25)

1
-2

E=

(26)

Where R is the gas constant (J/mol K) and T is the temperature (K). gm and B (mol?/kJ?)
can respectively be calculate from the intercept and the slope of the plot of Inge vs €2. If the
magnitude of Es is between 1 and 8 KJ mol™, it corresponds to physical adsorption, the
value of E is between 8 and 16 kJ mol™ corresponds to ion exchange. Whereas its value in

the range of 20—40 kJ mol ' is indicative of chemisorption (Kalavathy et al., 2010).

The mean energy of metal adsorption is between 1 and 8 KJ mol™ calculated by D-R
isotherm model, which suggests that physical adsorption is dominating in the adsorption
process between the Pb(Il), Cd(I11) and Zn(ll and adsorbents.
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The fact that the Freundlich model was a good fit to the experimental adsorption data
suggests physical adsorption as well as a heterogeneous distribution of active sites on the
UiO-66(Zr-MOF) surface.

Table 2. Langmuir and Freundlich isotherm constants for adsorption of Pb(ll), Cd(Il) and
Zn(11) on UiO-66.

Adsorbent  Adsorbate Langmuir model Freundlich model
Qmg/y) b R R Ki n R
UiO-66(Zr-  Pb(ll) 4.06 0.22 0.15 0.9439 1.2 3.6 0.9697
MOF Cd(In 4.2 0.16 0.19 0.8233 1.02 2.7 0.939
Zn(I) 7.74 0.21 0.16 0.9186 2.03 3.07 0.9622

4.4. Kinetics of Adsorption

The adsorption kinetics is quite important in wastewater treatment because it controls the
solute removal rate, which in turn controls the residence time of solute uptake at the solid—
liquid interface. Actually, adsorption kinetics was one of the most imperative
characteristics that signify the adsorption efficiency. The adsorption kinetics process was
investigated by various kinetic models such as pseudo—first order, pseudo—second order
equations and intraparticle diffusion. The Lagergren pseudo—first order kinetic model is the
most popular kinetic equation based on the assumption that the adsorption rate is related to
the number of unoccupied adsorptive sites and used only for the rapid initial phase. On the
other hand, the adsorption rate could also be approximated by the pseudo—second-order
kinetic model. This model is more likely to predict the kinetic behavior of adsorption with

chemical sorption being the rate-controlling step (Zare et al., 2014).

The kinetics of Pb(1l), Cd(Il), Zn(Il) adsorption on the UiO-66 (Zr-MOF) were analyzed
using pseudo — first order, pseudo- second order kinetics models and intra-particle diffusion
(Figures 14). The conformity between experimental data and the model predicted values
was expressed by the coefficient of determination (R?, values close or equal to 1). As seen
in Table-3, the value of R? calculated from pseudo-second order kinetics is almost higher.
These results indicate that the adsorption of Pb(Il), Cd(Il) and Zn(Il) on the UiO-66 (Zr-
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MOF) sorbent follows pseudo-second order kinetics. The values of rate constant (k) and
coefficient determination (R?) are as reported in Table-3 for the three models. The kinetic
curves obtained for the adsorption of Pb (I1), Cd(Il) and Zn(Il) and) ions from aqueous

solutions onto the Zr-MOF sorbent are shown in figure 13.
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Figure 13. Plot of the pseudo-first order (a, a*, and a') and pseudo-second order (b, b* and
b*) and intra-particle diffusion (c) for adsorption of Pb(l1), Cd(ll) and Zn(ll)
onto UiO-66 sorbent, respectively.

The coefficient of determination (R?) of the pseudo-second order kinetic model (0.9942,

0.9923 and 0.9994) for Pb(Il), Cd(1l) and Zn(Il), respectively was found to be higher than

the pseudo-first order kinetic model (0.857,0.9829 and 0.9125) for Pb(ll), Cd(Il) and

Zn(l1), respectively (Table 3). The calculated equilibrium adsorption capacity values

ge(calc), of pseudo-second order Kinetics were found to correspond to 1.95, 1.36 and 3.12

mg/g for Pb(ll), Cd(Il) and Zn(I1) respectively. These values had a good agreement with

the experimental data, ge(exp) listed in Table 3, as 1.83, 1.46, and 3.66 mg /g for Pb(ll),

Cd(I1) and Zn(l1), respectively. This suggests that the pseudo-second order kinetic model

best describes the adsorptive removal of Pb, Cd and Zn metals by UiO-66 (Zr-MOF)

Table 3. The values of parameters and correlation coefficients of kinetic models

Adsorbent  Adsorbate Pseudo-first order Pseudo-second order
qe(mgly)  Ki qe(mglg) R®  qemglg) K, R°
expt. calc. calc.

UiO-66 Pb 1.83 0.11 0.028 0.857 1.95 1.82 0.9941

(Zr-MOF) Cd 1.46 0.64 0.34 0.9829 1.36 0.33 0.9923

Zn  3.66 0.23 0.01 0.9125 3.12 1.81 0.9994
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In order to investigate the mechanism of the Pb(Il), Cd(Il) and Zn(I1) adsorption onto UiO-
66 (Zr-MOF), intra-particle diffusion based mechanism was studied. It is proposed that the
uptake of the adsorbate (Pb, Cd and Zn metals) by the adsorbent UiO-66 (Zr-MOF) almost
proportional with the square root of the contact time t“2 (Figure 14). Weber and Morris
proposed the most-widely applied intra-particle diffusion equation (Tsegaye, 2016).

g = Kig t2 (27)

Where, g is the amount of Pb, Cd and Zn metals adsorbed per unit mass of adsorbent
(mg/g) at a time t and Kiq the intra-particle diffusion rate constant (mg/g.min"*?). The rate

parameter Kjq of stage i was obtained from the slope of straight line of g vs t*2.

If the intra-particle diffusion is the mechanism of adsorption process, then the plot of g; vs
tY2will be linear. If the plot passes through the origin, then the rate limiting process is only
due to the intra- particle diffusion (Jadva et al., 2004). However, if the line represents
multi-linearity, it indicates complexity of the process (Christinah et al., 2010). The Webber
and Morris plot resulted linear over the whole time range (figure 14). Furthermore, it may
be seen that the intra-particle diffusion of Pb(I1), Cd(Il) and Zn(Il) metals occurred in one
stage. The intra-particle diffusion constant for one stage (Kig) is given in Table 4. The
results indicated that the intra-particle diffusion is the mechanism of adsorption process
and the adsorption of Pb(Il), Cd(Il) and Zn(ll) metals onto UiO-66 (Zr-MOF) involved in
one stage process, and the intra-particle transport was not the rate-limiting step. Similar

finding was reported in previous works on adsorption (Elmorsi, 2011).

In addition, the difference between experimental (qe = 1.83, 1.46 and 3.66 mg g™) for
Pb(11), Cd(l1) and Zn(ll) respectively and theoretical (qc=0.028, 0.34 and 0.01 mg g™)
adsorbed masses at equilibrium is very high. As a consequence, adsorption of each metal
ion onto UiO-66(Zr-MOF) is not an ideal pseudo-first-order reaction. For the pseudo-
second-order model, the correlation coefficient was the highest (R? = 0.9941, 0.9923 and
0.9994) for Pb(l1), Cd(1l) and Zn(ll) respectively of all the models considered in this study
(Fig. 14 and Table 3). Furthermore, the difference between the experimental (q. = 1.83,
1.46 and 3.66 mg g™) and theoretical (Qeca = 1.95, 1.36 and 3.12 mg g™*) adsorbed masses
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at equilibrium is very small (less than 1%). This indicates that chemisorption or chemical
bonding between adsorbent active sites and each metal ion might dominate the adsorption
process. The plot for intra-particle diffusion (Fig. 14), q; vs t*?
correlation coefficient (R* = 0.2981, 0.3497 and 0.5801) for Pb(Il), Cd(ll) and Zn(Il)
respectively indicating that this model did not fit the sorption process. Based on isotherm
and kinetic studies, the adsorption of Pb(Il), Cd(Il) and Zn(ll) ions to UiO-66(Zr-MOF) is

physiochemical process.

showed relatively poor

Table 4. Weber-Morris parameters (at optimized Co = 30 mg/L; pH = 8 for all; adsorbent
dose = 0.4, 0.5, 0.2 g and agitation speed =120 rpm for all Pb, Zn and Cd,
respectively)

Adsorbent Adsorbate  Concentration(mg/L) Kig(mg/g.min?  R?

Pb 30 0.0579 0.2981
Uio-66 (2r- ¢4 30 0.0297 0.3497
MOF) Zn 30 0.1986 0.5801

4.5. Thermodynamic Studies

The standard free energy change (AG), enthalpy changes (AH) and entropy change (AS)
are the main thermodynamic characteristics of any adsorption system in equilibrium.
Thermodynamic considerations of an adsorption process are necessary to conclude whether
the process is spontaneous or not. The Gibbs free energy change, AG, is an indication of
spontaneity of a chemical reaction and therefore is an important criterion for spontaneity.
Both enthalpy and entropy factors must be considered in order to determine the Gibbs free
energy of the process. The fundamental thermodynamic equation that relates all the three

above parameters is the follows (Buzuayehu, 2012).
AG® = AH® — TAS® (28)

Where AG are the standard free energy change (KJ/mol) AH is the enthalpy change AS is
the entropy change (KJ/mol) T is the absolute temperature (K) R is universal gas constant

(8.314) spontaneously at a given temperature if AG is a negative quantity. The free energy
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of adsorption considering the adsorption equilibrium constant K is given by the following
equation:

AG =-RT InKc (29)

where, R is universal gas constant (8.314) AH and AS can be determine from the plot of In
Kc versus T by computing their slope and intercept (i.e AH = -slopsR and AS =
intercept=R). From equations (27) and (28) a relationship follows between InKc and T:

In K¢ = AS/R — AH/TR (30)
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Figure 14. Plot of InKc vs T for adsorption of Pb(Il), Cd(Il) and Zn(11) on UiO-66(Zr-
MOF (a) at pH = 8 for all, dose = 0.4, 0.5 and 0.2 g, agitation speed = 120 rpm,
Contact time = 3 h for Pb and Cd 2 h for Zn, Co = 30 mg/L, respectively
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Table 5. Calculated thermodynamic constants of the Pb(11) Cd(1l) and Zn(Il) adsorption on
to UiO-66 (Zr-MOF

Adsorbent Adsorbate T(K) AG(KJ/mol) AH(KJ/mol)  AS(J/mol K)
Pb 303  -3456.89
313  -5811.89 +67899.6 +235.5
323  -8166.89
333  -10521.89
Zr-MOF Cd 303  -13795
313  -45325 +94156.4 +315.3
323  -7685.5
333  -10838.5
Zn 303  -24215
313  -33585 +25969.6 +93.71
323 -42955
333  -52325

The negative values of Gibbs free energy for all the metal ions demonstrated that the
adsorption process was spontaneous. Furthermore, it was also verified by the fact that the
enthalpy values of the adsorption (AH) were positive, characterizing the process as
endothermic. So, increasing temperature increasing metal ions adsorption. Enhancement of
adsorption capacity of Zr-MOF at higher temperature may be attributed to the enlargement
of the pore size and/or activation of the adsorbent surface and also increase in the mobility
of the metal ions. (wang et al., 2014). Additionally the positive entropy (AS) observed for
all the metal ions indicated the increased randomness at the solid-liquid interface during
the adsorption of Pb(Il Cd(l1), and Zn(l1) in Zr-MOF adsorbent. This may be due to the
fact that the adsorbed water molecules which are displaced by the adsorbate species, gain
more translational entropy than it is lost by the adsorbate molecules, thus allowing the

prevalence of randomness in the system (Yanga et al., 2014).
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4.6. Desorption Study

The ions desorbability can be defined as the ratio of the desorbed ions over the total
adsorbed ions by the adsorbent. Therefore, the desorbability can be used to indicate the
degree of Pb(ll), Cd(ll) and Zn(ll) desorption from the adsorptive materials (Zeng et al.,
2004). The study was performed at pre optimized condition and desorption was done by
0.1M NaOH. The pH of solution was varied from 2-10 (2, 4, 6, 8, 10) to observe the effect
of solution pH on desorption of Pb(Il), Cd(I1) and Zn(l1l) from the UiO-66 adsorbent.

As Figure 15 shows that the desorption of metal ion increases from 12.7 % - 70.5%, for
Pb(ll), 28.2% - 67.8% for Cd(Il) and 23.3% - 74.6 % for Zn(ll) as pH of the solution
[increases from 2 to 10 These result indicates that desorption is more favorable at higher
pH in case of adsorbate ions. Up to pH 6 the desorption of adsorbate ions take place
slightly, then after that increased highly. When compared to Cd(Il) and Zn(lIl) desorption
of Pb(Il) is more difficult than Cd(Il) and Zn(ll) at low pH. For Pb(l1), Cd(I1) and Zn(ll)
ions maximum desorption was obtained at pH 10 (70.5%, 66.8% and 74.4%) for Pb(ll),
Cd(I1) and Zn(I1), respectively.
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Figure 15. Effect of pH on desorption of Pb(ll), Cd(Il) and Zn(ll) ions in, UiO-66,
respectively at varied pH.
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4.7. Recycling of UiO-66

To make a cost effective and user-friendly process, the adsorbent should be regenerated so
as to reuse it for further adsorption. In this study, the experiments were performed at pre
optimized conditions and desorption was done by using 0.1M NaOH up to four cycles. As
presented in Table 6, the percentage removal of Pb(Il), Cd(Il) and Zn(ll) decreased as the

number of cycle increased from 1 to 4.

Table 6. Recyclability study of the synthesized Nano sorbent for Pb(I1) Cd(I1) and Zn(ll)

sorption
Analyte Original cycle 1 cycle 2 cycle 3 cycle 4
% R % R % R % R % R
Pb(Il) 97.6 95.7 83.1 76.5 66.7
Cd(ll) 98.1 95.7 85.5 73.4 59.0

Zn(1l) 94.3 86.1 73.8 63.1 54.9
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5. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1. Summary and Conclusion

The UiO-66 (Zr-MOF), as an adsorbent, used to remove Pb(ll), Cd(Il) and Zn(ll) ions
from aqueous solutions was synthesized by the solvothermal method at high temperature
condition. The structure and crystallinity, Surface area, surface morphology and elemental
analysis, thermal stability and to determine the functional groups responsible for the
adsorption process were characterized by using XRD, BET, SEM-EDX, TGA and FT-IR
techniques respectively.

The XRD results revealed that the expected crystalline phase was obtained, with the
smallest particle size (13.05 nm). TGA analysis of the UiO-66(Zr-MOF) shows two
steps weight loss prior to the formation of final ZrO, product. Thermal stability
study tells us, this new MOF has a good Thermal stability and suggests that there is a
linker missing in the MOF structure. SEM UiO-66-DMF before and after adsorptions were
composed and indicated the presence of irregularly shaped particles due to the intergrowth
of the MOF crystals and has non homogeneous particle size distribution. FT-IR results
revealed the surface functional groups of the adsorbent before adsorption of metal ion. In
addition to this the pH of point zero charge was determined to indicate the pH at which the
adsorbent material has a net zero surface charge. The value of pH point zero charge (pHpz)
was found to be pH 6.0.

The amounts of metals adsorbed were found to vary with contact time, adsorbent dosage,
pH, and initial concentration. The adsorption of metals increased with increasing adsorbent
dose but decreases with increasing initial concentration of the metals. The maximum
removal efficiency of the metals (Pb(ll), Cd(Il) and Pb(Il)) by the UiO-66(Zr-MOF)
occurred at (pH = 8, 8 and 8; Adsorbent dose = 0.4, 0.5 and 0.2 g; contact time =3 h, 3 h

and 2 h; initial concentration 10, 10 and 10 mg/L), respectively.

The Langmuir, Freundlich and D-R isotherm models were used for the mathematical
description of the sorption equilibrium of the metals onto the UiO-66(Zr-MOF). The

Freundlich isotherm model described the data better than Langmuir and D-R model.
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Values of the equilibrium parameter (R.) from Langmuir isotherm and n values from the
Freundlich isotherm have indicated that the adsorption process was favorable.

Kinetic models were applied to examine the controlling mechanism of metal adsorption
from aqueous solutions. The pseudo-second order kinetic model described the data better
than pseudo-first order kinetic model. In order to investigate the mechanism of the Pb(ll),
Cd(Il) and Zn(ll) adsorption onto UiO-66 (Zr-MOF), intra-particle diffusion based
mechanism was studied. The intra-particle diffusion was the mechanism of adsorption
process and the adsorption of Pb(I1), Cd(Il) and Zn(Il) metals onto UiO-66 (Zr-MOF) and
the intra-particle transport was not the rate-limiting step.

The sorption property of the UiO-66 adsorbent has also been treated with respect to
thermodynamic parameters viz. AG, AS and AH. The Pb(ll), Cd(Il) and Zn(Il) ions
sorption process was found to be spontaneous and endothermic from the negative and
positive values of AG and AH, respectively. The positive value of AS showed the increased
randomness at the solid/solution interface. Pb(Il), Cd(ll) and Zn(ll) ions desorbability was
observed to increase with increasing pH indicating that relatively favorable conditions for

repeatability of the process at higher pH values.

5.2. Recommendations

The result of the UiO-66 (Zr-MOF) adsorbent indicated that the adsorbent is capable of
removing metal ions from aqueous solution. Therefore, the following recommendations are

made as a result of the outcome of this study:

» Investigate further about the effects or influences of adsorbents’ pore size
(morphological study) and co-existing cation that influences the sorption process.

» Carry out the research on the removal capacity of this UiO-66 for other anions like
Fluoride, Phosphate, Nitrate and Uranium.

» Optimize the removal efficiency of the UiO-66 adsorbent through continuous

column experiment.
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7.1. Appendix Table

Appendix Table 1. Effect of pH on adsorption capacity of UiO-6

78

Pb

Cd

Zn

Ce(ppm)

%A

Qe

Ce(ppm)

%A

Qe

Ce(ppm)

%A

Qe

13.19+0.55
7.65+0.11
6.54+0.24
5.16+0.43
4.11+0.43
1.16+0.85
7.25+0.02
7.77£1.12

56.02
74.50
78.19
82.81
86.32
96.14
75.85
74.09

1.05
1.40
1.47
1.55
1.62
1.80
1.42
1.39

11.72+0.17
10.94+0.08
10.03+0.03
8.15+0.04
7.5+0.17
4.87+0.02
8.14+0.03

10.03+0.55

60.94
63.52
66.56
72.83
75.02
83.77
72.87
66.56

0.91
0.95
1.00
1.09
1.13
1.26
1.09
1.00

19.19+0.03
17.78+0.02
14.79+0.05
10.17+0.05

6.96+0.07
4.47+0.06
9.75+0.07

11.98+0.01

36.04
40.73
50.69
66.10
76.81
85.09
67.52
63.22

1.352
1.528
1.901
2.479
2.880
3.191
2.532
2.371

Appendix Table 2. Effect of adsorbent dose on adsorption capacity of UiO-66

Pb

Cd

Zn

Dose

Ce(ppm)

%A

Qe

Ce(ppm)

%A

Qe

Ce(ppm)

%A

Qe

0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
0.6

9.89+0.45
4.89+0.45
3.96+0.26
3.04+0.3

2.46+0.25
1.74+0.26
1.31+0.22
0.39+0.05
1.28+0.23
2.30+0.28
3.59+0.52
5.81+0.5

67.04
83.70
86.80
89.90
91.80
94.18
95.62
98.70
95.74
92.30
88.02
80.62

1.26
1.57
1.63
1.69
1.72
1.77
1.79
1.85
1.80
1.73
1.65
151

11.61+0.1
5.28+0.02
4.92+0.02
4.56+0.03
4.37+0.01
4.17+0.19
2.84+0.29
2.13+0.22
2.01+0.03
0.75+0.015
1.78+0.031
1.98+0.033

61.32
82.39
83.59
84.79
85.45
86.10
90.55
92.90
93.29
97.49
94.08
93.40

0.92
1.24
1.25
1.27
1.28
1.29
1.36
1.39
1.40
1.46
1.41
1.40

11.1+0.06
4.61+0.08
3.31+0.02
0.93+0.05
1.17+0.33
1.53+0.06
1.66+0.1
1.87+0.04
2.18+0.001
2.38+0.01
2.52+0.04
2.74+0.19

63.07483
84.61678
88.97052
96.90703
96.08617
94.91156
94.45805
93.77778
92.73923
92.06803
91.60091
90.87528

2.36
3.17
3.34
3.63
3.60
3.56
3.54
3.52
3.48
3.45
3.44
3.41
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0.65 8.59+0.52 71.34 1.34 3.07+0.4 89.76 1.35 3.15+0.08 89.51474 3.36

Appendix Table 3. Effect of contact time on adsorption capacity of UiO-66

Pb Cd Zn

Time(h) Ce(ppm) %A ge Ce(ppm) %A ge Ce(ppm) %A ge

1 3.35+0.4 88.83 167 1.67+0.018 9442 142 3.33+0.05 8891 3.33
2 2.02+0.24 9328 1.75 1.37+0.009 9543 143 0.72+0.05 97.58 3.66
3 0.6+0.204 98.00 184 1.16+0.07/9 96.13 144 3.68+0.03 87.74 3.29
6 6.35+0.41 78.83 148 2.77+0.055 90.77 1.36 4.30+0.02 85.66 3.21
8 6.68+0.24 77.72 146 3.54+0.032 88.20 1.32 4.53+0.06 84.89 3.18
16 6.68+0.23 77.72 146 4.36x0.048 85.45 128 5.85+0.05 80.51 3.02
24 6.52+0.2 78.28 147 4.99+0.018 83.35 125 7.01+0.02 76.63 2.87

Appendix Table 4. Effect of initial concentration on adsorption capacity of UiO-66

Pb Cd Zn

In.Conc Ce(ppm) %A ge Ce(ppm) %A qge Ce(ppm) %A Qe

10 0.18+0.05 98.24 0.61 0.12+0.02 98.83 0.49 0.19+0.008 99.90 1.25
20 1.04+0.03 9480 1.19 249+0.02 87.56 0.88 0.82+0.004 95.90 2.40
30 5.16+0.55 82.81 1.55 4.86+0.05 83.80 1.26 4.07+0.06 86.43 3.24
50 12.80+0.28 74.39 2.32 12.09+0.07 75.81 1.90 16.02+0.02 67.96 4.25

100 38.67+0.31 61.33 3.83 26.25+0.06 73.75 3.69 40.53+0.04 59.47 7.43
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Appendix Table 5. Results for Pb(I1), Cd(l1) and Zn(1l) adsorption isotherms of UiO-66

Pb Cd Zn

In.  Ce(ppm)  de(mg/g  Celge  Ce(ppm)  ge(mg Ce/de  Ce(ppm) de(mg/g) Celq
Con ) 19) e

10  0.08+0.03 0.62 0.13 0.15+0.02 0.49 0.31 0.27+0.22 1.22 0.22
20  0.88+0.05 1.19 0.74 057+0.06 1.00 057 1.0+0.004  2.38 0.42
30 4.98+0.25 156 3.18 3.60+0.04 1.32 275 4.22+0.058 3.22 1.31
50  12.69+0.28 2.33 544  955+0.06 2.02 472 16.06£0.022 4.24 3.79
100 38.98+0.19 3.81 10.22 21.98+0.05 3.90 5.64 40.37+0.04  7.46 5.41

Appendix Table 6. Results for Pb(I1), Cd(l1) and Zn(l1l) kinetic adsorption of UiO-66

Pb
Con.t(h) Ce(ppm)  de(mglg)  amglg)  Log(ge-gr) t/q: % A
1 3.95+0.40 1.63 1.60 -1.52 0.63 86.83
2 2.28+0.50 1.73 1.71 -1.72 1.17 92.39
3 0.70+0.20  1.83 1.81 -1.73 1.66 97.67
6 1.6240.23  1.77 1.76 -1.85 3.41 94.61
8 2.12+0.24 1.74 1.73 -1.92 4.62 92.94
Cd
Conit(h) Ce(ppm)  de(mg/g)  a(mg/g)  Log(de-d) tar % A
1 1.66+0.10  1.42 1.29 -0.89 0.78 94.46
2 1.29+0.11  1.44 1.33 -0.97 1.50 95.68
3 0.82+0.09  1.46 1.39 -1.16 2.16 97.25
6 2.79+0.07  1.36 1.35 -2.12 4.44 90.69
8 2.83+0.05 1.36 1.36 -2.73 5.90 90.56
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Zn
Con.t(h) Ce(ppm)  de(mglg)  admglg)  Log(ge-gr)  t/q: % A
1 2.51+0.05 3.44 3.44 -2.17 0.29 91.62
2 0.72+0.06  3.67 3.66 -2.17 0.55 97.58
3 3.68+0.03  3.30 3.29 -2.29 0.91 87.74
6 4.30+0.02 3.21 3.21 -2.77 1.87 85.66
8 455+0.08 3.19 3.19 -2.75 2.51 84.85

Appendix Table 7. R, values for Pb(Il), Cd(Il) and Zn(Il) adsorption at different
concentration.

Initial concentration(ppm)

Dimensionless equilibrium parameter (RL)

Pb Cd Zn
10 0.31 0.38 0.32
20 0.19 0.24 0.19
30 0.13 0.17 0.14
50 0.08 0.11 0.09
100 0.04 0.06 0.05
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7.2. Appendix Figures
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Appendix Figure 1. Calibration curve of Pb(ll) for (a), Cd(ll) for (b) and Zn(Il) for (c) of
pH optimization.
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Appendix Figure 3. Calibration curve of Pb(ll) for (a), Cd(ll) for (b) and Zn(Il) for (c) of
Contact time optimization.
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Effect of concentration ion optimization.
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