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Abstract

Finding economical and environmentally friendly processes to recover heavy metals (HMs) from
spent batteries is a research priority to move toward sustainability. Adsorption seems an acceptable
procedure to replace the current separation/purification stage of hydrometallurgical techniques.
Chitosan is an efficient adsorbent for HM uptake from aqueous solutions. Nevertheless, in practice,
chitosan modification is unavoidable to improve its physicochemical properties. Sodium
tripolyphosphate is an environmentally benign crosslinker that can be used for chitosan
modification. In addition, ion-imprinting technique could potentially enhance the adsorption
efficiency and selectivity of crosslinked chitosan. Considering the above, the primary purposes of
this research were: investigating the adsorption efficiency of chitosan for heavy metals uptake
from synthetic solutions; modifying chitosan by crosslinking alone and combined with ion-
imprinting techniques to improve the physicochemical properties as well as adsorption capacity
and selectivity of chitosan; evaluating and comparing the adsorption efficiency of modified
chitosan beads for the adsorption of Cd(1l), Ni(Il) and Co(ll) in single and multicomponent batch

adsorption systems.

Chitosan and sodium tripolyphosphate crosslinked chitosan beads were prepared to remove
Cd(I1) from aqueous solution in the first phase. FTIR and XRD of the synthesized beads showed
partial consumption of chitosan amine groups and a decrease in crystallinity of chitosan structure
over crosslinking reaction. The isotherm and thermodynamic studies showed that Langmuir
isotherm was the best fit to the experimental data of Cd(l1) adsorption on crosslinked chitosan and
all the adsorption reactions were endothermic and spontaneous. A reduced quadratic model,
constructed by the Response Surface Methodology (RSM), indicated that the Cd(ll) adsorption
uptake of 99.87 (mg/g) was achieved at 55 °C and 2.92 % (w/v) crosslinking degree. Then,
chitosan and crosslinked chitosan beads by sodium tripolyphosphate were used for Ni(ll)
adsorption from aqueous media in the second phase. The BET characterization showed that
increasing the crosslinking degree reduced the chitosan beads' surface area and their total pore
volume. The Langmuir model described the experimental results best and showed that the
maximum adsorption capacity of chitosan (80.00 mg/g) decreased after crosslinking (52.36 mg/g).
In addition, a reduced quadratic model with a correlation coefficient of 0.96 was established to

correlate the adsorption uptake of Ni(ll) with pH and crosslinking degree. In the third phase, the
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adsorption of Ni(Il) and Cd(I1) ions from single and binary metal ions solutions onto chitosan and
crosslinked chitosan beads was studied. The extended Freundlich model fitted the adsorption
equilibrium data in the binary system, implying the existence of preference in the order of Ni(ll)
> Cd(II). Desorption studies with a mixture of NaCl and H.SO4 were also conducted during this

phase, demonstrating a desorption efficiency of greater than 85 %.

In the fourth phase, the removal of cadmium from aqueous solution was examined using a novel
Cd(I)-imprinted crosslinked chitosan. SEM, FTIR, TGA, and BET characterizations revealed that
the ion-imprinted chitosan beads had better physicochemical properties than chitosan beads and
superior potential adsorption properties than non-imprinted crosslinked chitosan beads. The
isotherm and thermodynamic studies revealed that the Langmuir isotherm fitted the Cd(Il)
experimental data the best, and the adsorption reactions were spontaneous and endothermic. The
kinetics data were also best fitted by the pseudo-second-order equation. Finally, the ion-imprinted
crosslinked chitosan beads were employed for the selective adsorption of Cd(ll) in a competitive
adsorption system of Cd(Il)-Ni(Il)-Co(Il) in phase five. The characterization of the prepared
adsorbents was performed using XRD and BET, showing a higher surface area of ion-imprinted
crosslinked chitosan than non-imprinted crosslinked chitosan beads. The Extended Langmuir
model fitted the experimental results obtained from the multi-component system, indicating that
ion-imprinted crosslinked chitosan had a higher total metal uptake with better selectivity toward
Cd(Il) uptake compared to non-imprinted crosslinked chitosan. Studying the adsorption
mechanism in a ternary system showed that the adsorption was governed by chemical binding and

ion exchange mechanisms in the ternary system.

In conclusion, crosslinking by sodium tripolyphosphate improved chitosan physiochemical
properties; however, it resulted in a decrease in HM adsorption uptake. The RSM was used to
assess the effect of pH, temperature, and crosslinking degree and optimize the adsorption uptake
of chitosan. Also, ion-imprinting was effective in enhancing the adsorption capacity and selectivity
of crosslinked chitosan for the ion used as a template (Cd(ll)) in preparing ion-imprinted

crosslinked chitosan.

Keywords: Ni(ll), Cd(ll), Co(ll), Heavy metals, Batch adsorption, Competitive adsorption,
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1 Introduction

1.1 General background

The production and consumption of batteries have increased due to enormous demand from both
industrial activities and consumer usage. The total global battery market size is expected to reach
over $100 billion in 2025 1. Generally, there are two common types of batteries: primary and
rechargeable. The latter mainly includes nickel-cadmium (Ni-Cd), nickel-metal hydride (NiMH),
lead-acid batteries, and lithium-ion batteries (LIBs). Ni-Cd batteries recycling has become a
significant concern because they are classified as hazardous materials since they contain
considerable amounts of nickel (Ni(11)), cadmium (Cd(I1)), and cobalt (Co(ll)). These batteries are
also considered secondary sources of heavy metals (HMs) by having Ni(ll), Cd(Il), and Co(ll)

concentration levels of about 14%, 24.5%, and 2%, respectively 2.

The pyrometallurgical technique is the conventional technique that has been widely used to
recycle used batteries and recover valuable and toxic metals. However, pyrometallurgical
procedures are hazardous due to the high levels of pollution released into the atmosphere and
secondary waste generation *. Consequently, it is preferable to find an economical and more
environmentally friendly process to recover HMs from spent batteries. Hydrometallurgical routes
are more economical and cleaner than pyrometallurgical methods; however, they are complex and
require a higher number of steps >6. The main disadvantages of hydrometallurgical technology
come from the purification stages, preventing the development of an environmentally friendly
approach toward battery recycling ‘. Therefore, it is crucial to devise a better recovery method to
reduce the ecological footprint.

Adsorption is an alternative procedure to replace the current purification techniques of the
hydrometallurgical route. Adsorption has some advantages such as flexibility in operation,
feasibility in producing a high-quality product, economical viability in the context of initial capital
cost and chemical requirement, and effectiveness in the purification process 8. Among a wide range
of adsorbents, low-cost natural materials or wastes from industry or agricultural operations have
come to the attention and been implemented as adsorbents for HMs uptake °. Adsorbents from

biological origins (bio-sorbents) have advantages over chemical sources; bio-sorbents are non-
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toxic, biodegradable, available in the biosphere, cost-effective, and promote sustainable

development strategies °.

Wastes produced by the seafood industry have become a challenging environmental issue both
in terms of quality and quantity . In recent years, promoting and moving towards sustainable
waste management and the interest in reusing waste materials have created a potential for seafood
industry waste to be converted to useful materials such as chitin or chitosan 2. By virtue of their
high safety, non-toxicity, chemical and physical versatilities, numerous researches have been
conducted on chitin and chitosan applications in medicine, agriculture, and the treatment of water
and wastewater with different types of pollutants, either organics or inorganic species 3. The
presence of a large number of functional groups (such as amine and hydroxyl groups) on chitosan,
the ease with which it may be modified, and the versatility of the chitosan chains all contribute to
chitosan being considered an excellent adsorbent for HMs adsorption 4.

Chitosan is not suitable for practical use in its original form, mainly due to its solubility in acidic
conditions and its relatively low physical strength. Therefore, physical or chemical modifications
have been examined to increase chitosan stability *°. Chitosan modification can also improve metal
sorption performance, including sorption capacity and selectivity®. The chitosan-based adsorbents
can be synthesized with relatively inexpensive chemical reagents, making them economically
feasible and environmentally safe 1”. However, when it comes to chitosan modification methods,
such as cross-linking and grafting, toxic or expensive chemical agents and mostly harsh conditions
are essential. This increases the processing costs and generates secondary pollution due to the
complicated chemical reactions. Therefore, chitosan modification via an eco-friendly pathway

would be helpful in developing a sustainable biosorption system.

1.2 Research objectives

This study aimed to synthesize and modify chitosan by crosslinking and ion-imprinting to
improve chitosan physicochemical properties and efficiency for Cd(l1), Ni(Il), and Co(ll) uptake,
as well as chitosan selectivity for Cd(ll) adsorption. The specific objectives of this study are

explained below.
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. Synthesize and characterize chitosan, crosslinked chitosan and ion-imprinted crosslinked
chitosan beads as a potential adsorbent for heavy metal ion adsorption.

« Assess the adsorbents' performance by changing operating conditions, including pH,
adsorbent dosage, temperature, contact time, crosslinking degree, and initial metals
concentration, and determine the optimum range values of these parameters.

« Investigate the adsorption of Cd(ll), Ni(ll), and Co(Il) on chitosan, crosslinked chitosan
and ion-imprinted crosslinked chitosan beads in single, binary, and ternary systems and
quantify their competitive adsorption.

« Study the feasibility of regenerating the adsorbents by employing a suitable reagent.

1.3 Research hypotheses
According to the literature review, the following hypotheses were made:

. Chitosan, in the form of gel beads, is acceptable for batch and continuous adsorption tests
18.

. Chitosan beads are capable of adsorbing heavy metal ions, but the chitosan beads'
chemical and physical stability are low.

« Crosslinking chitosan by sodium tripolyphosphate enhances its chemical and physical
properties but reduces the adsorbent's efficiency for heavy metal ions uptake *°.

« Increasing initial pH, adsorbent dose, temperature, and time would improve the
adsorption efficiency of chitosan-based adsorbents 2°.

. Chitosan crosslinked by different concentrations of a crosslinking reagent shows
different adsorption characteristics and physical/chemical properties 2.

« lon-imprinting the crosslinked chitosan increases the adsorbent capacity and provides
selectivity in a competitive system 22,

« NaCl can be used for ion-imprinting crosslinked chitosan and regenerating sorbent loaded

by heavy metal ions 23,

1.4 Novelty or Significance

The novelty of this work comes from the following:
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. Chitosan was employed to recover Cd(Il), Ni(ll), and Co(ll) from the synthetic leach
solution of used Ni-Cd batteries. This approach not only recovered heavy metals from
waste batteries but also offered a new application for waste created by the seafood sector.

« Chitosan beads were synthesized and modified simultaneously in one step using an
optimized amount of non-toxic crosslinker, suggesting an environmentally friendly and
quick process to prepare low-cost and biodegradable adsorbent with acceptable chemical
and physical properties for HM ions uptake with minimal chemical use.

- The ion-imprinting technique was used for the first time for chitosan crosslinked by
sodium tripolyphosphate to improve its adsorption properties (such as adsorption uptake

and selectivity) for HM ions adsorption.

1.5 Thesis organization and outline

This thesis is organized into nine chapters to present the research's key findings. Chapters 3 to 7

are in the form of technical papers. The content of these chapters is as follows:

e Chapter 1, Introduction, provides a brief overview and general information on batteries
and the current battery recycling techniques. This chapter covers a general description of
the problems associated with the battery recycling techniques, the novelty and the
objectives of this research, and the thesis outline.

e Chapter 2, Literature Review, provides a literature review about batteries structure and
the importance of battery recycling. The current techniques of battery recycling, along
with their problems, are discussed in detail in this chapter. A literature review on
adsorption as an alternative technique to recover HMs is also presented. In addition, this
chapter covers the chitosan and chitin synthesis and modification processes, and the
parameters affecting chitosan adsorption efficiency are discussed. In the last part of the
chapter, the regeneration methods for loaded chitosan-based adsorbents are discussed.

e Chapter 3 (Technical Paper 1), Removal of Cadmium(ll) from aqueous solution using
tripolyphosphate crosslinked chitosan. This chapter focuses on cadmium adsorption by
chitosan and sodium tripolyphosphate crosslinked chitosan beads. The effect of pH,

adsorbent dose, temperature, and crosslinking degree was studied thoroughly in a batch
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adsorption system, and response surface methodology (RSM) was applied to model and
optimize cadmium adsorption onto crosslinked chitosan.*

Chapter 4 (Technical Paper 2), Optimization of Nickel(Il) adsorption by sodium
tripolyphosphate crosslinked chitosan using response surface methodology (RSM). This
chapter concentrates on Ni(ll) adsorption on chitosan and chitosan crosslinked using
sodium tripolyphosphate in a batch adsorption system. The effect of pH, temperature and
crosslinking degree on Ni(Il) adsorption was studied. Response surface methodology was
employed to optimize the adsorption of Ni(ll) on crosslinked chitosan beads.*

Chapter 5 (Technical Paper 3), Competitive adsorption of nickel(ll) and cadmium(Il)
ions by chitosan crosslinked with sodium tripolyphosphate. This chapter investigates the
competitive batch adsorption system of Ni(11) and Cd(lI) ions by chitosan and crosslinked
chitosan beads. A comparison was drawn between mono- and binary systems by
employing different adsorption isotherm models to evaluate coexisting metal ions effect.
The regeneration of the loaded adsorbent was examined.*

Chapter 6 (Technical Paper 4), Synthesis, characterization, and performance evaluation
of ion-imprinted crosslinked chitosan (with sodium tripolyphosphate) for cadmium
adsorption. This chapter evaluates the effect of ion-imprinting on Cd(ll) adsorption on
crosslinked chitosan in a batch adsorption system. The synthesized adsorbent properties
were investigated for Cd(ll) adsorption by altering pH and adsorbent dosage. The effect
of time, temperature, and initial metal ions concentration on Cd(Il) adsorption were also
examined. The regeneration of loaded adsorbent was studied in this chapter as well.*
Chapter 7 (Technical Paper 5), Competitive adsorption of Cd(ll), Ni(ll) and Co(ll) onto
ion-imprinted crosslinked chitosan: characterization and isotherm studies. This chapter
investigates the competitive adsorption of Ni(ll), Cd(ll) and Co(ll) on Cd-imprinted
crosslinked Chitosan. A ternary system of Ni(ll), Cd(ll) and Co(ll) was employed to
investigate Cd-imprinted crosslinked chitosan performance. The effect of initial metal
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concentration was studied in the mono and ternary adsorption systems, and the best-fitted
isotherm models were determined.”

e Chapter 8, Synthesis, Integration and General Discussion of Results, presents a general
discussion of the results and compares the results of each phase of this study.

e Chapter 9, Conclusions and Future Works, summarizes the main conclusions and

provides possible recommendations for future studies.

Figure 1-1 shows the organization of this thesis.

[ Chapter 1: Introduction
L 2
<
[ Chapter 2: Literature Review
J
L 2
<
Technical Papers
/
Chapter 3: Chapter 4: Chapter 5: Chapter 6: Chapter 7:
Removal of Optimization of Competitive Synthesis, Competitive adsorption
Cadmium(II) from Nickel(IT) adsorption adsorption of Ni(II) characterization, and of Cd(II), Ni(IT) and
aqueous solution using by sodium and Cd(II) onto Cross- performance Co(II) onto ion-
tripolyphosphate cross- tripolyphosphate linked Chitosan in evaluation of ion- imprinted cross-linked
linked chitosan crosslinked chitosan mono and binary imprinted crosslinked chitosan:
using response surface system chitosan (with sodium characterization and
methodology (RSM) tripolyphosphate) for isotherm studies

cadmium biosorption

¥
[ Chapter 8: Synthesis, Integration and ’

General Discussion of Results

¥
[ Chapter 9: Conclusions and Future Works 1

Figure 1-1. Organization of thesis

1.6 References

The references are merged with those of the other chapters' references and presented at the end of
the thesis.

* Synthesized unloaded and loaded beads were characterized in each phase by different tools and tests, including
solubility and swelling test, Brunauer—Emmett-Teller (BET) surface area, Scanning Electron Microscopy/ Energy-
Dispersive X-ray Spectroscopy (SEM-EDS), Fourier transforms infrared (FTIR), Thermogravimetric Thermal
Analysis (TGA), and X-ray Diffraction (XRD) to reveal valuable information regarding crystal and chemical structure
as well as the topography of the beads.
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2 Literature Review

Since the 1900s, batteries have become a common power source for many household and
industrial applications. In the last decades, batteries registered a significant consumption increase
24 Battery technology has improved in different aspects over the past fifty years because of the
growth in mobility and transportation systems (i.e., electric vehicles), communications and
information technology, and electricity generation 2°. Although batteries are mostly simple in
concept, it is surprising that their development has advanced more slowly than in other areas of
electronics. Accordingly, they are often considered the heaviest, the costliest, and the least green

component of any electronic device 2°.

Depending on the materials used in their manufacturing, batteries are categorized into two
groups: non-rechargeable primary and rechargeable secondary batteries. Primary batteries produce
power through an irreversible chemical reaction; they include zinc-manganese (Zn—Mn), zinc-
carbon (Zn-C), and primary-lithium or mercury batteries. However, rechargeable batteries, such
as nickel-cadmium (Ni-Cd), nickel-metal hydride (Ni-MH) and lithium-ion (Li-ion) batteries, are
more common and have found their applications in industry, particularly in portable electronic
products 2?8, Based on an assessment of the quantities of batteries sold in 2015 in Canada, the
alkaline batteries (Zn-Mn) (74%) are the most popular non-rechargeable ones, followed by zinc-
carbon batteries (15%), lithium dioxide manganese batteries (5%), zinc-air button cell batteries
(4%) and silver oxide button cell batteries (2%). Among rechargeable batteries, nickel-metal
hydride batteries (42%) are the most consumed type, followed by nickel-cadmium batteries (32%),
lithium-ion batteries (22%), lithium polymer batteries (2%) and small sealed lead-acid batteries
(2%) 2°. The main characteristics of the most frequently used batteries and their applications are

presented in Table 2-1 %,

Different metals are used in batteries, some of them are valuable (Ag, Ni, Zn and Co), and some
are toxic (Hg, Cd and Pb). With the rapid expansion of the electronic vehicles market and the
application of batteries, a considerable amount of batteries reach their end-of-life each year.
Therefore, battery disposal is becoming critical, and an inappropriate method can pose threats to
the environment and human health *°. Different aspects of battery disposal are reviewed in this

chapter, and two main approaches to battery recycling, including pyrometallurgy and
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hydrometallurgy, are discussed in detail. After assessing each recycling method, the adsorption
process is proposed as an alternative. Subsequently, the properties of chitosan as an
environmentally friendly adsorbent for heavy metals uptake are discussed, followed by a review
of the influential adsorption parameters and regeneration of loaded adsorbents.

Table 2-1. Main characteristics of commercial batteries

Battery Type Anode Cathode Electrolyte Main Applications
Zn-C Zn MnO; aNan\'/vZar:grlz Domestic general use
Wireless devices, cameras,
Ni-Cd Cd Ni(OH). KOH laptops, pagers and mobile
phones
Ni-MH V, Ti, zr,Ni, Cr,  Ni(OH) KOH Portable devices, mobile
Co, and Fe Cobalt oxides phones
Li-ion c LiCoO Organic solvents or salt Portable devices, mobile
2 solutions phones, hybrid vehicles
Alakalike .
(Zn-Mn) Zn MnO; KOH Domestic general use
Lead Pb PbO H2S04 Automotive use

2.1 Disposal of Used Batteries

Based on the guidelines/legislation in different countries, the appropriate disposal method for
spent batteries may include landfill deposition, stabilization by incineration (with some controls)
and recycling/recovery processes. In some countries, dumping used batteries at municipal solid
waste landfills still occurs, increasing the toxic metal constituents in surface and groundwater
streams due to leaching and infiltration 3. The incineration process includes spent batteries
collection followed by the mass-burn of the waste. As a result, the waste is converted to ash, gases
and heat, causing environmental hazards due to releasing toxins such as mercury, cadmium and
dioxins into the atmosphere. Meanwhile, safe disposal in landfills and spent-batteries stabilization
processes have become increasingly expensive due to the increase in amounts of waste in addition

to the limited sanitary landfill storage capacity. Therefore, in recent years landfilling and
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incineration have been restricted by environmental legislation in most countries for spent battery

disposal *2.

Considering the above, the most effective method of waste batteries management is recycling,
which is of prime importance to environmental, economic and resource conservation concerns. As
a result, different processes have been developed to recycle batteries and recover valuable and
toxic metals. Canada's government adopted the Call2Recycle project to restrict the amounts of
spent batteries entering landfill sites and encourage reusing the metals contained in used batteries

as secondary raw materials 3.

2.2 Nickel-Cadmium Battery

The production of Ni-Cd batteries began in Europe and the United States in the 1950s 3. Due to
their high discharge efficiency and long service life, this battery type has been used for many
decades. Despite its advantages, Ni-Cd batteries present environmental problems mainly because
of cadmium. As a result, a decrease in Ni-Cd batteries consumption was observed in many
countries, and they are currently classified as hazardous materials for disposal purposes *. The
chemical composition of Ni-Cd batteries is approximately Fe (40%), Ni (22%), Cd (15%), plastic
(5%), KOH (2%), Co (2%), others (16%). The schematic of the Ni-Cd battery components is

shown in Figure 2-1 .

= -«—— Top cover

\HJ Positive welded junction

e Detail of electrode plaques
@ Jelly-roll electrode plaques
Ni-plated sleel case Positive NIOOH Nagative Cd
L p i electrode powder  electrode powder  Steel perforated
support plates

%“‘ Positive NiOOH electrode plaque

-~ Separator (KOH absorbent)
P~ Negative Cd electrode plaque
=— Negalive welded junclion

Figure 2-1. Schematic drawing of the Ni-Cd battery
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The treatment of used Ni-Cd batteries, which are composed of a variety of assembled materials
in addition to a wide range of compositions, requires a sophisticated approach. The simultaneous
presence of metals in the electrodes, including nickel, cadmium, and cobalt, with different
concentrations, justifies that the recycling process should be focused on the recovery of these
metals first. Among numerous methods, mechanical, pyro-metallurgical, hydro-metallurgical and
combined operations have been widely applied to recover valuable metals from used Ni-Cd

batteries 3.

2.3 Pyrometallurgy

Pyrometallurgical methods are the most frequently used processes for recycling batteries with an
acceptable yield. Generally, the pyrometallurgical method consists of roasting, smelting and
refining. The pyrometallurgy is usually employed with the application of high temperatures to
extract target metals and concentrates them by using physical transmission and chemical reactions
such as decomposition of compounds, reduction and evaporation techniques 2”2, Smelting and
reduction are crucial parts of conventional pyrometallurgical approaches. Batteries are smelted by
adding slag formers at high temperatures, usually higher than 1400 °C 3. Concurrently, graphite
is usually added as a reductant during the process, which may come from the anode material or an
external source. Metals with low boiling points, such as Zn, Cd and Hg, evaporate at a high
temperature and leave the molten phase. These vapours can either be reclaimed as metal after

condensation or generate dust by reacting with oxygen *°.

2.3.1 Industrial Pyrometallurgical Processing of Ni-Cd Battery Recycling

The conventional recycling process of Ni-Cd batteries is based on cadmium distillation. Figure
2-2 shows a pyrometallurgical recycling process of Ni-Cd batteries. First, the decomposition of
Ni(Il) and Cd(I1) hydroxides takes place according to the following reactions during heating and

right after water evaporation;
Ni(OH)2 (s)<NiO (s)+H20 (g) T=230°C 2-1

Cd(OH)2 (5)>CdO (s)+H20 (g) T=300°C 2-2
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The primary pyrometallurgical process of Ni-Cd batteries metals recovery is performed in
temperatures of about 900 °C, under vacuum at inert or reducing atmosphere. Generally, cadmium
is produced directly in the form of vapour above 767°C, which is the boiling point of metallic
cadmium. A controlled atmosphere is required to avoid the oxidation of the produced metallic
Cd(I1). In the end, metallic cadmium with 99.9% purity is obtained, which can be used in various
applications. Basically, Ni(ll), Fe(ll) and Co(ll) remain solid during the treatment, which can be

employed in stainless steel production 2.

Used Ni-Cd Batteries

Mechnical Process

Heat Treatment under controlled
atmosphere (900 °C)

Cd 99.9% Ni(I1)-Fe(11)-Co(1l)

Figure 2-2. Schematic flow sheet of the pyrometallurgical method of Ni-Cd battery recycling

Recently, the recycling of Ni-Cd batteries is achieved by dedicated commercial battery recyclers
such as Inmetco (United States), Accurec (Germany), SabNife (Sweden) and Snam-Savam
(France), mostly through pyrometallurgical processes. Although highly pure cadmium (99.95%)
is produced, most valuable metals such as cobalt and nickel are not fully recovered. Therefore,
research on the thermal behaviour of electrode materials has been carried out to attain a better
fundamental knowledge of the process “°. Pyrometallurgical approaches have several important
drawbacks, including a lack of flexibility and control, high costs, and a high energy requirement.
Besides, pyrometallurgical processes are hazardous to the environment because of the detrimental

generation of gaseous pollutants such as CO2, dioxins, and other volatile materials *.
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Consequently, it is preferable to find an economical and environmentally friendly process to

recycle batteries to recover the most valuable elements 2.

2.4 Hydrometallurgy

Hydrometallurgical methods are more economical and efficient compared to pyrometallurgical
approaches. The hydrometallurgical process for metals recovery from used batteries was
established in 1984. Soon after, hydrometallurgical routes became more common to treat spent
batteries, containing several metals in their composition “*“. Recently, hydrometallurgical
methods have attracted increasing attention because they have some advantages over
pyrometallurgical techniques from the environmental perspective, i.e., the gas generation is
relatively lower than for the pyrometallurgical methods. Also, this process's economic benefit is
undeniable as selectivity, and high efficiency in recovering existing chemically similar metals are
achievable 6. The hydrometallurgical process's foundation is chemical reactions involving
aqueous and organic solutions in the temperature range of 25-250°C 4. Hydrometallurgical
systems are generally characterized by different pretreatment steps, including dismantling and
crushing, followed by the dissolution of metal phases (leaching) “8. The next step is
purification/separation, which can be performed by precipitation or solvent extraction “°.

2.4.1 Leaching

Leaching is the primary step in the hydrometallurgical process. Both alkali and acid have been
used as leaching agents to dissolve metals from spent batteries *°. Sulphuric and hydrochloric acids
are by far the most cited leaching agents that have been employed for battery leaching 4545153,
Concentrated solutions, high temperatures and long reaction times are usually needed for leaching,
which are considered disadvantages of this stage. Researchers have carried out some studies to
improve different leaching aspects and overcome these shortcomings >*.

2.4.2 Purification Methods

Purification can be accomplished by precipitation or solvent extraction. Precipitation is the
formation of solids by the addition of a reagent to the leaching solution. The separation mechanism
of chemical precipitation relies on the different solubilities of metal compounds at different pHs
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5, Different reagents have been reported in the literature for precipitation, such as soda °°,
ammonium oxalate 8, sodium carbonate > or carboxylate salts 8. The precipitation method is
commonly used on the industrial scale because of its simple operation and low cost. However,
there are some limitations associated with this approach, including high sludge volume production,

dewatering and disposal sludge problem and low metal selectivity 3.

Another purification approach in the hydrometallurgy process is liquid/liquid extraction, which
involves the extraction of a metal ion from a liquid phase by an extractant. Solvent extraction is
generally used to obtain pure metal or metal compounds by taking advantage of compounds'
different relative solubilities in immiscible liquids. High purity of the metal could be achieved by
this method, fulfilling the need for high-grade metals in industrial processes *°. The solvent
extraction method is considered simple and flexible; however, most extractants are expensive and
harsh chemicals, creating a secondary source of pollution. As a result, the application of solvent

extraction is limited once sustainable development is taken into account .

2.4.3 Industrial Hydrometallurgical Processing of Ni-Cd Batteries Recycling

The BATENUS process, established in Germany, is based on hydrometallurgical operations
consisting of electrochemical and membrane techniques for metal separation 1. The BATENUS
method offers a solution for treating mixed battery waste, using sulphuric acid leaching and a
combination of ion exchange and solvent extraction for purification. Collected batteries are sorted
and then crushed, followed by physical separation of the structural elements. The powder is then
leached with sulphuric acid. The leached liquors contain nickel and cadmium in significant
amounts and some impurities such as cobalt and iron. The most frequently used technique for
selective recovery of cadmium, nickel and cobalt is solvent extraction. After iron removal by
hydroxide precipitation, cadmium is extracted using D2EHPA as an extractant diluted in kerosene.
Cadmium extraction with D2EHPA involves the coextraction of nickel and cobalt, which needs a
scrubbing stage with a pure cadmium solution 2. In the next step, nickel is separated from cobalt
through a solvent extraction system using CYANEX 272. The extracted metal is stripped by acid
at each stage, and the solvent is regenerated and reused for the next cycle. Therefore, three
concentrated solutions of each element are attained in which metals can be recovered either by
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electrowinning or chemical precipitation %8, The schematic flow sheet of the hydrometallurgical

technique for Ni-Cd battery processing is shown in Figure 2-3.

Used Ni-Cd Batteries

Sorting

Physical Conditioning

Leaching (H,SO,)

Solution Purification
-Solvent Extraction
-lon Exchange
-Precipitation

Metal Reclamation
-Precipitation
-Electrowinning

J

Metals Compounds

Figure 2-3. Schematic flow sheet of the hydrometallurgical method of Ni-Cd battery recycling

Hydrometallurgical ~ technology has some disadvantages, particularly in the
separation/purification stage . While organic solvents can be regenerated and reused several
times in the purification step, they are considered aggressive to the environment and harmful to
human health. Moreover, their waste disposal and handling cost could be high 4. Typically, the
materials recovered through hydrometallurgy are mostly metallic compounds, and they should be
processed further 54, Table 2-2 shows the current recycling techniques in some developed
countries.
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Table 2-2. Summary of battery recycling process by the various company all over the world

Name of . Location of
Technology Recycling Method Battery Type the Plant References
All types of Japan, . i
BATREC Pyrometallurgy batteries Switzerland https://batrec.ch/de-ch/
Ni-Cd, Ni-Fe, Ni- i .
INMETCO Pyrometallurgy MH. Li-MH, Zn-C USA http://horsehead.net/inmetco/
SAB-NIFE Pyrometallurgy Ni-Cd Sweden https://www.saftbatteries.com
ZM SILESIA  Pyrometallurgy Ni-Cd Poland http://hutaolawa.pl/en/index.html
TOXCO Pyrometallurgy, Ni, Li-based Canada, USA https://www.retrievtech.com/
Hydrometallurgy
Pyrometallurgy, . ] .
UMICORE Hydrometallurgy All types of battery  Belgium https://csm.umicore.com/en/
All types of
BATENUS Hydrometallurgy batteries except Germany 61

those containing
lead

2.5 Adsorption

Different techniques, such as electrodeposition, adsorption, and crystallization, have been
studied to overcome some of the aforementioned drawbacks associated with the hydrometallurgy
purification step. Among them, adsorption has some advantages over others, including flexibility
in terms of operation, feasibility in terms of production of high-quality product, economical
viability in the context of initial capital cost and chemical requirement, and effectiveness in the
purification process %. Adsorption is defined as a mass transfer process by which a compound is
transferred and accumulates at the interface between two phases (liquid-solid or gas-solid). The
target substance, the adsorbate, can bind to the surface of the solid phase called the adsorbent
through physical/chemical interactions. Various adsorbents have been employed for HMs
adsorption, such as activated carbons ¢, zeolites ¢, clay minerals %, bio-sorbents , and nano

adsorbents 7°.
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2.5.1 Activated Carbon

Activated carbon has been widely used to remove HMs from solutions containing Ni(l1), Cd(ll),
and Co(ll) %2, However, their use is sometimes restricted mainly because of their high cost.
Activated carbon sorbents derived from different natural materials have gained increasing attention

over the last several years to overcome the limitations, but they are not viable for frequent use yet
73,74

2.5.2 Zeolite

Zeolites are crystalline aluminosilicates that can occur naturally or be produced industrially on a
large scale "°. They are composed of hydrated aluminosilicate minerals, having exchangeable
Na(l), K(1), Mg(ll) and Ca(ll) ions and water in their structural framework. Zeolites have gained
considerable attention because of their low cost, excellent ion-exchange properties, high surface

area, and hydrophilic character to adsorb metal ions from solution 6776,

2.5.3 Clay Minerals

Clay minerals are hydrous aluminosilicates formed from soil and water colloid fractions.
Generally, they are comprised of minerals such as metal oxides, carbonate and quartz ’’. The most
common clays include montmorillonite, bentonite, and kaolinite. Bentonite has a high cation
exchange capacity, is very selective, and is twenty times cheaper than activated carbon 8. The
negatively charged clay is neutralized by the uptake of positively charged species, resulting in
clay's ability to attract and hold metal ions. Researchers have investigated the HMs uptake by clay
minerals due to advantages over conventional adsorbents, including high surface area and excellent
physical, chemical and structural/surface properties ’°. However, clay minerals are highly
temperature-dependent, and variations in their structure at various temperatures affect their

adsorption efficiency .

2.5.4 Bio-sorbent Materials

The need for the removal/recovery of HMs from the aqueous phase has directed some
researchers' interest towards low-cost alternatives. Thus, natural materials or particular waste from

industry and agricultural operations have come to attention and been implemented for HMs uptake
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81 The frequently used term “low-cost adsorbents” suggests inexpensiveness and affordability as
these materials should be easily and locally available in large quantities. Among them, adsorbents
with biological origins (bio-adsorbents) have advantages over those from chemical sources.
Typical bio-adsorbents can be derived from three sources: non-living biomass such as bark, lignin,
shrimp, krill, squid and crab shells. The other two sources include algal biomass and microbial

biomass such as bacteria, fungi and yeast .

Bio-adsorption of HMs from aquatic media is a relatively new and promising process. This
approach is also suitable for treating solutions with a dilute concentration of HMs (2.5-25 mg/L)
69, Chitosan has drawn substantial attention as a raw material for metal sorption purposes among
different bio-adsorbents because of a large number of functional groups, such as amine and
hydroxyl groups, and simple modification methods. Moreover, chitosan shows good
biodegradability, biocompatibility and bioactivity, which justifies its broad range of applications
8, Because of these benefits, the following sections present the literature on chitosan structure,

properties, synthesis, modification, and application.

2.6 Chitin and Chitosan

Chitin is a white, hard, inelastic, nitrogenous polysaccharide with a high molecular weight.
Chitin is a natural biopolymeric substance and consists of 2-acetamido 2-deoxy-b-D-glucose
through a b-(1,4) linkage. After cellulose, this kind of linear mucopolysaccharide is the most
abundant polymer on the earth 8. In fact, it may be regarded as cellulose with the hydroxyl at
position C-2 replaced by an acetamido group 8, which is depicted in Figure 2-4 8. Chitin occurs
in a range of organisms, including crustacean shells, insects and fungi. However, wastes generated
by the marine food processing industry are the principal source of industrial chitin "8’ Despite
chitin's vast availability, its applications have been limited because of its intractability and
insolubility, hindering physical and chemical modification °.
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Figure 2-4. Chitin and chitosan structure

In 1859, Rouget published his discoveries that “modified chitin” could be prepared by treating
chitin with boiling solutions of potassium hydroxide in water. This “Treated Chitin” was renamed
“Chitosan” by Hoppe-Seiler in 1894, pronounced as “kite-O-san” 8. Chitosan, poly [(1,4)-b-linked
2 amino-2-deoxy-D-glucose], is the N-deacetylated form of chitin with amino groups along with
the chitosan structure (poly-glucosamine), shown in Figure 2-4. Chitosan is a semi-crystalline
polymer in its solid-state, and the crystallinity of chitosan is lower than that of chitin. Although
chitin and chitosan have the same chemical structure, the polymer's solubility in acidic solutions
is considered a criterion for identifying chitin and chitosan. In dilute aqueous acids, the free amino
groups at the C2 position of the chitosan backbone (D-glucosamine unit) are protonated, and the
polymer becomes fully soluble below pH 3 ®. The critical parameter for defining chitosan and
chitin is the deacetylation degree (DD), defined as the ratio of 2-acetamido-2-deoxy-D-
glucopyranose to 2-amino-2-deoxy-D-glucopyranose structural units 6. The parameter of DD or
degree of acetylation (DA) plays an important role in chitin/chitosan properties. In general, a
polymer is usually called chitosan when it is soluble in dilute acidic solutions (1% dilute acetic
acid or 1% dilute hydrochloric acid), corresponding to a deacetylation degree usually greater than

0.55. A typical DD for chitosan as an N-deacetylated derivative of chitin is larger than 0.65 or 0.70
85
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2.6.1 Chitin/ Chitosan Production

The industrial processing of shellfish, such as shrimp, crab and krill for food production, has led
to the generation of vast quantities of wastes 1. Accumulation of this waste at high levels has
turned into a significant problem in the seafood processing industry. Typically, a substantial
amount of this biomass is dumped into the sea, resulting in pollution in coastal regions %°. Fishery
wastes result in adverse environmental effects because of their high biological oxygen demand
(BOD), chemical oxygen demand (COD), total suspended solids (TSS), fat—oil-grease (FOG),
pathogens, organic matters, and other nutrients. However, seafood processing waste might be
regarded as a promising source for the processing and production of chitin and chitosan. The most
abundantly available raw materials for chitin production are crab shells, shrimp and prawns 849,
The organisms containing chitin are composed of three basic elements: (1) chitin (20-30%), (2)
minerals (30-60%) and (3) proteins (20-40%). Chitin works as a skeleton, while the minerals
(mainly inorganic carbonate salts) impart the required strength to the structure, and proteins
provide it with living tissue 1’. Therefore, chitin production requires the removal of mineral and

protein constituents from the raw materials.

Chitin and chitosan are typically obtained by two types of extraction processes: chemical and
biological methods. As shown in Figure 2-5, the prevalent chemical extraction of chitin involves
demineralization (calcium carbonate and calcium phosphate separation), deproteinization (protein
separation), and sometimes decolorization (removal of pigments) followed by deacetylation
(acetyl groups removal) to form chitosan. The conversion of chitin to chitosan (deacetylation) is
generally accomplished by treatment with concentrated sodium hydroxide (NaOH) solution (40-

50%) at 100°C or higher temperature to remove some or all acetyl groups from the chitin %,

{ Demineralization Deproteinization Deacetylation
Chitin
Alkali Treatment

Acid Treatment {  Alkali Treatment

Figure 2-5. Chitin and chitosan chemical extraction procedure
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Despite the many disadvantages of chemical processes, tabulated in Table 2-3, the short
extraction time still makes it the most commercially used treatment 1. The final product
characteristic is considered the critical parameter in chitin and chitosan production, which is a
function of the molecular weight (MW) and the deacetylation degree (DD).

Table 2-3. Comparison between chemical and biological extraction of chitin and chitosan

Extraction Method Advantages Disadvantages

Chemical Short Processing time Environmentally unfriendly
High DD% of the final product

Biological High quality of final product Long processing time

Environmentally safe

2.6.2 Chitosan Modification

In its original form, chitosan is not suitable for practical use as a bio-adsorbent mainly due to its
solubility in acidic aqueous and relatively low physical strength %. Chitosan instability at low pHs
is attributed to amine groups' presence on its surface, leading to the formation of protonated
chitosan. Therefore, physical or chemical modifications have been extensively investigated to
increase the stability of chitosan in acid media, improve its mechanical properties, and enhance

the metal sorption performance, such as sorption capacity and metal selectivity %9,
2.6.2.1 Physical modifications

One of the most remarkable properties of chitosan is its adaptability, which means that it may be
physically changed to produce a variety of polymer forms. Chitosan has been employed in the
form of powder, nanoparticles *°, gel beads *, membranes ¥, and fibers ® for various fields of
application, including wastewater treatment, biomedical, and textiles. However, small particles
have been shown to be ineffective in column systems due to their tendency to block the flow and
impose significant hydrodynamic constraints. Employing chitosan gel beads as an alternative may
be advantageous since they increase both diffusion characteristics (by increased porosity and
decreased crystallinity) and hydrodynamic behaviour. However, it also decreases the volumetric

sorption capacities because of the high water content of the beads *°. However, drying the beads
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can increase their volumetric sorption capacity and keep their Kinetic characteristics for HMs

uptake %,
2.6.2.2 Chemical Modification

The chitosan chemical modification is often executed on the two active sites, including primary
amino and primary (or secondary) hydroxyl groups, mainly to change the chemistry of chitosan °.
The chitosan chemical modification is usually accomplished by grafting or crosslinking reactions,
leading to the formation of chitosan derivatives with preferred properties. Crosslinking reaction
consists of uniting the macromolecular chains to each other, which slightly decreases the
adsorption capacity and selectivity since some functional groups of chitosan are occupied with the
crosslinker and cannot interact with the pollutant %, In order to overcome the adverse impacts of
crosslinking and boost selectivity for target metal ions, some other approaches have been
examined, such as imprinting with target metal ions as a template or grafting . In the grafting
procedure, new functional groups are added onto the chitosan chain, which may increase the
number of adsorption sites resulting in an adsorption capacity rise 1%,

2.6.2.2.1 Chitosan Crosslinking

Crosslinking can be performed by chemical methods (using crosslinking agents) or physical
processes (radiation or ultraviolet light) 2. In general, crosslinking reinforces the chemical
stability of chitosan in acidic solutions, enhances the mechanical resistance, modifies chitosan
hydrophobicity, and stabilizes the chitosan at drastic pH change, which are essential aspects of an
effective adsorbent. However, crosslinking decreases the number of free and available groups
available in the chitosan backbone and decreases the accessibility to internal sites of the material,
leading to a loss in the polymer chains' flexibility. Therefore, crosslinking may negatively impact
the metal uptake efficiency and adsorption capacities, depending on the crosslinker type and
crosslinking degree 1. Different chemical reagents have been used for the crosslinking reactions
with at least two reactive functional groups that allow the formation of bridges between polymer

chains and active chitosan sites 8, shown in Figure 2-6.

[23]



Polymer Chains

\
~——" T —

Cross-linker ——» 5 Chemical Cross-linking

Figure 2-6. Schematic of the chemical crosslinking process

The crosslinking process may proceed via covalent or ionic bonds, depending on the type of
crosslinking. The covalent crosslinking of chitosan is a chemical reaction, resulting in stable
covalent bonds between the crosslinking agent and the polysaccharide chains. Any compound with
at least two functional groups capable of condensation reaction with the polymer may be regarded
as a covalent crosslinker 2t The most common covalent crosslinkers employed for chitosan
crosslinking is glutaraldehyde (GLA) 1%. Additionally, several covalent crosslinkers for chitosan
crosslinking have been reported in the literature, including epichlorohydrin (ECH) % or ethylene
glycol diglycidyl ether (EGDE) °. The covalent crosslinking of chitosan is an irreversible
reaction, enabling chitosan sorbent to remain stable even in a very acidic medium (pH~1) 2. In
turn, the ionic crosslinking results in the chitosan chain's electrostatic attraction to the ionic
crosslinkers, leading to the formation of electrovalent (ionic) bonds between them. Theoretically,
chitosan may undergo ionic crosslinking with chemicals that possess at least two functional groups
that generate a negative charge in water. Compared to chitosan crosslinked with covalent bonds,
the ionically-crosslinked chitosan is less stable in acidic solutions. The most common ionic

crosslinker type is sodium tripolyphosphate 1%,

The crosslinked chitosan's properties are significantly affected by the type and dosage of the
crosslinking agent and conditions of the crosslinking process (mainly pH and temperature) 7,
Although the crosslinking generally decreases the adsorption capacity of chitosan, several
researchers have reported some improvements, primarily due to introducing new functional groups
into their chain %, In essence, efforts have been made to maintain the degree of crosslinking as

low as possible, followed by further chemical modifications such as grafting, imprinting or
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functionalizing to minimize the adverse impact of crosslinking and improve selectivity as well as

the adsorption capacity of chitosan 1%, The following compares the common covalent crosslinkers.

Covalent Crosslinkers

Epichlorohydrin (ECH)

2-(Chloromethyl) oxirane, C3HsCIO, is an abundant chemical intermediate applied in many
fields. ECH is a relatively small organic molecule with a highly reactive three-membered oxirane
ring and oxygen and chlorine heteroatoms. ECH is commonly referred to by many researchers as
a suitable crosslinking agent to obtain more stable and durable chitosan %319, Compared with
other crosslinkers, the chitosan modified with ECH usually shows higher adsorption capacities.
This behaviour is attributed to the fact that ECH mostly binds with the hydroxyl groups, and the
major adsorption sites for heavy metals (amino groups) are not eliminated during the crosslinking

process 1°,
Glutaraldehyde (GLA)

Pentanedial, CsHsO, is also a relatively small compound, containing two aldehyde groups
separated by a flexible chain of three methylene bridges. Crosslinking by glutaraldehyde happens
via a Schiff's base reaction between the crosslinking agent's aldehyde ends and the amino moieties

of chitosan to create imine functions. 1%,
Ethylene Glycol Diglycidyl Ether (EGDE)

Ethylene glycol diglycidyl ether, CsH1404, has two epoxide functional groups located at both
ends of the molecule 1. The crosslinking reaction can be achieved by reacting the epoxide groups
of EGDE with the amino groups (-NH2) provided by the D-glucosamine units in the polymeric

matrix of chitosan biopolymer 1,

Modified chitosan adsorbents are supposed to be environmentally friendly alternatives to
commercial adsorbents such as activated carbon. However, modifying agents are usually
considered toxic and hazardous, bringing adverse impacts to the environment. Considering
covalent crosslinkers, ECH is one of the widely used crosslinkers. Substantial toxicology research
has been conducted on it, showing that exposure to 30 ppm of ECH in laboratory rats results in
severe kidney damage 1%. Table 2-4 shows the ECH structure, applications and safety/hazards
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information. GLA also poses a significant threat to the aqua ecosystem at very high concentrations

112" According to Sano et al. 13, long-term exposure to GLA with a concentration of at least 2.5

ppm reduces the reproduction rate of fishes. As it is tabulated in Table 2-4, GLA is also hazardous

to human health like ECH, having a danger signal. As for EGDE, there are no reported data on the

threshold toxicity limit of its concentration. However, upon long-term exposure to EGDE,

respiratory and kidney systems might be affected 1%,

Table 2-4. Covalent crosslinker agents’ properties (https://pubchem.ncbi.nlm.nih.gov/)

Crosslinker Structure Applications Safety and Hazards Signal
- Flammable
paint dissolvent - Corrosive
i i - Paint dissolven
Epichlorohydrin ) o - Acute Toxic Danger
(ECH) 7 - Fumigant against insects _
o - Irritant
- Health Hazard
- Additive to glues - Corrosive
- Disinfectant - Acuite Toxic
0 rri
Glutaraldehyde - Medical applications Irritant Danger
(GLA) I I
H H . - - Health Hazard
- Preserving and fixing agent
- Environmental
Hazards
n/”‘\
Ethylene Glycol (‘) - Modifier of fibre, paper - Irritate
Diglycidyl Ether | and resin Warning

(EDGE)

- Crosslinker in biomaterial

- Health Hazard

lonic Crosslinker

Sodium Tripolyphosphate (STPP)

Penta sodium triphosphate, NasP3O1yo, is a polyanion and can interact with cationic chitosan by

electrostatic forces 1 illustrated in Figure 2-7. The ionic interactions between the positively

charged amino groups and negatively charged counter ion available in STPP form either
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intermolecular or intramolecular linkages. Results show that chitosan beads crosslinked by ionic
STPP are found to be more rigid, but chitosan beads crosslinked by covalent ECH show higher
adsorption capacity 1°. Unlike covalent crosslinkers (ECH, GLA and EGDE), STPP is non-toxic
to humans as it does not irritate skin and eyes upon exposure. However, it is the least reported
crosslinker agent in the literature, implying that more research should be carried out on employing
STPP as a crosslinker 1%, The chemical structure of Penta-sodium tripolyphosphate is shown in
Figure 2-7 115,

o/'L\O' Na*

Figure 2-7. Chemical structure of Penta-sodium tripolyphosphate

2.6.2.2.2 Chitosan Grafting

Since crosslinking procedure may reduce the chitosan adsorption capacity because of the amine
and hydroxyl groups consumption, grafting some functional groups is helpful to compensate for
the crosslinking impact by introducing new functional groups %116, Chitosan bears two types of
reactive groups that can be grafted: the free amino groups on deacetylated units and the hydroxyl
groups on the C3 and C6 carbons on acetylated or deacetylated units. Accordingly, the main
chitosan grafting techniques can be categorized into N-substitution, O-substitution and free radical
graft copolymerization 7. The most common modification method includes N-substitution, in
which the amino groups of chitosan are reacted by grafting agents 8. In O-substitution, the
hydroxyl groups of chitosan are targeted by designed small molecules or polymers. Generally, the
protection and deprotection of primary amino groups play a significant role in this method because
of the higher reactivity of amino groups over hydroxyl groups °,

The most critical factors for the adsorption process to be acceptable are efficiency (high

adsorption capacity), cost of the adsorbent in preparation and modification stages, and recently
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sustainability. However, most research focuses on chitosan derivatives' technical performances,
while their economic and eco-friendly aspects are usually neglected *?°. According to Bailey et al.
121 "a sorbent can be considered low-cost if it requires little processing, is abundant in nature, or is
a by-product or waste material from another industry. This being said, chitosan-based adsorbents
production is economically feasible because they are easy to prepare with relatively inexpensive
and quite harmless chemical reagents under mild conditions. However, when it comes to the
modification of chitosan, particularly grafting, the chemical agents are an essential part that
increases the system's cost and involves complicated chemical reactions, which generates
secondary pollution, hindering the sustainability of adsorption operation. Therefore, an
environmentally friendly and simple modification process is advantageous to the notion of low-

cost adsorbent and sustainability.
2.6.2.2.3 Chitosan Imprinting

The previous attempts to overcome the lower adsorption capacity of crosslinked chitosan
resulted in the development of new chitosan derivatives, grafted chitosan. Considering the
drawbacks of grafting, such as secondary pollution generation and increased cost, several efforts
have been made, culminating in introducing metal-imprinted crosslinked chitosan 8122, The
surface imprinting technique is an emerging technology that has drawn much attention in
developing recognition sites by reversible immobilization of template molecules on crosslinked
polymer matrixes 123, The imprinted adsorbents generally have specific recognition ability or
selectivity for the corresponding metal ions in other metals' co-existence 2*. Generally, three steps
are required to prepare imprinted crosslinked adsorbents: the formation of complexes or
composites via chelation or electrostatic interaction between target ions (as a template) and
functional monomers, followed by the addition of crosslinkers to initiate polymerization around
the complexes or composites, and finally, the removal of template ions to form selective
recognition sites 1?4, as shown in Figure 2-8. Any metal ions that can form a metal complex with
chitosan can theoretically be implemented as a template. Metal-imprinted chitosan materials have
been investigated in the literature, such as zinc 1%, copper 2, nickel *?’, lead 28, and cadmium 12,
showing substantially remarkable adsorption capacity compared to non-imprinted crosslinked

chitosan.
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Figure 2-8. Schematic of the imprinting technique of chitosan by a metal template 2°

Various researchers have implemented modified chitosan to remove Ni(ll) and Cd(Il) from
aqueous media, summarized in Table 2-5. It should be noted that comparing the adsorption
capacities of the adsorbents reported in the literature is impossible unless the experimental
conditions are the same. However, there is limited literature on imprinted chitosan-based
composite and the competitive adsorption behaviour of Ni(Il) and Cd(l1).

Table 2-5. Nickel, cadmium, and cobalt adsorption on modified chitosan

Adsorbent Adsorbate  Adsorption Capacity (mg/g) References
Chitosan cd 6.07- 449.6 16,130
Mggnetic chitosan grafted with a-ketoglutaric cd 201.2 131
acid

GLA crosslinked chitosan Cd 50.3 132
ECH-crosslinked chitosan Cd 41.2 132
EGDE crosslinked chitosan Cd 70.9 132
Cd-Imprinted chitosan Ccd 89.37 123
Chitosan Ni 5.87 - 254.2 16
EDTA-Chitosan Ni 71 133
ECH crosslinked-imprinted chitosan Ni 29.23 19
GLA crosslinked metal-imprinted chitosan Ni 35.80 134
bC;;)esslinked magnetic chitosan-isatin Schiff’s Ni 4015 135
Magnetic chitosan/activated carbon Co 44.5 136
Composite cryobeads based on chitosan Co 74.01 137
Magnetic cyanoethyl chitosan Beads Co 17.92 138
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2.7 Characterization

The characterization of materials can provide valuable information about the adsorbents'
structure and properties and the interaction mechanism between adsorbents and adsorbates.
Characterization is a fundamental process in the application of chitosan-based adsorbents, without
which no scientific understanding of the mechanism of chitosan modification and adsorption
process can be obtained. With the rapid development of technology, more powerful
characterization tools have arisen, including all forms of chemical, microscopic, and macroscopic
analysis %. Table 2-6 shows different characterization tools utilized in the reports of chitosan-
based adsorbents, including scanning electron microscope (SEM), Transmission electron
microscopy (TEM), Fourier transforms infrared (FTIR), energy-dispersive X-ray spectroscopy
(EDS), nuclear magnetic resonance spectroscopy (NMR), elemental analysis (EA), Brunauer—
Emmett-Teller (BET) analyzer, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS) 1613

Table 2-6. Characterization tools conducted for chitosan adsorbents

Chemical Analysis Microscopic Analysis Macroscopic Analysis

-Infrared spectroscopy (IR) -Optical microscope -Thermogravimetric analyzer

-Fourier transform infrared spectroscopy | -Transmission electron microscopy (TEM) (TGA)

(FTIR) -Brunauer-Emmett-Teller analyzer (BET) “Magnetic testing
-Attenuated total reflectance micro- Scanning Electron Microscopy coupled with -Mechanical testing
Fourier transform infrared (ATR-FTIR) Energy Dispersive X-ray (SEM-EDS) -Compressive testing

-X-ray diffraction (XRD) Hardness testing

-X-ray photoelectron spectroscopy (XPS)

-Nuclear magnetic resonance
spectroscopy (NMR)

-Elemental analysis (EA)

2.8 Adsorption Parameters

In the literature, it is not easy to find consistent information about the adsorption capacities of
HMs on chitosan, as many parameters affect the adsorption efficiency. Two adsorbent materials
(even for the same pollutant) cannot be compared without maintaining the same experimental
conditions. Typically, batch adsorption tests are used to investigate the effect of various parameters
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by adding a known mass of adsorbent to a fixed volume of liquid at a predetermined initial
concentration and changing the influential parameters. Some of the basic parameters which greatly
influence the adsorption process are (1) pH of the solution; (2) contact time; (3) initial pollutant’s
concentration; (4) temperature; (5) agitation speed; (6) volume of adsorbate; (7) ionic strength of
solution; (8) adsorbent’s dosage; (9) surface area of the adsorbent and (10) other available
components in the system 494! Having the above in mind, the only comparisons that can be

realized are those for the same study's adsorbent/adsorbate systems.

2.8.1 Solution pH

During the adsorption process, the solution's pH is one of the most important variables affecting
the speciation of metal, the degree of ionization, and the adsorbent's surface characteristics 142,
Thus, some research groups have investigated the effect of pH on HMs adsorption onto chitosan
1331t was observed that the optimum pH mainly depends on the target HMs and types of modified
chitosan. The inevitable precipitation of metal ions in the form of hydroxide ions usually occurs
on pH greater than 7 or 8, depending on the adsorbate concentrations %. As a result, there is a pH
range within which each metal ion can be adsorbed on a particular modified chitosan. It is shown
in the literature that in acidic pHs, a mass of H" and H3zO™ in the aqueous solution competes with
the cationic metal ions for the available adsorption sites on chitosan and electrostatic repulsion
occurs between cationic metal ions and positively charged chitosan surfaces which results in lower
adsorption efficiency. With an increase in pH, the adsorption increases as long as the metal species
are still positively charged or neutral and not precipitated 43144, This is true for most metal ions
adsorption, although some metals, such as hexavalent chromium, exist in solution as negative

species, showing an opposite behaviour 4.

2.8.2 Temperature

Temperature is perceived as an important parameter for the adsorption of metal ions by
adsorbents. That is mostly because the solution's temperature may affect the solid/liquid interfaces,
the swelling property of adsorbents, and metal ions' mobility. Generally speaking, the adsorption
of HMs onto chitosan increases with temperature because high temperatures provide a faster rate

of diffusion of adsorbate molecules (metals) from the solution to the adsorbent (chitosan) 4.
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However, the adsorption process is not usually operated at high temperatures because this would
increase operation costs 44, Apart from the influence of solution temperature on adsorption
efficiency, temperature changes may also be used to evaluate the thermodynamic parameters of an
adsorption process. Thermodynamic parameters such as AG (Gibbs free energy change), AH
(enthalpy change), and AS (entropy change) help investigate the nature of the adsorption process
(spontaneity, randomness, endothermicity, or exothermicity). Evaluation of thermodynamic
parameters gives an insight into the possible mechanisms of adsorption. These parameters can be

calculated by using the thermodynamic equilibrium coefficient obtained at different temperatures
101

At constant temperature and pressure, the AG value is the fundamental criterion of spontaneity,
and a negative value for AG stands for the spontaneity of the reaction. By using the equilibrium
constant obtained for each temperature, AG can be calculated according to the Gibbs expression,
defined in Table 2-7. It is important to note that AG is estimated from the equilibrium adsorption
data under the assumption that a molecule's adsorption is reversible and that an equilibrium
condition is established in the batch system 44147 The AH and AS changes of an adsorption
reaction can be determined using the Van’t Hoff equation, indicated in Table 2-7, at different
temperatures assuming these parameters to be independent of temperature. The positive values of
AS could be explained as an increase in entropy due to the exchange of metal ions by more mobile
ions during the adsorption process. The negative values of AG and AS, as known from
thermodynamics, need a negative adsorption enthalpy (AH), meaning that the adsorption process
is exothermic, as opposed to endothermic reactions with positive enthalpy. The AH value can also
be used to measure the interaction force between adsorbate and adsorbent, indicating the bonding
strength. Adsorption on solids is classified into physical or chemical adsorption, but the dividing
line between the two is not sharp. Typically, AH for physical adsorption ranges from 4 to 40

kJ/mol, compared to chemical adsorption ranging from 40 to 800 kJ/mol 101144148,
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Table 2-7. Thermodynamic equations and their parameters 14°

Expression Linear Equation Form Parameters
Sorption equilibrium constant K = Cad Cad: The adsorbed amount at equilibrium (mg/L)
L=
Ce

Ce: The equilibrium concentration in solution (mg/L)

Gibbs AG°® = —RT Ink, R: The universal gas constant (8.314 J/(mol.K))
T: The absolute temperature (K)

ki: The equilibrium constant

Van’t Hoff AS°  AH’ R: The universal gas constant (8.314 J/(mol.K))
R RT T: The absolute temperature (K)

kL: The equilibrium constant

2.8.3 Adsorbent Dosage

To maximize the interactions between the metal ions and adsorption sites of adsorbents, finding
an optimum dosage of the adsorbent is necessary. Thus, the effect of the adsorbent dosage of
chitosan on metal ions adsorption has been investigated in the literature %5, In general, the
adsorption efficiency of an adsorbate increases with an increase in the adsorbent dosage because
the increase in adsorbent dosage translates into more active exchangeable adsorption sites.
However, the apparent adsorption uptake of the adsorbent decreases following the increase in
adsorbent dosage. This observation is because the number of unoccupied active adsorption sites
grows, and at the same time, nearly all the heavy metal ions in the aqueous solutions are adsorbed

by the adsorbents, resulting in a decrease in the apparent adsorption capacity of the adsorbents
101,152

2.8.4 Contact Time

Contact time is another governing factor in the adsorption process. The contact time directly
reflects the process's economic efficiency, related to the adsorption kinetics *31%3, An ideal
adsorbent not only has a large adsorbate capacity but also has a fast adsorption rate. Therefore, the
adsorption rate is another critical factor for selecting the adsorbent that must be considered. The
most common kinetic models that have been widely used in the literature for adsorption processes

are as follows: (i) pseudo-first-order kinetic model ¥ (ii) pseudo-second-order kinetic model °5;
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(iii) Elovich model **¢, and (iv) intraparticle diffusion model & which are shown in Table 2-8. These

kinetic models are also used to examine the controlling mechanism of the adsorption process.

Table 2-8. Frequently used kinetic models

Model Equations Nomenclature

g the amount of adsorbed on the adsorbent
(mg/g) at time t (min)

Pseudo-first-order 1 - ky ge: the amount of adsorbed on the adsorbent at
equation 0g(de — q) =10gde — 522t equilibrium (mg/g)

ki: the rate constant of first-order adsorption
(2/min)

gt: the amount of adsorbed on the adsorbent
(mg/g) at time t (min)

Pseudo-second-order t 1 + 1 ¢ ge: the amount of adsorbed on the adsorbent at
equation q k,q2 Qe equilibrium (mg/g)

kz: the rate constant of second-order adsorption
(g/mg)/min

g the amount of adsorbed on the adsorbent
(mg/g) at time t (min)

. . 1 1 o: The initial sorption rate of Elovich kinetic
Elovich Equation qe = Eln(aB) + Elnt model ((mg/g)/min)
B: related to the extent of surface coverage
(9/mg)
gt: the amount of adsorbed on the adsorbent
qe = kpt/2 + C (mg/g) at time t (min)

Intraparticle Diffusion ) . o
km: the intraparticle diffusion constant

(mg/g/min*?)

2.8.5 Metal Initial Concentration

The initial concentrations of metal ions have a substantial effect on the adsorption capacity of
chitosan. Generally, adsorption capacity increases with increasing initial concentrations of metal
ions. In fact, the initial concentration provides the driving force to overcome all mass transfer
resistance of heavy metals between the aqueous and solid phases **3. Adsorption properties and
equilibrium data, commonly known as adsorption isotherms, describe how adsorbates interact with
adsorbent materials, which are critical in optimizing the use of adsorbents. Therefore, it is crucial
to establish the most appropriate correlation for the equilibrium curve. The equilibrium isotherms
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show the amount of adsorbate that can be adsorbed by the adsorbent (qge) in relation to the

equilibrium concentration of the adsorbate in the fluid phase (Ce) 1°*. Several isotherm models are

available for analyzing experimental data and describing the equilibrium of the adsorption process,

and some of them are listed in Table 2-9. The different equation parameters and the underlying

thermodynamic assumptions of these models often provide insight into both the adsorption

mechanism and the surface properties, along with the affinity of the adsorbent. Therefore, it is vital

to establish the most appropriate correlation of equilibrium curves to optimize the condition for

designing adsorption systems 1°.

Table 2-9. Frequently used single-component isotherms models

Isotherm Types Equations

Parameters

References

- qmax bce
T 1+bC,

Langmuir Je

. 1
Freundlich Qe = Kfce/n

BET model _ KpQumaxCe
(multilayer
sorption)

(C,— CO[1+(B—1) Ce/Cs]

. _ KRP Ce
Redlich— Peterson 9Qe=7"_ 5§
1+ agpC,

_ 9m (KLCe) /n

Sips =
P de = 1 ¥ (K.Co)'m

ge: The equilibrium metal sorption capacity (mg/g)
Ce: The equilibrium solute concentration in solution (mg/L)
Omax: Langmuir constants related to maximum sorption capacity

b: Bonding energy of adsorption (or affinity)

ge: The equilibrium metal sorption capacity (mg/g)
Ce: The equilibrium solute concentration in solution (mg/L)
K: Biosorption equilibrium constant representative of the sorption capacity

n: Constant indicative of biosorption intensity

ge: The equilibrium metal sorption capacity (mg/g)
Ce: The equilibrium solute concentration in solution (mg/L)
Cs: The saturation concentration of the adsorbed component (mg/L)

Kg: Constant indicating the energy of interaction between the solute and the
adsorbent surface

Qwmax: Constant indicating the amount of solute adsorbed forming a complete
monolayer

ge: The equilibrium metal sorption capacity (mg/g)

Ce: The equilibrium solute concentration in solution (mg/L)

Kkre, are, and B :Redlich—Peterson parameters

g.: The equilibrium concentration of the solid phase (mg/g)
C.: The equilibrium concentration of liquid phase (mg/L)

qm , K1, and 1/n: The Sips parameters

157

158

159

160

161

2.8.6 Competitive Adsorption

The presence of other metal ions in the adsorption system can produce possible effects of

synergism, antagonism or non-interaction, affecting the adsorption uptake of the metal ions
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compared to their single-component systems 2. The most desirable approach to model multi-
component systems is an estimation of competitive isotherms solely based on the corresponding
one-component isotherms parameters %3, However, the individual adsorption parameters may not
define interactions between competitive ions. Therefore, additional parameters for multi-
component systems describing adsorbate interaction can be used along with the parameters of
single-component system models to explain the adsorption in a competitive system. A summary

of the most commonly used predictive isotherms is tabulated in Table 2-10.

Table 2-10. Summary of investigated multi-component adsorption isotherms

Isotherm Equation Parameters Reference
Extended Freundlich K C(nii)+xi Qe The equilibrium solid phase of component i 164,165
i = (mg/g)
Ce'i + ine'].

Cei: The equilibrium liquid phase of component i
(mg/L)

Kg;, 1/n;: The single-component Freundlich
parameters for component i

Modified Langmuir Ao Kpo (Co/0 Y Qe,i: The equilibrium solid phase of component i 166,167
Qo = — (mglg)
1+ Cej /M R )
Zj:l( 3/m) Ce,i: The equilibrium liquid phase of component i
(mg/L)

qm,;i (mg/g), Ky ; (L/mg): The single-component
Langmuir parameters for component i

Nigy- Langmuir correction coefficient for component

i)
Extended Langmuir = —dm Ky Cej Qe The equilibrium solid phase of component i 168,169
1+ I Ky G (mg/g)

Cei: The equilibrium liquid phase of component i
(mg/L)

dm(mg/g), Kyig)(L/mg): The single-component
Langmuir parameters for component i(j)

Extended Sips Qs Kij Cos(EN, Koy Ce'j)i/(ni_g de;- The equilibrium solid phase of component i 161,163
Qe = (mg/g)
Ce,i: The equilibrium liquid phase of component i
(mg/L)

Ky,;, 1/ni: The single-component Sips parameters for
component i

1 :
1+ L, Ky Cep) s

dm,; (mg/g): The single-component Langmuir
parameter for component i
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2.9 Reusability

Adsorbent reusability or regeneration is considered essential to reduce the overall cost of the
adsorption process. Regeneration is defined as the recycling or recovery of spent adsorbents using
technically and economically feasible methods. Regeneration of loaded adsorbent could provide
many advantages as follows: (i) recovery of pollutant, (ii) reusability of adsorbent, (iii) reducing
the process cost, (iv) reducing secondary wastes, and (V) identifying the adsorption mechanism 102,
Desorption of adsorbed metal ions from chitosan-based adsorbents is one of the most important
advantages of applying these adsorbents to the adsorption system. Nevertheless, chitosan may not
be used continuously in the adsorption-desorption cycle because of its biodegradability and
solubility in an acidic environment. Figure 2-9 shows the schematic of loaded chitosan adsorption

and desorption.

Metal lons
L
®
@ )
Adsorption
e Loaded
«+—— Chitosan
Desorption
.. Desorption Eluent
@

Figure 2-9. Schematic representation of the regeneration procedure of chitosan adsorbent

Different methods have been adopted in the literature for the regeneration of saturated chitosan,
classified into three major groups: biological, thermal and chemical 1*1*, Some of the important
advantages and disadvantages of these methods are summarized in Table 2-11 172, The desorption
eluant must meet the following requirements: (i) non-damaging to the biomass, (ii) less costly, (iii)
and environmentally friendly 3. However, only a limited number of researches have been
conducted about selecting an appropriate eluant and its optimal conditions for desorption of loaded

chitosan.
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Table 2-11. Classification of regeneration methods

Regeneration Method Advantages Disadvantages References
Biological -Complete recovery of adsorption -Suitable only for biodegradable
capacity by biodegradation of contaminants

adsorbed organic compound ..
g P -Toxicity of some pollutants to 174

microorganism

-Slow regeneration

Thermal -Suitable for industrial scale -Needs high temperature
-Not cost-effective 175
-Release of harmful gasses

-Incapable of complete regeneration

Chemical -Cost-effective -Not environmentally friendly
-Fast regeneration -Affecting the surface of adsorbents 176
-Very short process time -Sludge production

The sorption mechanisms involved in metal ions uptake by chitosan can provide an orientation
for designing the desorption strategy. Different reagents can be used in the regeneration method,
such as solvents, organic and inorganic chemical compounds, electrical current, physical waves,
and microorganisms 172, Desorption and regeneration efficiencies of these methods may vary
substantially, and the best option for the adsorbent and pollutants at hand should be identified.
Taking into account the chemical compounds, various desorption agents, including acids, alkalis,
salts, and chelating agents, have been applied to regenerate chitosan adsorbents after the adsorption
of HMs. A summary of common desorption agents that have been used for Ni(ll) and Cd(Il) is
shown in Table 2-12. The salt desorption agent suggests an environmentally friendly solution for
regenerating loaded chitosan among the chemical compounds. The disposal of adsorbents at the
end of operational life after several adsorption-desorption cycles is also a key aspect to reduce the
environmental impact caused by solid waste generation. The use of spent adsorbents in other

industrial applications is an attractive approach to waste minimization.
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Table 2-12. Summary of desorption agents for recovering Ni(ll) and Cd(Il) from chitosan adsorbent

Adsorbate  Acid Agents Chelator Agents Salt Agents References
Ni(l) HCI, HNOs H,SO,  EDTA NaCl 177-181
Cd(n HNO3, HCI EDTA NaCl 146,151,180,182

Table 2-13 summarizes some recent research on Ni(ll), Cd(Il), and Co(ll) adsorption on

modified chitosan in a multi-component system, showing the fitted adsorption isotherm, kinetic

model, investigated characterization methods, the temperature of operation and desorption agent.

Table 2-13. Summary of Ni(ll), Cd(ll), and Co(ll) adsorption on chitosan-based-adsorbents

Metals Isotherm Model Kinetic Model Characterization Temperature (K)  Desorption References
Cu, Pb, Ni Langmuir zfggfo'second' SEM, FTIR, XPS  293-313 HCl 183
Multi-component
Cu, Ag, Co, Redlich—Peterson ) ) 293 ] 184
Zn, Ni, Mg Unmodified Langmuir
Langmuir-Freundlich
Cu, NI, Zn, - - SEM, EDX 203 - 185
Cr, Fe
Cu, Ni Langmuir Pseudo-second g\ pg 208-343 - 186
order

. Pseudo-second- FTIR, XPS, SEM, 187
Cd, Cu, Pb Langmuir order XRD 298-308 -
Co,Mn,Cd  Langmuir zf‘ggfo'second' SEM, FTIR, XPS - - 127
Cu, Zn, Ni, . Pseudo-second- TEM,SEM-EDX, HClI, 188
Cd, Cr Langmuir order FTIR, XRD 293-327 EDTA

: FTIR HCl,
Cu, Ni. €O, | angmuir - 203 H,S0%, 129
Zn, Cd
NH3
- _ XRD, FTIR
Pb,CuCd - Pseudo-second 298-323 . 149
order

. ) SEM,CHN, FTIR, HNO;,, 182

Cu, Cd Langmuir TGA 298 EDTA
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2.10 Summary and Research gap

Battery recycling and recovery HMs are becoming significant as the manufacturing, and use of
electronic devices are escalating. Although hydrometallurgical processes are more
environmentally friendly than pyrometallurgical ones, they generate secondary pollution in the
environment and must be updated to ensure sustainable development. Adsorption seems an
acceptable alternative procedure to recover HMs only if a low-cost adsorbent such as chitosan is
employed. In essence, chitosan is an efficient adsorbent for HMs uptake from aqueous solutions,
but its modification is inevitable because of the poor physical and chemical properties under harsh
physical and chemical conditions. However, only sparse research has considered an
environmentally friendly path for chitosan modification, and using non-toxic reagents has been
barely examined for chitosan modification in the literature. Considering the shortcoming in a
sustainable approach for cadmium, nickel, cobalt recovery from spent battery aqueous solution,
the primary purpose of this research was to synthesize chitosan and modified chitosan using non-
toxic reagent under mild chemical conditions and evaluate the efficiency of the fabricated

adsorbents for the adsorption of cadmium(ll), nickel(Il), cobalt(I1).

2.11 References

The references are merged with those of the other chapters' references and presented at the end of
the thesis.
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3 Removal of Cadmium (IlI) from aqueous solution using

tripolyphosphate crosslinked chitosan?

Keywords: Heavy Metals; Adsorption; lonic Crosslinker; Statistical Analysis; Cd(ll)

3.1 Abstract

Finding an economical technique for Cadmium (Cd (I1)) removal from aqueous solution through
an environmentally friendly method has always been of great importance. To this aim, chitosan
and sodium tripolyphosphate crosslinked chitosan beads were prepared for Cd (1) uptake from
aqueous media. Chitosan with different crosslinking ratios was synthesized by changing the
concentration of sodium tripolyphosphate solution (5, 10, and 15% (w/v)). Fourier-transform
infrared (FTIR) spectroscopy and X-ray diffraction were then implemented to characterize
chitosan and tripolyphosphate crosslinked chitosan beads. Investigating thermodynamic
parameters proved the feasibility and spontaneity (AG® < 0), endothermic nature (AH® > 0) and
randomness increase at solid/solution interface (AS® > 0) of the adsorbents. The experimental
adsorption data for crosslinked chitosan were fitted to isotherm models, out of which the Langmuir
model showed the best fit. Lastly, factors influencing Cd (11) adsorption onto adsorbents, including
temperature and crosslinking extent, were studied in detail by employing Response Surface
Methodology (RSM). The quadratic regression model was in good agreement with experimental
data (R? = 0.95). The designed model suggested that the maximum adsorption capacity of 99.87
(mg/g) is achievable at 55 °C and 2.92% (w/v) crosslinking degree, which was higher than the
frequent crosslinked chitosan investigated by other researchers.

L A version of this chapter is published in Journal of Environmental Chemical Engineering
('https://doi.org/10.1016/j.jece.2020.103842 )
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3.2 Introduction

The existence of heavy metals ions as environmental contaminants has become a worldwide
concern in the last few decades due to their adverse and irreversible impacts. They pose severe
threats to ecological systems, human health, and living resources, even at low concentrations,
because of their toxic, non-biodegradable, and persistent nature 8°. Despite stringent regulations
restricting their improper discharge, the level of heavy metal ions in the environment has steadily

increased in recent years due to industrialization and urbanization 4°.

Among heavy metals, cadmium (a natural element with trace quantities (0.1 mg/L) in the
Earth’s crust) has attracted attention substantially owing to its applications and high toxicity 1%,
Cadmium is mainly found as a by-product of the chemical treatment of copper, lead, and zinc ores,
and it has found applications in different industries, such as metal refineries, mining, smelting,
printing, metal plating and the production of pigments, alloys, batteries 1. Similar to other heavy
metals, Cd (II) cannot be biodegraded in the environment; as a result, its concentration has grown
steadily, mostly because of anthropogenic activities 2. Cadmium accumulates in the kidneys and
liver and is also found in skeletal and muscular systems leading to kidney damage, renal
disturbances, and bone lesions 2. Acute carcinogenic and teratogenic health impacts due to
exposure to Cd (1) are well documented °2. Considering its limited resources, adverse
environmental impacts, and harmful effects on human health, recovery and/or removal of cadmium
from various waste streams are crucial in terms of economy, environmental protection, health and

safety.

Several techniques have been established for the recovery/removal of Cd (I1) from the aqueous
phase, such as coagulation and flocculation, chemical precipitation, oxidation/reduction, solvent
extraction, electrochemical operations (mainly through redox reactions), membrane processes,
ion-exchange and adsorption 4+6219-195 However, most of these approaches are not efficient
enough when the metal concentration is not high, and the majority of them show some drawbacks
such as secondary pollution production, elevated operating and investment costs. Hence, finding
an economical and environmentally friendly method for the removal/recovery of Cd (I1) has been
of great importance when the solution's heavy metal concentration is low in the range (i.e., less

than 100 mg/L). Nowadays, adsorption offers many advantages for removing/recovering heavy
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metal from agqueous solutions since it is economically feasible (low cost) and ecologically friendly,
simple in operation with fast kinetics, and not significantly affected by temperature change and

shock-loadings 190:196-198,

Among commercial adsorbents, activated carbon has been the most extensively applied
adsorbent for heavy metals uptake, including Cd(ll), because of its vast surface area as well as
having a porous structure. However, the practical applications of activated carbon are limited
because of their high operating costs ?2. The other conventional and widely used adsorbents, such
as activated alumina and cation-exchange resins, suffer from the same problem and remain
relatively expensive materials. Thus, researchers have been looking for low-cost alternatives with
high sorption capacities, such as natural materials or wastes from industrial/agricultural activities
143 The commonly used term “low-cost adsorbents” implies inexpensiveness and affordability as

they would be locally available in large quantities.

Adsorbents with biological origins (biosorbent) in general and biosorbents produced from
organic wastes in particular offer advantages over those of chemical sources from different aspects
such as promoting sustainable waste management. Metal biosorption is linked to the existence of
functional groups in the framework of biosorbents (i.e., alcohol, aldehydes, ketones, carboxylic,
ether, phenolic groups) which present binding spots with different affinity and specificity for heavy
metal ions uptake 8919200 Several biosorbents have been investigated for Cd (1) biosorption,
such as industrial and municipal wastes 131:140.191.201-203 ‘agricyltural wastes 2°42%, fungi and algae
206207 It has been shown that they have the capability of becoming a superior and sustainable
technique for Cd (Il) removal/recovery from aqueous solution. Among employed biopolymers,
chitosan has been reported as an appropriate adsorbent for this aim in terms of operational
efficiency and mainly sustainability as chitosan is derived from crustacean shells, which is a waste
by-product of seafood processing industries 101208,

Chitosan, the deacetylated form of chitin, which is an abundant and inexpensive biopolymer in
nature, has sparked a significant interest to be utilized in different fields. These include the food
industry, medicine, and wastewater treatment due to its unique biological and chemical
characteristics, such as biocompatibility, non-toxicity, satisfactory chemical reactivity,

hydrophilicity, and chelating in addition to its exceptional adsorption properties &, Chitosan has
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currently obtained a reputation for its adsorption properties, which thereby offers a potential
alternative to conventional adsorbents and also biosorbents 2%, Chitosan is an efficient ion-
exchanger due to the existence of free amino and hydroxyl groups available on its backbone,
responsible for the acceptable adsorption capacities 2°°2, As a result, its characteristics have been

examined by researchers toward the recovery/removal of Cd(l1) from aqueous media 91:202:211.212,

Although chitosan has been established as a proper biosorbent for heavy metals uptake, it suffers
from poor chemical and physical properties such as low stability when exposed to low pH and
high-temperature environments. Generally, chitosan dissolves in a solution through the acidic-to-
neutral pH range; therefore, it does not show the required properties for the adsorption-desorption
cycle. Consequently, it is imperative to enhance its properties through different techniques, such
as crosslinking. The cross-linking process can be performed by chemical (cross-linking agents) or
physical procedures (ultraviolet light or radiation) to improve the chemical/physical properties of
chitosan, which enables it to be stable (insoluble) in acidic solutions with enhanced mechanical

properties.

Several crosslinking agents have been investigated to improve the properties of chitosan,
including Glutaraldehyde (GLA) %4213 Glyoxal (GO) %, Epichlorohydrin (ECH) 19213 and
Ethylene Glycol Diglycidyl Ether (EGDE) %, While these crosslinking agents are efficient in
improving chitosan properties, they are considered toxic and hazardous, so they pose adverse
effects to the environment. To address this issue, sodium tripolyphosphate (STPP), a non-
hazardous and economically viable crosslinker, could be used %. Although the crosslinking
technique can result in superior properties, it may also diminish the adsorption capacity of chitosan
because some of the amine and hydroxyl groups on the chitosan surface are occupied through the
crosslinking reactions. Characteristics of crosslinked chitosan are affected by the type and degree
of the crosslinking agent, as well as the experimental conditions of performing the process, such
as pH and temperature. However, information in the literature about the effect of crosslinking

conditions on the adsorption properties of chitosan is limited 214,

Response surface methodology (RSM) is a statistical technique that contributes to the
optimization of several variables with the minimum amount of data by offering a proper

experimental design. Some researchers have applied RSM to examine and optimize the adsorption
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efficiency and the effect of operational factors on the adsorption of different contaminants from
aqueous phase 2'>216, Considering the limited existing literature about Cd (1) biosorption by
crosslinked chitosan by Sodium Tripolyphosphate and the effect of operational parameters during
crosslinking and adsorption processes, the aim of this study was to implement RSM to assess and
optimize Cd (I1) biosorption onto chitosan beads crosslinked by Sodium Tripolyphosphate as an
efficient and non-toxic crosslinker. The effect of adsorbent dosage, pH, crosslinking degree,
temperature, and initial concentration of metal was examined and discussed. Synthesizing
crosslinked chitosan, accomplished in this study, offers the possibility of an environmentally
benign method for chitosan modification and its application for Cd (1) removal from aqueous

media.

3.3 Experimental

3.3.1 Materials

Chitosan (85% deacetylation degree) and cadmium sulfate hydrate (3CdSQO4-8H20), and sodium
tripolyphosphate (NasP3O10) were purchased from Fisher Scientific and Sigma (Canada),
respectively. The other chemicals used included acetic acid (CHsCOOH), 99.9 wt %, purchased
from VWR (Canada), sodium hydroxide (NaOH) purchased from Sigma (Canada), and sulphuric
acid (H2S04), N/50, purchased from Fisher Scientific (USA). All reagents were of analytical grade
and used as received without further purification. The deionized water was used throughout the

experimental work.

3.3.2 Instruments and Analytical Methods

The Cd (Il) concentration was analyzed by atomic absorption spectroscopy (AAS) (PinAAcle
500, Perkin Elmer, Canada). The employed wavelength was 228.8 nm, and the calibration curve
was prepared using standard solutions. pH was measured using a HACH (HQ40D) Instrument pH
Meter. Fourier transform infrared spectroscopy (FTIR) was carried out for characterization in the
range from 650 to 4000 cm™ (Thermo Fischer, Nicolet 6700) using an attenuated total reflectance

(ATR) sampling method. XRD patterns of adsorbents were obtained by the Rigaku Ultima IV
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instrument with Cu Ka radiation. The voltage and current used were 40 kV and 44 mA,

respectively, and the angle range was scanned from 10° to 30°.

3.3.3 Preparation of chitosan beads (CB)

1.60 g chitosan powder was dissolved into 40 mL of 5% (v/v) acetic acid solution on a stirrer
and was left overnight. The solution was then dropped into a precipitation bath containing 300 mL
of 0.50 M sodium hydroxide, which neutralized the acetic acid and thereby coagulated the chitosan
gel to spherical chitosan beads (CB) having an average diameter of 1mm, as shown in Figure 3-1.
Deionized water was used continuously to rinse the wet chitosan beads and wash away any sodium
hydroxide from the surface of the beads. Following that, the beads were filtered using a glass

microfiber filter and finally air-dried to remove the water from the structure.

Chitosan Solution e

- - Chitosan Beads

Figure 3-1. Schematic procedure of chitosan beads preparation

3.3.4 Preparation of sodium tripolyphosphate crosslinked chitosan beads (STPP-
CLCB)

A similar process was applied by dissolving 1.60 g chitosan in 40 mL of 5% (v/v) acetic acid.
Then, the sodium tripolyphosphate (STPP) solution was prepared at pH 8.5 with different
concentrations (% (w/v)) to evaluate the effect of crosslinking degrees. Following that, the viscous
solution of chitosan was gradually dropped into the STPP solution, which was being stirred

continuously. The formed slightly yellowish crosslinked chitosan beads (STPP-CLCB) were left
[47]



in the solution overnight, followed by being filtered, rinsed with deionized water consistently, and
subsequently air-dried. The interaction between the positively charged amino group of chitosan
and phosphate groups of sodium tripolyphosphate as a polyanion is shown in Figure 3-2(c)
schematically 2%,

H /H H({
H H
NH,+
|
0]
H-O-F=0
H-O-%O
0] o)
H/H HJ H /H H(/ H-O-P=0
|
H H H
NH,+ NH,
(a) (b)

Figure 3-2. Schematic depiction of (a) chitosan, (b) deprotonated chitosan and (c) crosslinked chitosan by
tripolyphosphate

3.4 Batch adsorption experiment

The batch adsorption tests were conducted in 125 mL Erlenmeyer flasks with 50 mL of Cd (1I)
solution, equilibrated at 225 rpm for 24 h to ensure equilibrium was achieved (no concentration
change was observed after 18 h based on the preliminary tests). Stock solutions of Cd (I1) ions (50
mg/L) were prepared using the analytical-reagent grade cadmium sulfate hydrate. A weighed
amount of the adsorbent (either CB or STPP-CLCB) was added into Cd (I1) solution. After giving
enough time to the adsorption system, the amount adsorbed per unit mass of adsorbent at

equilibrium, g (mg/g), was calculated by using the following equation:
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(CO - Ce)v 3-1

Where co and ce (mg/L) are the initial and final concentration of a metal ion in the solution, V (L)
is the volume of the solution, and W (g) is the weight of the dry adsorbent. Each test was conducted
in triplicate unless otherwise stated, and the control experiments were also conducted to monitor

any weight loss due to precipitation.

3.4.1 The effect of adsorbent dosage

The impact of adsorbent dosage on the Cd (1) ions uptake was assessed by changing the amount
of adsorbent from 12.5 to 50 mg at a constant initial concentration of 50 mg/L of Cd (1) in 50 mL

solution with the initial pH of 7.5 and agitation period of 24 h at 25°C.

3.4.2 The effect of pH

22.5 mg of the adsorbent samples (equivalent to a dosage of 0.45 g/L) was placed in a series of
flasks that contained 50 mL of a Cd (IT) solution with the initial concentration of 50 mg/L at 25°C.
The stirring rate was fixed at 225 rpm for 24 h. The initial pH value of the Cd (I1) solution of flasks

was adjusted in the range of 4 to 8.5 by using 0.1 M sodium hydroxide/sulfuric acid solutions.

3.4.3 The effect of temperature

Batch adsorption tests were conducted by placing 22.5 mg of dry beads in a series of flasks
having 50 mL of Cd (1) solution (50 mg/L) at pH 7. The containers were agitated in a shaker at
225 rpm while the temperature was adjusted at 25, 40, and 55°C for 24 h.

3.4.4 The effect of initial concentration

22.5 mg of adsorbent with different crosslinking degrees (5, 10, and %15) were employed to
study the distribution of Cd (I1) between solid adsorbent and liquid phase at equilibrium. The
experiments were conducted in 50 mL of Cd (I1), having initial concentrations in the range of 0 to

1500 mg/L at an initial pH of 6.5 while stirring for 24 h at 25°C. Various isotherm equations,
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including Freundlich, Langmuir, and Dubinin—Radushkevich (D-R), have been investigated to

describe the equilibrium characteristics of adsorption.

3.5 Statistical analysis and optimization

Conventional optimization methods include one variable change at a time, which is pretty
laborious, particularly when different variables are examined at the same time. Instead, response
surface methodology (RSM) attempts to optimize the response surface shaped through the effect
of the operating variables. RSM is an empirical modelling technique that can be employed to assess
the correlation between a set of adjustable experimental parameters and obtained results.
Furthermore, designing experiments is usually included in RSM to provide satisfactory
measurements of the response, being able to establish a mathematical model with an acceptable fit
to the data attained from the design of experiments 216218 QOnce the model is achieved, various
statistical analysis methods are normally implemented to assess the error possibility, the fittingness
of the model, and the statistical significance of the parameters in the model. The Central Composite
Design (CCD) of experiments for two independent variables, including temperature and
crosslinking degree (concertation of STPP crosslinking agent), was selected for the design of
experiments of this research to determine the values of each variable, contributing to the

optimization of the responses (adsorption efficiency).

Two factors, temperature and crosslinking extent, were selected in this research as the
independent variables, shown as T and STPP, respectively, each having five levels (£1, 0, and +a,
for the factorial, center, and axial points, respectively), as presented in Table 3-1 (star point (o)
was considered as 1.4142). In a system having two independent variables (X1 and X>), the
mathematical correlation of the response Y to the defined variables can be predicted by the full

quadratic (second-degree) polynomial equation (Eqg. (3-2)):
Y = Bo + B1Xy + B2Xz + B12Xa Xz + B11X% + BZZX% 3-2

Where Y is the predicted yield, Po is constant, B1 and B2 are linear coefficients, P12 is the cross-

product coefficient, and P11 and P22 are quadratic coefficients.
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Table 3-1. The levels of variables chosen for the experiment runs.

Independent Variables Coded Value
Symbol -0 -1 0 +1 +a,
Temperature (°C) T 19.82 25 37.5 50 55.17

STPP Solution Conc. (%

STPP 2.93 5 10 15 17.01
wiv)

The total number and arrangement of experimental tests were defined by using MINITAB 19
Software for Windows. Considering the suggested design, 13 experiments were carried out with

three replicates to assure the accuracy of the results.

3.6 Results and discussion

3.6.1 Effect of adsorbent dosage on Cd(I1) adsorption onto chitosan

Finding the ideal adsorbent dosage is important so as to increase the interactions between Cd (1)
ions and adsorption sites of adsorbent in the solution and, at the same time, maintain high removal
efficiency. The adsorption capacity and the removal percentage of Cd (I1) on chitosan beads (CB)
as a function of adsorbent dosage are presented in Figure 3-3. The obtained results showed a sharp
increase in removal percentage from 57.4 to 99.8 %, reaching a plateau by changing the CB dosage
from 0.25 to 1 g/L, which is in agreement with other researchers' findings $*-21°, This observation
is the result of the increase in the existence of the available adsorption sites for Cd (I1) and chitosan
interaction. However, adsorption capacity witnessed a reverse trend, declining from 101.1 to 43.9
mg/g with an increase in the adsorbent dosage, which concurs with Ren et al. and Salah et al. 21922
results. This behaviour is considered a result of the fact that some of the adsorption sites remain
unused when the adsorbent dosage increases, leading to a reduction in the adsorption capacity of
the adsorbent. Within the range studied in this set of experiments, the removal efficiency and
adsorption capacity for Cd (Il) ions were simultaneously at their optimum level when the CB

dosage was 22.5 mg (0.45 g/L). Hence, this dosage was chosen for subsequent experiments.
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Figure 3-3. Effect of adsorbent dosage on the adsorption of Cd (II) onto CB at 25°C, pH 7.5 and Cd(II)
concentration 50 mg/L

3.6.2 Effect of pH on Cd(Il) adsorption onto chitosan

The adsorption efficiency of adsorbents depends on the pH of aqueous media. The influence of
the initial pH of the solution is more important than the final, as it affects not only the protonation
of the adsorbent functional groups but also the speciation of heavy metal ions in the solution.
Figure 3-4 illustrates the effect of initial pH within the range of 4.0 to 8.5 on the adsorption capacity
of CB toward Cd (Il) uptake when the adsorbent dosage was 0.45 g/L. It was observed that the
higher adsorption capacity (Cd (11) uptake) occurred at higher pHs, and the maximum adsorption
capacity, 141.3 mg/g, took place at pH 8.5. However, at low pHs (pH<6), the amine groups of the
chitosan beads begin to protonate, preventing the complex formation on the chitosan surface,
which can explain the reduction in the Cd (Il) adsorption onto CB. While the same pattern was
observed by other researchers 01221222 the reported maximum adsorption capacity and the
corresponded pH varies with each other since different factors have an impact on the adsorption
reaction, such as temperature, pH of the solution, initial concentration of metal, adsorbent dosage
and adsorbent functional groups.
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Figure 3-4. Effect of pH on the adsorption of Cd(II) onto CB at 25°C, dosage 0.45 g/L and Cd(II) concentration 50
mg/L

Based on the chelation mechanism, increasing the pH facilitates the amino group of chitosan to
become free from the protonation and available for metal adsorption. However, the metal solubility
decreases with a further increase in pH, leading to metals precipitation as hydroxides. At low metal

concentrations, the precipitation is controlled by Eq. (3-3) ?2;

JKsp 3-3

[M2*]

[OH™] =

3-4

pH = log TG

[H*][OH"] = 10~ 35

Where [M?*] is the metal ion concentration (g/L) and Ksp is the solubility product constant, which
is 2.50 x 10 for Cd(OH), at 25°C. Taking into account Eq. (3-4) and (3-5), the hydroxide
precipitation of Cd(Il) having a concentration of 50 mg/L would start at pH 8.5. Due to a slight
difference between Cd(ll) uptake at pH 7 and 8 and the fact that working in the neutral pH range
is usually preferred since the need for chemicals for pH adjustment is obviated, pH 7 was selected

for subsequent tests, and no precipitation was observed.
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3.6.3 Crosslinking and Characterization of CB and STTP-CLCB

Three different adsorbents, including none-crosslinked (CB), lower and higher degrees of
crosslinked beads (STPP-CLCB) at a constant pH 8.5, were prepared for characterization. The
concentration of the STPP solution of lower and higher were 5 and 15% (w/v), respectively.
Considering the conducted preliminary tests, if STPP concentration is much greater than 15%
(w/v), sodium tripolyphosphate solution becomes saturated, and precipitation starts which hinders
the chitosan crosslinking, and on the other hand, at low concentrations much lower than 5% (w/v),

the crosslinking process may not complete.

The synthesized CB and STPP-CLCB were characterized using FTIR spectroscopy, which is
presented in Figure 3-5. For chitosan (Figure 3-5(a)) shows a broad band centred at 3200-3500
cm! corresponds to the combined peaks of the NH, and OH group stretching vibration, which
disappeared after crosslinking by STPP (Figure 3-5(b) and (c)). The absorption peak at 2875 cm™
is attributed to the asymmetric and symmetric stretching vibrations of -CH groups of chitosan,
which was weakened and finally vanished by increasing the crosslinking degree to 15% (w/v)
224,225 The peak at 1602 cm™ was assigned to the characteristic N-H absorption of NH2, which was
shifted to the lower wavenumber at~1580 cm™ on 5 and 15% STPP-CLCB, which could be a result
of the reaction between phosphoric and ammonium ions 2%, The other regular absorption peak on
chitosan is 1078 cm ™ which is ascribed to the bending vibration of the C-O stretching group,
which disappeared after crosslinking. In its place, additional new peaks were observed in Figure
3-5(b) and (c) at ~1200 and ~900 cm%, corresponding to P=0 stretching and deformation, which
suggests the occurrence of crosslinking by STTP 2%, The strength of absorbance at these
wavelengths is related to the STPP solution concentration, having a sharper peak at a higher

crosslinking degree (15% (w/v)) 224,
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Figure 3-5. FTIR spectra of (a) chitosan (b) 5% STPP-CLCB and (c) 15% STPP-CLCB

The crystallographic structure of chitosan and crosslinked chitosan by STPP (5 and 15% (w/v))
were examined by XRD; they are presented in Figure 3-6. Chitosan characterization, Figure 3-6(a),
confirms the presence of the crystalline region by exhibiting a peak at 20° which was also reported
by other researchers 22822%, The peak is allocated to the crystal lattice of chitosan, showing chitosan
crystallized in an orthorhombic unit cell 2°. After crosslinking by STTP with two different
concentrations of 5 and 15% (w/v), the broader peaks are obtained at 20° which is shown in Figure
3-6 (b) and (c). It is widely accepted that the width of the XRD peak reveals information regarding
the size of the crystallite; the broadened peak usually arises from imperfect crystals. Therefore, it
is concluded that the increase of imperfect crystal of STTP-CLCBs is related to sodium

tripolyphosphate concentration, leading to a decrease in crystallinity 2.
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Figure 3-6. XRD patterns of (a) chitosan, (b) 5% STPP-CLCB and (c) 15% STPP-CLCB.

Chitosan crosslinking by an ionic crosslinker (i.e., sodium tripolyphosphate) depends on the
availability of positively and negatively charged groups in the solution 232, because dissolved
chitosan in acid is polycationic and presents -NH"3 groups, while STTP dissolved in water,
dissociates to hydroxyl (OHY) and phosphoric ions (PO+*), both presenting negative charges.
Dissociated sodium tripolyphosphate to OH" and -P3010> compete with each other to interact with
—NHs" groups of chitosan through either deprotonation or ionic interaction, respectively, which is
shown in Figure 3-2(b) and (c). This interaction between the positively charged amino sites and
negatively charged counterion (originating from the sodium tripolyphosphate dissociation) is
responsible for the formation of the chitosan-tripolyphosphate pellets 2’. Since heavy metals

adsorption primarily takes place on chitosan functional groups, including amino and hydroxyl
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groups, a decrease in the density of either of them due to crosslinking would lead to lowering the

chitosan adsorption capacity toward metal uptake.

3.6.4 Effect of degree of crosslinking and temperature on Cd(I1) adsorption

Temperature has been identified as an influential factor for the adsorption of heavy metals,
mainly because the solution temperature can affect the solid/liquid interfaces, the swelling property
of adsorbents, and the mobility of metal ions. The crosslinking extent is also a critical parameter
that influences the adsorption capacity, and generally, an increase in the extent of crosslinking
reduces adsorption capacity. Figure 3-7 presents the results of Cd(Il) adsorption on CB and two
STPP-CLCBs at three different temperatures (25, 40 and 55°C) and crosslinking extent when pH
and adsorbent dosage were 7 and 0.45 g/L, respectively. At ambient temperature, CB adsorption
capacity was 91.6 mg/g, whereas it was 71.1 and 43.1 mg/g for lower and higher STPP-CLCB (5
and 15% (w/v)), respectively. Cd(ll) uptake by CB changed from 91.6 to 122.9 (mg/g) (34%
increase), as the temperature increased from 25 to 55°C. Both STPP-CLCBs showed the same
behaviour and witnessed a surge in adsorption capacity as the temperature increased. The
adsorption capacity of the lower STPP-CLCB experienced an increase of 30.1 mg/g, achieving
101.2 mg/g, while the adsorption capacity of the higher STPP-CLCB showed a more significant
shift, hitting 81.4 mg/g from 43.0 mg/g when temperature increased from ambient temperature to
55°C. The observed results were consistent with the work by Liu et al. and Shaker %3142 and
increasing temperature enhanced the adsorption of Cd(Il) crosslinked and non-crosslinked beads
because high temperatures supply a faster diffusion rate of Cd (Il) from the solution onto the
adsorbent. Under similar experimental conditions, beads with a higher degree of crosslinking (15%
STPP-CLCB) showed the lowest adsorption capacity for Cd (11) uptake at all temperatures, and
the adsorption capacity of CB was significantly higher than both STPP-CLCBs. Consequently, the
temperature and the degree of crosslinking are essential factors affecting Cd(lIl) adsorption, and

investigation of these parameters together offers interesting results.
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Figure 3-7. Effect of temperature and crosslinking on the adsorption of Cd(ll) at pH 7, dosage 0.45 g/L and Cd (1)
concentration 50 mg/L.

3.6.5 Thermodynamic analysis

Thermodynamic parameters of an adsorption process are investigated to comprehend the nature
of the adsorption reaction, such as spontaneity, randomness, endothermicity, or exothermicity,
which are helpful in the practical application of the adsorption process. The thermodynamic
parameters can be estimated by the thermodynamic equilibrium coefficients (AGe, AH°, and AS¢)
obtained at different temperatures. From the thermodynamic point of view, the relationship
between Gibbs Free Energy of the adsorption process and sorption equilibrium constant can be

described as:

AG® = —RT Inkg 3-6

Where AGe is the Gibbs Free Energy (J/mol), kc is the sorption equilibrium constant, T is the
absolute temperature (K), and R is the universal gas constant (8.314 J/(mol.K)). The equilibrium
constant of the adsorption process, ke, is calculated by Eq. (3-7) 8 at 298.15, 313.15 and 328.15
K.
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ke =24 3-7

Where Cqq is the concentration of solute adsorbed (Cd(I1)) on adsorbent at equilibrium (mg/L), and
Ce is the equilibrium concentration of cadmium ion in the solution (mg/L). By employing the
equilibrium constant calculated for each temperature, ultimately, AGe can be obtained by Eq. (3-
6). It is crucial to note that the calculated AGe assumes that the adsorption of Cd(II) ions is

reversible, and the system reaches the equilibrium state at all temperatures.

Reactions proceed spontaneously at a given temperature if AGe is a negative quantity. According
to the magnitude of AGe, it is feasible to categorize the nature of the adsorption process as physical
sorption (described as an ion exchange) when AGe is higher than —20 kJ/mol 2, Based on Table
3-2, showing the thermodynamic parameters of CB and STPP-CLCBs, except for higher degree
STPP-CLCB (15% (w/v)) at room temperature, the other beads experienced negative AGe values
(higher -20 kJ/mol) at all temperatures. The obtained data suggest the spontaneous physical Cd(lI1)
adsorption, whereby no energy input from outside of the system is needed. AGe of Cd(II)
adsorption onto CB and STTP-CLCB became more negative with increasing temperature, which
implies that the adsorption process is more favourable, and the driving force is greater at higher
temperatures. Cd(I) uptake by CB at 328.18 K showed the lowest value of AGe (-7.77 kJ/mol),
which explains its highest adsorption capacity among the investigated adsorbents. In contrast, the
positive value of AGe (1.33 kJ/mol) for higher STPP-CLCB at ambient temperature explains its
lowest adsorption capacity, discussed earlier.

The standard enthalpy (AHe) and entropy (ASe) changes of an adsorption system can be
calculated by using the Van’t Hoff Equation (Eq. (3-8)) at different temperatures, supposing these
parameters to be independent of temperature. By taking into account Eq. (3-8) and plotting AGe
vs. T, the values of AHe and ASe can be calculated from the slope and intercept if the plots show
linear behaviour.

AS" AW’

Inke = — ———
nXe =R T RT

3-8
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Figure 3-8. Plot of In k versus 1/T for estimation of thermodynamic parameters for the adsorption of Cd(ll) ions
onto CB and STPP-CLCB beads at pH 7, dosage 0.45 g/L and Cd (1) concentration 50 mg/L.

The values of AHe and ASe from the slope and intercept of the Van’t Hoff plot, shown in Figure
3-8, are given in Table 3-2. The positive value of AHe of all three chitosan beads types reveals that
the adsorption reactions were endothermic and implies strong binding of Cd(l1) to the adsorbents.
The magnitude of AHe can provide a vision of the interactions happening between the adsorbent
and adsorbate. The reported range in the literature varies; however, they all agree that AH® > 80
kJ/mol is associated with chemisorption 8. while AHe less than 20 (kJ/mol) is an indication of
physisorption. In this study, the calculated enthalpy changes were between the above limits, 22.20
and 42.49 kJ/mol; however, considering the aforementioned AGe discussion, it could be concluded
that adsorption was due to physisorption rather than chemisorption. The positive values of ASe
reflect the good affinity of adsorbents for Cd(Il) and show that the randomness increases at the
solid/solution interface over the sorption process 2. While most of the conducted research by
other scientists regarding Cd(ll) adsorption on chitosan derivatives show spontaneous adsorption,
a variety of ASe and AH- has been reported, revealing the employed crosslinker makes a
considerable effect on the mechanism of adsorption leading to different thermodynamic

parameters.
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Table 3-2. Thermodynamic parameters for Cd(l1) adsorption onto CB and STPP-CLCB at pH 7, dosage 0.45 g/L
and Cd (11) concentration 50 mg/L.

Equilibrium Constant AGe (kJ mol™) AHe(kJ mol?)  ASe (J mol?K?)
Temperature (K) 293.15 313.15 328.15 293.15 313.15 328.15
Chitosan (CB) 3.65 11.88 17.28 -3.20 -6.44 -1.77 42.49 154.25
5% STPP-CLCB 1.56 2.98 3.52 -1.10 -2.84 -3.43 22.20 78.77
15% STPP-CLCB 0.58 1.24 1.67 1.33 -0.55 -1.40 28.68 92.28

3.6.6 Equilibrium isotherms

Establishing an appropriate correlation between the equilibrium curves and adsorption isotherm
is imperative to enhance the design of an adsorption system for the adsorbate uptake. The isotherm
models can present helpful information regarding the distribution of adsorption sites available on
the adsorbent surface and the characteristic of adsorbents, such as surface properties and their
capacities 8. While several theoretical and empirical correlations have been investigated and
reported in the literature to model the adsorption isotherms, this study examined Langmuir,
Freundlich, and Dubinin—Radushkevich (D-R) isotherm models. Although microcomputers and
advanced statistical software can be employed for curve fitting, linear regression is still broadly
used as a practical and straightforward way for this purpose. The models' equation and their linear

forms are provided in Table 3-3.

[61]



Table 3-3. Langmuir, Freundlich, and Dubinin—Radushkevich isotherm models

Isotherm Types

Equation Parameters Linear Form

References

Langmuir

Freundlich

Dubinin—Radushkevich

ge: The equilibrium metal sorption capacity (mg/g)

Qmax bCe Ce: The equilibrium solute concentration in solution (mg/L) Ce 1 C,

T 1+bC,

q
€ qmax b

Qmax

Omax: Langmuir constant related to maximum sorption capacity (mg/g) Je

b: Bonding energy of adsorption (or affinity)

ge: The equilibrium metal sorption capacity (mg/g)
Ce: The equilibrium solute concentration in solution (mg/L) L
1
de = K" Ks: Biosorption equilibrium constant representative of the sorption capacity log g, = logK; +—logC,
((mg/g).(L/mg)*")

n: Constant indicative of biosorption intensity

ge: The equilibrium metal sorption capacity (mg/g)

) Omax: The D-R constant related to maximum sorption capacity (mg/g)
qe = (qmax)e(_l{adE ) . In qe = In Qmax — Kadsz
Kad: The D-R constant related to mean sorption free energy (mol?/kJ?)

¢: Polanyi potential

157

158

235

The Langmuir isotherm assumption is according to monolayer adsorption on homogenous sites,
suggesting that adsorption can only take place at a fixed number of specific localized sites which
are equivalent and identical with no lateral interaction and steric hindrance between the adsorbed

molecules 236

whereas Freundlich isotherm hypothesis is based on a heterogeneous surface with a
non-uniform distribution of active adsorption sites. The D-R isotherm describes the adsorption
with Gaussian energy distribution onto heterogeneous surfaces, which is usually employed to

distinguish between physical and chemical adsorption.

After fitting the isotherm models to experimental data, the adsorption isotherm parameters and
their correlation coefficients (R?) were calculated and listed in Table 3-4. From R? values, it is
evident that the Langmuir model predicts experimental data of STPP-CLCBs better than the D-R
model. In contrast, the Freundlich model does not fit the experimental data properly. Considering
the highest R? value belonging to the Langmuir model, it can be concluded that the adsorbents’
(STPP-CLCB) surfaces were homogeneous with equivalent energy in its site, and adsorbent sites
were equally distributed across the adsorbent. The maximum uptake for Cd(II) at 25°C and pH of
6.5, using 5, 10, and 15% STTP-CLCB, were found to be 90.09, 101.01, and 109.89 mg/g based
on the Langmuir model. The Langmuir constant (b) corresponds to the initial slope of the isotherm

curve, and a high affinity for the adsorbate is suggested by the high value of b 2%, While 15%
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STPP-CLCB had the highest maximum adsorption capacity, the Langmuir constant (b) of this
adsorbent had the lowest affinity for Cd(ll) ions, showing 0.50. The adsorption capacity of 5%
STPP-CLCB was lower than the maximum adsorption capacity of 10 and 15% STPP-CLCB,;
however, its b value was higher than 10 and 15% STPP-CLCB values. This observation implies
that 5% STPP-CLCB had a higher affinity for Cd(Il) ions at low concentrations, but less tendency

to adsorb more Cd(ll) ions at higher concentrations.

Table 3-4. Langmuir, Freundlich, and Dubinnin-Radushkevich isotherms constants

Constants 5% STPP-CLCB 10% STPP-CLCB 15% STPP-CLCB

Langmuir isotherm

gmax (MQ/g) 90.09 101.01 109.89
b (L/mg) 1.06 0.88 0.50
R? 0.99 0.98 0.99
Freundlich isotherm

Kt ((mmol/g). (L/mmol)1/™) 3.10 3.24 5.61

n 1.96 191 2.19
R? 0.72 0.75 0.76

Dubinnin-Radushkevich isotherm

Gmax (Mg/g) 68.43 75.44 81.19
Kad (MOIZ/k?) 4x10° 4x10° 2x10°
E 111.80 111.80 158.11
R? 0.93 0.90 0.79

3.6.7 Response Surface Methodology

In the present study, Central Composite Design (CCD) for two variables (crosslinking level
(STPP) and temperature (T)) was applied as the experimental design model. After conducting 13
experiments, each with three replicates at pH 7 and an adsorbent dosage 0.45 g/L, a full quadratic
equation was determined to formulate the adsorption capacity as a function of the crosslinking

extent and temperature. The full quadratic model was obtained as follows:

Q (mg/g) = 102.6 — 1.70 T — 1.87 STPP + 0.0280 T * T — 0.0652 STPP * STPP + 0.0324 T * STPP 3-9
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Where Q (mg/g) is the adsorption capacity, T is the temperature of the batch adsorption test, and
STPP is the concentration of the crosslinking agent used for the preparation of the beads. In
addition to the linear impacts of the studied variables on Cd(I1) adsorption capacity, the model also
provides valuable information about the quadratic and interaction impacts of the parameters such
as T*T, STPP*STPP, and T*STPP. The coefficient of the model (Eq. (3-9)) was investigated
through the analysis of variance of regression (ANOVA) included in the RSM, and the result of
this is given in Table 3-5.

Table 3-5. Analysis of variance for the full quadratic model.

Source DF Adj SS Adj MS F-Value P-Value
Model 5 1607.57 321.515 57.71 <0.001
T 1 655.87 655.868 117.73 <0.001
STPP 1 767.49 767.494 137.76 <0.001
T*T 1 133.52 133.525 23.97 0.002
STPP*STPP 1 18.51 18.506 3.32 0.111
T*STPP 1 16.36 16.358 2.94 0.130
Error 7 39.00 5.571
Lack-of-Fit 3 37.14 12.380 26.68 0.004
Pure Error 4 1.86 0.464
Total 12 1646.57
R2=97.63% R?(predicted)= 95.94% R?(adjusted)=83.78%

As a general rule, high Fischer’s ‘Fstatistics’ value accompanied by a low probability ‘P’ value
(<0.05) suggests a high significance of the regression model/parameters. Conducted variance
analysis for the full quadratic model shows the model is significant, having a high F-Value (57.71)
and low P-Value (<0.001). However, the P-Value of lack-of-fit (0.004) was also significant,
meaning that there could be some systematic deviation unaccounted for in the designed model 3,
Considering the model terms, such as the linear, square and interaction, it was observed that the
interaction of crosslinking degree and temperature term (T*STPP) and square term of crosslinking
degree (STPP*STPP) were insignificant, presenting low F-Values (2.94 and 3.32, respectively),
and high P-Values (0.130 and 0.111, respectively). Therefore, the T, STPP, T*T elements only

[64]



suggested significant effects on the adsorption capacity of the adsorbent. Thus, the model was

reduced to the below form by omitting the insignificant terms;

Q (mg/g) = 97.79 — 1.481T — 1.959 STPP + 0.02940 T T

3-10

The outcomes of the reduced quadratic model for adsorption capacity in the form of analysis of
variance (ANOVA) are provided in Table 3-6.

Table 3-6. Analysis of variance for the reduced quadratic model.

Source DF AdjSS Adj MS F-Value P-Value
Model 3 1572.71 524,237 63.88 <0.001
T 1 655.87 655.868 79.92 <0.001
STPP 1 767.49 767.494 93.52 <0.001
™T 1 149.35 149.348 18.20 0.002
Error 9 73.86 8.207
Lack-of-Fit 5 72.00 14.401 31.03 0.003
Pure Error 4 1.86 0.464
Total 12 1646.57
R?=95.51% R?(predicted)= 87.27% R?(adjusted)=94.02%

Considering Table 3-6, it is evident that the F-Value of the reduced quadratic model (63.88) is

greater compared to the full quadratic model (57.71), implying the adsorption capacity equation
can be described by the reduced model better. The model P-Value (<0.001) shows that it is

statistically significant at the 99% confidence level. The results of variance analysis were used to

estimate the parameters' statistical significance, revealing that the linear effect of the variables (T

and STPP) beside the square term of temperature (T) was significant, having P lower than 0.05.

Figure 3-9 shows the plot of calculated adsorption capacities by the reduced model versus data

from conducted experiments for Cd(Il) adsorption. The figure suggests that the model can predict

the adsorbent behaviour successfully as the points are located close to the line of equality.
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Figure 3-9. Actual vs predicted values of Q(mg/g) based on the reduced model for Cd(l1) adsorption

The goodness of fit for the predicted outcomes by the model and the observed data within the
range of experiments can be examined by the regression coefficient (R?). The regression
coefficient happened to drop to 0.95 from 0.97 when insignificant terms were eliminated from the
model; however, the predicted regression coefficient witnessed a rise reaching 0.87, which was
0.83 initially in the full quadratic model. The value of R? and adjusted R? of the reduced model are
almost close to 1.0, confirming an acceptable description of the relationship between the
independent variables (temperature and crosslinking extent) and the response (adsorption
capacity). The results of ANOVA revealed that the lack of fit of the reduced model was significant
(P<0.05). It could arise from some missing systematic variations in the model, and developing a
more complex model with a higher number of terms by introducing a higher-order term could lead
to an insignificant lack of fit 2%, To confirm that the reduced model presents acceptable
approximation, the diagnostic plot of residuals was also generated and plotted in Figure 3-10.
According to the figure, it is verified that the model was fairly precise, and there was no need to
doubt any violation of the independence or constant variance assumption in all runs since all the

standardized residuals were randomly spread within the range (—2 to +2) through the graph 2%,
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Figure 3-10. Diagnostic plot of the reduced model for Cd(ll) adsorption onto STPP-CLCB.

The three-dimensional surface plot (a) and the two-dimensional contour plot (b) of the reduced
model are shown in Figure 3-11 to examine the combined effect of temperature and crosslinking
level on Cd(I1) adsorption onto STPP-CLCB. From Figure 3-11(a), it is perceptible that increasing
the temperature and reducing the crosslinking degree boost the adsorption capacity of STPP-CLCB
for Cd(Il) uptake. The impact of the crosslinking degree was more considerable than temperature,
and by increasing the crosslinking degree, the adsorption capacity declined to below 40 mg/g at

low temperatures.
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Figure 3-11. (a) Surface plot and (b) contour plot by response surface methodology for temperature-crosslinking
degree pair effect on adsorption capacity.

Figure 3-11(b) can facilitate finding the optimum region for the adsorption process of Cd(l1) onto
STTP-CLCB. Considering the adsorbent behaviour by the reduced model, the maximum predicted
adsorption capacity at optimum adsorption variables was calculated by the model, being 99.87
mg/g at temperature 55.17 °C and STPP solution concentration 2.92% (w/v). A test with three
replicates was conducted to verify the optimized data obtained by the statistical model under the

same defined conditions, and the results were compared to the outcome of the model. Observed
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data revealed the adsorption capacity of 93.43 mg/g at the same conditions, which showed a
variance of 6.44% from the model prediction. Although applying a 2.92% (w/v) STPP solution
resulted in the greatest adsorption of crosslinked chitosan for Cd(I1) uptake, it should be mentioned
that the formation of the beads took longer than the case with a 5 %(w/v) solution, and some of
the formed beads were broken during water rinsing. The maximum adsorption capacities of Cd(ll)
ions with different conventional crosslinkers are included in Table 3-7 32, Considering the table,
the adsorption performance of Cd(Il) onto STPP-CLCB at the optimum condition was higher
(93.43 mg/g) than other commonly employed crosslinkers, while epichlorohydrin (ECH)

crosslinked chitosan exhibited the lowest adsorption capacity (41.2 mg/g).

Table 3-7. Comparison of Cd(ll) adsorption capacity onto different crosslinked chitosan

Adsorbents Sorption Capacity (mg/g) gc;‘r::glentration Reference
(mg/L)

Chitosan crosslinked with GLA 50.3 5-500 132

Chitosan crosslinked with ECH 41.2 5-500 132

Chitosan crosslinked with EDGE 70.9 5-500 182

Chitosan crosslinked with STPP 93.43 (at the optimum point) 50

(this study)

3.7 Conclusions

The most critical factors for the adsorption process to be acceptable are efficiency (high
adsorption capacity), cost of the adsorbent used, and sustainability of the process, including the
preparation and modification stages. Chitosan beads synthesized by sodium tripolyphosphate were
employed in this study as a cost-effective and environmentally benign adsorbent for the adsorption
of Cd (II) from aqueous solution. Temperature and crosslinking degree were shown to have a
significant impact on the adsorption capacity of crosslinked chitosan. Among the investigated
adsorption isotherms, Langmuir showed the best fit to the observed data. The adsorption capacity
of STTP-CLCB was identified to be higher for lower crosslinked chitosan beads at low metal
concentrations, while higher crosslinked chitosan showed higher adsorption capacity at high metal
concentrations. The adsorption capacity was boosted by increasing temperature, which was

confirmed by the thermodynamic analysis, showing that almost all of the adsorption processes
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were spontaneous at high temperatures. The application of the response surface method predicted
the reduced quadratic model with a high correlation coefficient (0.95), suggesting acceptable
model prediction and fit to the observed data. The optimization based on the reduced model
indicated that the maximum adsorption capacity of 99.87 (mg/qg) is feasible at the temperature of
55.17 °C when sodium tripolyphosphate solution concentration is 2.92% (w/v), which was

inspected and confirmed by performing some experiments under the defined conditions.

3.8 References

The references are merged with those of the other chapters' references and presented at the end
of the thesis.
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4  Optimization of Nickel(l1) adsorption by sodium tripolyphosphate

crosslinked chitosan using response surface methodology (RSM)?

Keywords: Batch adsorption study; Heavy metals; Statistical analysis; Ni(ll)

4.1 Abstract

The purpose of this study was to synthesize chitosan and crosslinked chitosan hydrogel beads by
sodium tripolyphosphate for Ni(ll) adsorption from aqueous media. The BET characterization
showed that increasing the crosslinking degree reduced the surface area and total pore volume.
Increasing temperature and the initial pH of the solution improved the adsorption capacity of the
fabricated adsorbents. The calculated thermodynamic parameters indicated the endothermic
character of Ni(ll) adsorption and randomness increase at the solid/solution interface during
adsorption processes. The Langmuir model was more appropriate to analyze Ni(ll) experimental
data with maximum adsorption capacity in the order of chitosan beads > crosslinked chitosan
beads. Two independent experimental factors, including pH and crosslinking degree, were
correlated to the adsorption capacity using Response Surface Methodology (RSM), and the model
was well-aligned with the experimental data having R? = 96.05%. The developed linear model
proposed that the adsorption capacity of 31.94 mg/g is feasible at pH 7.21 and crosslinking degree
of 2.93% (w/v) for Ni(Il) uptake. The adsorption and crosslinking mechanism were investigated
using FTIR and SEM-EDS techniques; it appears that the amine groups were the primary sites for

metal ions uptake and crosslinking.

Z A version of this chapter is submitted for publication
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4.2 Introduction

Nickel (Ni(I1)) has been classified as a high-risk heavy metal due to its bioaccumulative
properties, posing a serious threat to human health and animal species 8%, Acute exposure to Ni(11)
is linked to several negative health consequences, including diarrhea, kidney disease, and cancer
240 Apart from these challenges, Ni(11) demand is increasing globally, underscoring the necessity
of nickel recovery from industrial waste streams before being released into the environment 24,
As a result, different techniques have been studied to remove heavy metals (HMs), including
Ni(Il), from aqueous media, such as solvent extraction, ultrafiltration, reverse osmosis, ion
exchange, chemical precipitation, adsorption, and electrodialysis 62193.198.242-245 'Eqch strategy has
distinct advantages and disadvantages, and a detailed evaluation of the relative merits and demerits
has been reviewed in the literature 19319246 Nonetheless, the associated costs and the effluent
concentration play the primary role in the technique’s selection. Among the methods explored,
adsorption has gained recognition as a promising technique because of its ease of use, flexibility,
adaptability, versatile design, low energy consumption, and cost-effectiveness 8247, Accordingly,
various adsorbents have been introduced and employed in the literature for HMs adsorption, such

as activated carbons 2*8, zeolites 2%, clay minerals %8, and bio-sorbents .

The need to remove HMs from the aqueous phase through a sustainable approach has directed
researchers’ interest to low-cost adsorbents. Thus, natural materials and wastes from
industry/agriculture have been brought to light and applied for this purpose %%, Among the
investigated adsorbents, biologically-derived adsorbents (bio-adsorbents) have several advantages
over those derived from chemicals, such as their availability and renewable nature 1. Lignin,
chitin/chitosan, and cellulose are the most abundant biopolymers. They contain hydroxyl,
carboxyl, and amine groups that can bind metal ions and create surface complexes by contributing
an electron pair 6. Of these alternatives, chitosan has garnered considerable attention for heavy
metals sorption for multiple reasons, including the presence of different functional groups in its
structure (amine and hydroxy! groups) and its modifiability 2°22%3, Furthermore, chitosan is largely
synthesized by the deacetylation of chitin, which is derived mostly from fishery wastes such as
shrimp, lobster, and crab shells °. As a result, the use of chitosan in wastewater treatment promotes

the sustainable management of seafood sector wastes as well.
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Despite chitosan's remarkable characteristics, it is unsuitable for practical use in its natural form
due to the solubility in acidic aqueous and comparatively lack of physical strength %4, Therefore,
researchers have investigated different modification techniques to improve chitosan mechanical
strength and resistance under different experimental conditions 1°42>*, Chemical crosslinking is a
common technique for chitosan modification, resulting in chitosan derivatives with desirable
physicochemical characteristics 2. In crosslinking reactions, chitosan macromolecular chains are
bonded together, boosting chitosan chemical and physical strength at the expense of reducing the
adsorption capacity since crosslinkers occupy particular functional groups of chitosan, rendering
them unavailable for metal ions uptake %, Hence, various methods such as grafting and ion-
imprinting have been developed to counteract the negative effect of crosslinking, leading to an
increase in the adsorption system's cost and generating secondary pollution via complex chemical
reactions 192, According to the literature, the type of crosslinker used and the conditions of the
crosslinking reaction have a significant effect on chitosan's adsorption capacity, as well as its
chemical and physical properties; thus, complex modification reactions involving environmentally
hazardous chemicals (i.e., in grafting) can be avoided by selecting an appropriate crosslinker and

optimizing the experimental conditions 2,

Among different ionic crosslinkers employed for chitosan modification, sodium
tripolyphosphate is the most often used reagent because of its low cost and environmental
friendliness. Our previous study % showed that crosslinking of chitosan and the hydrogel beads
formation could be accomplished in a single step using sodium tripolyphosphate, resulting in a
chitosan-based adsorbent with superior chemical and physical properties. The results demonstrated
that altering the variables involved in the crosslinking and adsorption process can mitigate the
negative effect of crosslinking on Cd(l1) uptake efficiency. Generally, observing the simultaneous
effect of factors on adsorption capacity and their optimization have been challenging, requiring
additional time, chemicals, and expenses 2. Hence, Response Surface Methodology (RSM), a
collection of statistical and mathematical techniques, has been widely employed in environmental

studies for modelling and optimization purposes 72,

Given the scarcity of available data on Ni(ll) biosorption on chitosan crosslinked with sodium

tripolyphosphate, the purpose of this study was to synthesize crosslinked chitosan and employ
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response surface methodology to optimize crosslinking degree and adsorption operational
parameters to increase Ni(ll) adsorption capacity. In this work, the swelling/solubility test and
Brunauer—Emmett—Teller (BET) characterization were conducted to evaluate the effect of
crosslinking on chitosan hydrogel beads' properties. The effect of pH, the degree of crosslinking,
temperature, and metal ions’ initial concentration was studied, followed by an attempt to examine
thermodynamic parameters and isotherms models. Moreover, different characterization techniques
were applied to examine the adsorbents’ characteristics before and after Ni(Il) adsorption for

mechanism investigation.

4.3 Experimental

4.3.1 Materials

Chitosan with a deacetylation degree of 85%, nickel sulphate hydrate (NiSO4.6H.0), and
sulphuric acid (H2SOs, N/50) were bought from Fisher Scientific (Canada/USA). Sodium
tripolyphosphate (NasP3010) and sodium hydroxide (NaOH) were obtained from Sigma (Canada).
Acetic acid (CH3COOH, 99.9 wt. %) was purchased from VWR (Canada). All reagents were of
analytical grade and used as received without further purification. The deionized water was used

throughout the experimental work.

4.3.2 Instruments and Analytical Method

HACH Instrument pH Meter (HQ40D) was employed to monitor the pH of the solution, and
Atomic Absorption Spectroscopy (AAS, PinAAcle 500, Perkin Elmer) was used to determine the
equilibrium concentration of Ni(ll). The employed wavelength was 232.2 nm, and the calibration
curve was prepared using standard solutions. The adsorbents’ specific surface area and total pore
volume were calculated using N2 adsorption-desorption isotherms at temperature 77 K by the
Accelerated Surface Area and Porosimetry Analyzer (ASAP 2020, Micromeritics Co.). Fourier
Transform Infrared Spectroscopy (FTIR, Thermo Fischer, Nicolet 6700) equipped with the
Attenuated Total Reflectance (ATR) sampling method was used to study the adsorbents bands
before and after adsorption in the range 450-3500 cm™. The surface topography and elemental
analysis of adsorbents after adsorption was studied using Scanning Electron Microscopic (SEM,
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JEOL JSM-7500F), equipped with Oxford EDS INCA 350 spectrometer for Energy Dispersive

Spectroscopy (EDS) characterization.

4.3.3 Preparation of chitosan beads (CB)

To synthesize chitosan hydrogel beads, a similar process to that used previously was followed
%, 1.60 g chitosan powder was dissolved into 40 mL acetic acid solution at a concentration of 5%
(v/v) stirred for 24h. Afterwards, the solution was added to a precipitation bath filled with 300 mL
of 0.50M sodium hydroxide and left overnight, resulting in spherical chitosan hydrogel beads (CB)
formation. CBs were rinsed continuously with deionized water for 3-5 minutes to remove any
sodium hydroxide from the surface. The beads were ultimately dried by air to eliminate the

remaining moisture from the structure.

4.3.4 Preparation of sodium tripolyphosphate crosslinked chitosan beads (STPP-
CB)

Chitosan powder was dissolved into the acetic acid solution, similar to the CB preparation
procedure. Then, the viscous chitosan solution was progressively added to the sodium
tripolyphosphate solution with different concentrations (5, 10, 15% (w/v)) prepared at pH 8.5 to
form sodium tripolyphosphate crosslinked chitosan beads (STPP-CB). The beads were kept in the
solution for 24h and then filtered, washed with deionized water on a consistent basis, and dried in

the air %.

4.3.5 Swelling and solubility test

100 mg of CB, STPP-CB5% and 15% (w/v) were immersed in 5% (v/v) acetic acid (pH~2.5),
distilled water (pH~6.8) and 0.5 M sodium hydroxide solution (pH~13.0), shaking at 100 rpm at
room temperature to evaluate their solubility and swelling properties. After 24h, the beads were
removed from the solutions (if they were not dissolved), and the surface was wiped with filter
paper to absorb the remaining moisture. The swollen samples were promptly weighed, and the
swelling percentage was calculated using the following equation (Eq. (4-1)):
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. Ws 0
Percentage of swelling = —w X 100% 4-1
0

where Ws and Wo (mg) are the weight of swollen and dry beads, respectively.

4.3.6 Batch adsorption studies

Ni(I1) stock solution (50 mg/L) was prepared using nickel sulphate hydrate of analytical grade.
Batch adsorption experiments were performed in 125 mL glass conical flasks with 50 mL of Ni(ll)
solution, equilibrated at 225 rpm for 24h (equilibrium was achieved in 18h based on the
preliminary tests). The optimum amount of adsorbent (0.55 g/L) was added to the solution. The
solution’s initial pH was changed from 4.0 to 7.5 £+ 0.2 using 0.10M sodium hydroxide/sulfuric
acid solution to determine the effect pH. After reaching equilibrium, the loaded beads were filtered,
and Ni(ll) concentration in the solution was determined using AAS. The equilibrium adsorption

amount, g (mg/g), was calculated using the following equation (Eq. (4-2)):

_ (CO - Ce)V
W

4-2

where Co and Ce are the initial and equilibrium concentrations (mg/L) of the metal ions in the
solution; W (g) is the weight of the dry adsorbent, and V (L) is the solution volume. Each test was
conducted in triplicate unless otherwise stated, and the control experiments were also conducted

to monitor any weight loss.
4.3.6.1 Thermodynamic study

A set of flasks containing 50 mL of Ni(ll) solution (50 mg/L) at pH 6.5 was prepared. A weight
of 27.5 mg of dry beads (equivalent to 0.55 g/L) was added to the flasks, agitated in an incubator
shaker running at 225 rpm for 24h with different temperatures (25, 40, and 55°C) to study the

effect of temperature and compute the thermodynamics parameters.
4.3.6.2 Isotherm model study

The batch adsorption experiments were run at room temperature in 50 mL of Ni(ll) solutions
with different initial concentrations ranging from 10 to 1500 mg/L over a 24-hour period. The
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hydrogel beads with the dosage of 0.55 g/L were added to the solutions, and the pH was adjusted
to 6.5. Among different theoretical and empirical isotherm models, Langmuir, Freundlich, and
Sips, provided in Table 4-1, were employed in this study to investigate the adsorption isotherms.
Regression coefficient (R?) and root mean square error (RMSE) were used to assess the isotherm

models' fitness to experimental equilibrium data.

Table 4-1. Langmuir, Freundlich, and Sips isotherm models

Isotherm Equation Isotherm Parameters References
Langmuir @ = Omax bCe ge: The amount of adsorbate per unit mass of adsorbent weight (mg/g) 157
€7 1+bC,

Ce: The equilibrium concentration of adsorbate (mg/L)
gmax: The maximum adsorption capacity (mg/g)

b: Bonding energy of adsorption (or affinity) (L/mg)

Freundlich o = Kfci/" ge: The amount of adsorbate per unit mass of adsorbent weight (mg/g) 158
Ce: The equilibrium concentration of adsorbate (mg/L)
Ks: The Freundlich constant related to the adsorption capacity
((mg/g).(L/mg)*")
n: The Freundlich constant related to the adsorption intensity
Sips Am (KLCe)l/n ge: The amount of adsorbate per unit mass of adsorbent weight (mg/g) 260
e” 1+ (K.Ce)Yn Ce: The equilibrium concentration of adsorbate (mg/L)

gm: The Sips maximum adsorption capacity (mg/g)
KLv: The Sips equation constant (L/mg)

1/n: The sips equation exponent related to the index of the heterogeneity

4.3.7 Statistical analysis and optimization

RSM includes designing experiments to gather adequate and accurate response measurements
to build a mathematical model that best fits the experimental data. Once the model is constructed,
several statistical analysis techniques are often applied to determine the likelihood of error, the
model’s fit, and the statistical significance of the model’s parameters 2°2%2 If model parameters
are not significant for an accurate interpretation of the experimental data, a subset of the model
with fewer terms is frequently used 263, The Central Composite Design (CCD) of experiments was
used in this study to analyze the effect of two independent experimental factors: pH and
crosslinking level (concertation of sodium tripolyphosphate solution) on Ni(ll) adsorption
capacity. A full quadratic polynomial equation can be employed in a system with two independent
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factors (X1 and X>) to estimate the correlation between the response (Y) and the variables, given
in Eq. (4-3) 254

Y= BO + lel + BZXZ + BIZXIXZ + BllX% + BZZX% 4-3

where o is the offset term, B1 and B2 are linear coefficients, B11 and B22 are quadratic coefficients,
and P12 is the interaction coefficient. MINITAB 19 Software for Windows was used to define the
total number and order of experiments, and the proposed experimental design is summarized in

Table 4-2. Accordingly, 13 experiments with triplicate were conducted to ensure the precision of

the results.
Table 4-2. Detail scope of experiments and range of the operating parameters
Variable Symbol Coded Value
-0l -1 0 +1 +o
pH pH 5.7 6.0 6.5 7.0 7.2
Conc. of STPP Solution (% (w/v)) STPP 2.9 5 10 15 17.1

4.4 Results and discussion

4.4.1 Characterization

The BET surface area and total pore volume of CB, STPP-CB5% and STPP-CB15% were
recorded in Table 4-3. As indicated, chitosan crosslinking reduced CB’s BET surface area from
6.50 to 5.60 and 5.08 (m?/g) after using 5 and 15% (w/v) sodium tripolyphosphate solution
corresponds to 13.8 and 21.8% decrease, respectively. This observation can be attributed to the
crosslinker’s binding of chitosan functional groups 2%, validated subsequently by FTIR in this
work. The table also indicates that the total pore volume decreased following chitosan crosslinking
by 5 and 15% (w/v) sodium tripolyphosphate solution, implying that STPP-CB would show a
lower adsorption efficiency compared to CB. Repo et al. * also reported the same observation
after crosslinking chitosan with EDTA and DTPA and concluded that chitosan crosslinking

reduces the area and pore sizes.
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Table 4-3. BET surface area and total pore volume of CB, STPP-CB5%, and STPP-CB15%

BET surface area (m?/g) Total pore volume (cm®/g)
CB 6.50 4.07x103
STPP-CB5% 5.60 3.63x10°
STPP-CB15% 5.08 2.93x10°

Regardless of the greater BET surface area and total pore volume of CB, the literature has
indicated that chitosan shows hydrophilic characteristics and low physiochemical strength in
acidic, neutral and basic solutions, mainly because of the presence of amine groups in chitosan
structure 2%,
physicochemical properties of CB, STPP-CB5% and STPP-CB15% in solutions having different

pHs, including 2.5, 6.8 and 13.0, and the results are tabulated in Table 4-4. As seen in the table,

Therefore, solubility and swelling tests were conducted to evaluate the

crosslinking chitosan by sodium tripolyphosphate successfully strengthened the chitosan structure
since STPP-CBs were insoluble in 5% (v/v) acetic acid, whereas chitosan was dissolved in the
acidic solution after 24h. Additionally, increasing the degree of crosslinking was effective in
reducing the swelling percentage of chitosan hydrogel beads in the acidic and alkaline media as
well as distilled water. In distilled water, the swelling percentage of CB was about six times that
of STPP-CB15%. This observation validated the STPP-CBs network's low accessibility and
hydrophobic nature, enabling it to function in a wide range of pH. Hence, crosslinking enhanced
the physicochemical properties of chitosan hydrogel beads at the expense of decreasing their
surface area and total pore volume, which can be minimized by optimizing crosslinking degree

and adsorption process parameters 25,

Table 4-4. Solubility and swelling properties of CB, STPP-CB5%, and STPP-CB15%

Beads Solubility - Swelling (%)

5% (v/v) Acetic Acid Distilled Water 0.5 M NaOH
CB Soluble - N/A Insoluble - 118.2 Insoluble - 109.1
STPP-CB5% Insoluble - 36.4 Insoluble - 27.3 Insoluble - 18.2
STPP-CB15% Insoluble - 24.2 Insoluble - 19.1 Insoluble - 14.6
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4.4.2 Effect of pH and crosslinking

The effect of initial pH on Ni(ll) adsorption onto CB, STPP-CB5%, 10%, and 15% was
investigated by changing the pH, and the results are shown in Figure 4-1. As seen, an increase in
the pH value resulted in a greater adsorption uptake, which can be explained by the fact that at
higher pHs, the amino groups of chitosan become deprotonated and available for metal ions uptake
266 On the other hand, the lower metal ions uptake at acidic pHs was due to the inability of
protonated amine groups to form the metal ion-adsorbent complex as the primary binding sites 2’
It is shown that as the pH increases, the solubility of metal ions decreases; thereby, metal ions
precipitate as hydroxides 2%, Thus, pHs higher than 7.5 were not examined in this research because

of the precipitation of nickel hydroxide 2%°,

45
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Figure 4-1. Effect of pH on the adsorption of Ni(Il) with the concentration of 50 mg/L and adsorbent dosage of
0.55 g/L

As shown in Figure 4-1, Ni(ll) uptake on STPP-CBs were lower than CB, following the order of
STPP-CB5% > STPP-CB10% > STPP-CB15%. This observation can be explained by the
mechanism of ionic crosslinking with sodium tripolyphosphate and metal ions adsorption on
chitosan-based adsorbents. Chitosan-tripolyphosphate pellets are normally formed due to the
interaction between chitosan’s positively charged NHs" groups and negatively charged P3O10>
groups originating from sodium tripolyphosphate dissociation 2’°. Given that heavy metals are
adsorbed largely on the amino and hydroxyl groups of chitosan, a drop in the densities of any of

these functional groups owing to crosslinking would decrease chitosan adsorption efficiency 1.
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Taking this into account, the Ni(ll) adsorption on STPP-CBs decreased as the degree of
crosslinking increased because more chitosan functional groups were engaged in the crosslinking

reaction at a more concentrated sodium tripolyphosphate solution.

4.4.3 Effect of temperature and thermodynamic study

The adsorption of Ni(ll) on CB and STPP-CBs was investigated at three temperatures (25, 40,
and 55°C), and the results are shown in Figure 4-2. As seen, the adsorption uptake of all adsorbents
was improved by increasing the temperature from 25 to 55°C, which was in agreement with the
work by Rouhi Broujeni et al. 2. Figure 4-2 also shows that CB adsorption capacity was higher
than that of STPP-CBs at all temperatures, in the sequence of STPP-CB5% > STPP-CB10% >
STPP-CB15%, which is in agreement with the previous section's findings. It should be noted that
STPP-CB15% showed the lowest adsorption capacity enhancement after increasing temperature
to 55°C (23.24% increase), presumably due to an insufficient number of adsorption sites on its

surface due to crosslinking by a concentrated sodium tripolyphosphate solution.
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Figure 4-2. Effect of temperature and crosslinking on the adsorption of Ni(ll) with the concentration of 50 mg/L
and adsorbent dosage of 0.55 g/L

Thermodynamic parameters were also examined to study the adsorption reaction's nature,
including spontaneity, randomness, and endothermicity/exothermicity. The thermodynamic
parameters (AG", AH’, and AS") were computed using the following equations (Eq. (4-4), (4-5),
and (4-6)) 149
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ke = Cad/ce 4-4

AG° = —RT In k¢ 4-5
Inkc = AS /R _AH /RT 4-6

where R is the universal gas constant (8.314 J/mol/K), and T is the absolute temperature (K). kc is
the sorption equilibrium constant; Caq and Ce are the metal ions' equilibrium concentration (mg/L)

on the adsorbent and in the solution, respectively.

The thermodynamic parameters of the studied adsorbents are listed in Table 4-5. As shown in
the table, AG” values of Ni(ll) uptake by CB and STPP-CBs were positive except for CB at 40 and
55°C, implying that the adsorption process at these two temperatures was thermodynamically
spontaneous with minimal requirements of the activation energy 22. Ni(ll) adsorption onto CB
showed the lowest AG” value (-0.84 kJ/mol) at 55°C; conversely, the maximum AG" value (3.73
kJ/mol) was observed on STPP-CB15% at ambient temperature, confirming the former’s superior
and the latter’s inferior adsorption capacity, presented in earlier sections. The standard enthalpy
(AH") and entropy (AS") of the adsorption processes were obtained using Van’t Hoff (Eq. (6)) on
the assumption that they are temperature-independent. The positive values of AH" indicated that
Ni(ll) adsorption on CB and STPP-CBs was endothermic. The metal ions binding becomes
stronger as the AH" value increases, and as seen in the table, CB had the greatest AH" value,
implying a higher affinity of CB for Ni(II). Meanwhile, the positive AS® values implied the increase
of randomness at the solid-solute interface during Ni(Il) adsorption 27,
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Table 4-5. Thermodynamic parameters for Ni(Il) adsorption with the concentration of 50 mg/L and adsorbent

dosage of 0.55 g/L
Equilibrium Constant AGe (kJ/mol) AHe(kJ/mol) ASe (J/mol K)
Temperature (K) 293.15 313.15 328.15 293.15 313.15 328.15
CB 0.66 1.14 1.36 1.03 -0.34 -0.84 19.83 63.48
STPP-CB5% 0.39 0.58 0.67 2.32 1.42 1.08 14.68 41.73
STPP-CB10% 0.32 0.43 0.47 2.83 2.18 2.04 10.82 27.04
STPP-CB15% 0.22 0.27 0.29 3.73 3.40 3.37 7.40 12.35

4.4.4 Response surface methodological approach
4.4.4.1 Development of the regression model equation

The current work applied Central Composite Design (CCD) as the experimental design method
to examine the effect of two independent variables: pH of the solution (pH) and crosslinking extent
(STPP) on Ni(ll) adsorption capacity (Q). The reason for employing CCD was to facilitate the
examination of the interaction between the parameters affecting the response and to determine the
parameters’ optimum values to maximize the response. The relationship between the response (Q)

and the input values yielded the following full quadratic equation as follows (Eq. (4-7)):
Q (mg/g) = 10.50 + 4.70 pH — 1.11 STPP - 0.20 pH * pH — 0.01 STPP * STPP + 0.03 pH * STPP 4-7

where Q (mg/g) is the adsorption capacity, pH is the initial pH of the solution, and STPP stands
for the crosslinking solution concentration (% (w/v)) used in the formation and crosslinking of the
beads. The analysis of variance (ANOVA) was used to compute all the statistical controls (R?,
adjusted R?, p-value, F-value, and lack of fit) to evaluate the model’s accuracy, and the results are
tabulated in Table 4-6.
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Table 4-6. Analysis of variance for the quadratic models

Full quadratic Reduced quadratic
Source DF AdjSS Adj MS F-value p-value DF AdjSS AdjMS F-value p-value

Model 5 902.62 180.52 173.51 <0.001 2 899.96 499.98 437.94 <0.001
pH 1 33.85 33.85 32.54 <0.001 1 33.85 33.85 32.95 <0.001
STPP 1 866.11 866.11 832.44 <0.001 1 866.11 866.11 842.93 <0.001
pH*pH 1 0.05 0.05 0.05 0.82 - - - -

STPP*STPP 1 2.59 2.59 2.49 0.124
pH*STPP 1 0.06 0.06 0.06 0.081 - - -
Error 33 34.33 1.04 36 36.99 1.02
Lack-of-Fit 3 17.68 5.89 10.62 <0.001 6 20.34 3.39 6.11 <0.001
Pure Error 30 16.65 0.55 30 16.65 0.55
R?=96.34% RZ(predicted)= 95.78% R?=96.05% R?(predicted)= 95.83
R?(adjusted)=94.78% R?(adjusted)=95.33%

The ANOVA computed for the full quadratic model (Eq. (4-7)) revealed that the model was
statistically significant at the F-value of 173.51 and the corresponding p-value of <0.001 273,
Examining the model coefficients showed that the square terms, including STPP*STPP and
pH*pH and the interaction between crosslinking degree and pH (STPP*pH) were insignificant,
exhibiting low F-value and high p-value. Thus, the insignificant terms were eliminated from the

model, and the reduced model was simplified to the below form (Eqg. (4-8)):
Q (mg/g) = 18.34 + 2.37pH — 1.20 STPP 4-8

The ANOVA results for the reduced model are also given in Table 4-6. The 95% interval
confidence level range of coefficients were (2.80,1.95) and (-0.78,-1.62) for pH ad STPP,
respectively. Taking the table into account, it is clear that the F-value of the linear model (437.94)
was greater than the full quadratic model (173.51), suggesting that the equation can adequality
represent the adsorption capacity of Ni(ll). The p-values of the reduced model and the terms were
lower than 0.001, showing that they were statistically significant at the 99% confidence level. The
linear model's lack of fit was also significant, indicating that some systematic variation might have
been neglected in the proposed model, and adding a higher-order term to construct a more
complicated model may result in an insignificant lack of fit 2%, The diagnostic plots of residuals

were created to determine the model’s reliability, shown in Figure 4-3. The results indicated that
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the model was accurate, as all standardized residuals were randomly distributed among the graphs

in the range (-2 to +2) 2%,

(a) (b)

Standardized Residual
. o

Standardized Residual
o

15 20 25 370 5 10 15 20 25 30 35
Fitted Value Observation Order

Figure 4-3. Diagnostic plots of the linear model for Ni(ll) adsorption (a) standardized residual vs. fitted value (b)
standardized residual vs observation order

The regression coefficient (R?) can be used to verify the goodness of fit between the model’s
predicted outcomes and the observed data. Comparing the obtained R? values, listed in Table 4-6,
showed a slight decrease from 96.3% to 96.1% by changing the model from the full quadratic to
linear. However, the adjusted R? increased marginally from 94.8% to 95.3% after removing the
insignificant terms from the full quadratic model. The linear model’s predicted R? value was very
close to 1.0, indicating a good fit between the values predicted by the model and actual values.
Figure 4-4 displays a plot of the predicted Ni(ll) adsorption capacities against experimental data.
The figure indicates that the model can accurately predict the response (Q) as a function of
independent variables (pH and STPP) since the points were uniformly scattered close to the 45¢

line.
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Figure 4-4. Predicted vs experimental values of adsorption capacity based on the linear model for Ni(ll)
adsorption

4.4.4.2 Estimation for maximum Ni(ll) removal

The three-dimensional surface and contour plots, showing the interactive effects of the
independent parameters on adsorption capacity, are shown in Figure 4-5-a and Figure 4-5-b. As
demonstrated, increasing the pH and decreasing the crosslinking extent improved the adsorption
capacity of STPP-CBs for Ni(Il) adsorption. The figures also suggest that STPP had a greater effect
on Ni(ll) uptake compared to pH, consistent with ANOVA results because of its higher F-value.
The RSM technigque can be employed to predict adsorption capacity for different values of the
variables and optimize them to obtain a maximum response. Accordingly, the numeric
optimization was performed, and the maximum adsorption capacity of 31.94 mg/g was estimated
at the optimal adsorption variables: pH 7.21 and 2.93% (w/v) sodium tripolyphosphate solution.
A three-replicate test was conducted to validate the statistical model's optimized adsorption
capacity under the same defined conditions. The obtained result indicated the adsorption capacity
of 33.59 mg/g, showing a 5.17% error between the value predicted by the model and the actual
value. This discrepancy was because the model was being used in an extrapolative fashion to

predict the optimal conditions.
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Figure 4-5. (a) 3-D surface plot (b) contour plot for pH-crosslinking degree pair effect on Ni(ll) adsorption uptake

4.4.5 Batch adsorption isotherm study

Isotherm models can be quite useful in determining the distribution of adsorption sites on the

adsorbent surface, as well as adsorbent characteristics, including surface properties and capacities

8. Accordingly, the initial Ni(Il) concentration was changed between 10 and 1500 mg/L, and the

adsorption capacity data were recorded and fit by the Langmuir, Freundlich, and Sips isotherm

models. Figure 4-6 shows the applied isotherm models and the collected experimental data for
Ni(Il) adsorption on CB (Figure 4-6-a) and STPP-CB5% (Figure 4-6-b). As indicated, the

adsorption uptake of investigated adsorbents increased gradually by increasing the Ni(ll) initial

concentration reaching saturation, giving the maximum Ni(Il) adsorption capacity, in the order of
CB > STPP-CB5%.
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Figure 4-6. Experimental data and adsorption isotherm models of Ni(ll) on (a) CB, (b) STPP-CB5%, with dosage
of 0.55 g/L at room temperature
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The isotherm models were fitted to the experimental data, and the adsorption isotherms
parameters along with the regression coefficient (R?) and root mean square error values (RMSE)
were calculated in Table 4-7. The examination showed that the Ni(ll) adsorption data were fitted
properly by the two-parameter Langmuir and three-parameter Sips models, having high R? and
low RMSE values. The good fit of the Sips model can be attributed to the addition of a third fitting
parameter (1/n), enabling the model to present a combination of Langmuir and Freundlich
isotherms. In general, using two-parameter isotherm models is preferred; additionally, the RMSE
values for the Langmuir model were comparable to those for Sips. As a result, the Langmuir
isotherm was chosen to compare the adsorbents' maximum adsorption capacity 2’4, According to
the Langmuir model, the maximum Ni(ll) adsorption capacity (qmax) onto CB was 80.00 mg/g,
which diminished to 52.36 mg/g after crosslinking with 5% (w/v) sodium tripolyphosphate
solution in order to improve the physicochemical and mechanical properties of chitosan hydrogel
beads. The higher adsorption capacity of CB was due to the presence of more functional groups
on its surface and higher surface area compared to crosslinked chitosan beads. The empirical
Freundlich model, applied to non-ideal and reversible adsorption with heterogeneous surfaces,
failed to fit the experimental data by showing a low R? and high RMSE compared to Langmuir

and Sips isotherms.
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Table 4-7. Langmuir, Freundlich, and Sips isotherm models constants for Ni(ll) adsorption with the adsorbent

dosage of 0.55 g/L
Isotherm Constants CB STPP-CB5%
Langmuir isotherm
gmax (MQ/Q) 80.00 52.36
b (L/mg) 0.03 0.03
R? 0.99 0.99
RMSE 3.66 1.61
Freundlich isotherm
K¢ ((mmol/g). (L/mmol)'/™) 9.76 5.98
1/n 0.31 0.33
R? 0.94 0.86
RMSE 9.49 8.93
Sips isotherm
gm (Mg/qg) 87.74 53.05
Ky (L/mg) 0.01 0.03
1/n 0.70 1.07
R? 0.99 0.99
RMSE 2.60 0.95

The adsorption capacity of some chitosan-based adsorbents from the literature is listed in Table
4-8 for comparison purposes. As shown in the table, the adsorption capacities of CB and STPP-
CB5% were within the range of the other chitosan-based adsorbents. However, the hydrogel beads
fabricated in this study were formed and crosslinked concurrently in a single step using a non-
toxic crosslinker, resulting in a cleaner and simpler crosslinking technique than the others. It is
worth mentioning that several parameters affect the maximum adsorption capacity of adsorbents,
including temperature, contact time, initial metal ions concentration, adsorbent dosage, and pH.
As a result, comparing reported maximum adsorption capacities is complicated unless the system

is subjected to identical experimental circumstances.
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Table 4-8. Adsorption capacity of Ni(ll) onto chitosan-based adsorbents

Adsorbent pH Maximum adsorption capacity (mg/g) Reference
Grafted hydrazinyl amine magnetite-chitosan 5 254.12 275
Histidine modified chitosan beads 5 140.8 276
Chitosan crosslinked by epichlorohydrin 6-7 32.36 2n
lon-imprinted chitosan crosslinked by epichlorohydrin 4 29.55 278
Chitosan-modified montmorillonite crosslinked by tripolyphosphate - 25.82 219
Chitosan crosslinked by sodium tripolyphosphate 5% (w/v) 6.5 52.36 This study
Chitosan hydrogel beads 6.5 80.00 This study

4.4.6 Adsorption mechanism
4.4.6.1 FTIR analysis

FTIR spectroscopy was used to characterize the synthesized CB and STPP-CB15 % before and
after Ni(ll) adsorption, and the results are shown in Figure 4-7 and Figure 4-8, respectively. CB
spectrum before adsorption is presented in Figure 4-7-a, indicating broadband between 3150 and
3450 cm ! assigned to the stretching vibrations of the NH, and OH groups coupled, which became
narrower after Ni(ll) adsorption (Figure 4-7-b). The peak at ~2950 cm™ corresponded to the
asymmetric and symmetric stretching vibrations of chitosan -CH groups remained unchanged after
adsorption, implying that the C-H bond was not involved in the adsorption process 22422°, The
absorption peak at ~1530 cm™ attributed to the characteristic N-H was shifted to a lower
wavenumber with reduced intensity after Ni(ll) uptake, as seen in Figure 4-7-b, suggesting the
contribution of amine groups in metal ions adsorption 2?6, Another impacted absorption peak on
CB was observed at ~1190 cm™2, ascribed to bending vibration of the C—O stretching group, in

which the density decreased following Ni(ll) adsorption .
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Figure 4-7. FTIR spectra of CB (a) before and (b) after adsorption of Ni(ll)

Figure 4-8-a shows FTIR spectra of STPP-CB15% before adsorption. As seen, a peak was
observed at ~1210 cm®, ascribed to P=0 stretching, indicating the occurrence of crosslinking by
sodium tripolyphosphate 2?7, The peak detected at ~1580 cm™ on STPP-CB15% can be attributed
to the shifted N-H bond with less strength compared to the CB spectrum (Figure 4-7-a),
demonstrating the amine group's role in the crosslinking reaction. Comparing the spectra of STPP-
CB15% before and after adsorption revealed that the peak corresponding to the N-H bond was
lowered and shifted further after adsorption of Ni(ll) (Figure 4-8-b). This observation verified that
amine groups were required for both crosslinking and adsorption of metal ions 24 The peak at
~2950 cm™ detected on CB ascribed to -CH groups asymmetric and symmetric stretching
vibrations remained unaffected after crosslinking and Ni(ll) adsorption, indicating that -CH groups

neither participated in crosslinking nor Ni(ll) uptake.

[92]



(b)

(a)

4
1580 em! +
1210 em*

3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000

Figure 4-8. FTIR spectra of STPP-CB15% () before and (b) after adsorption of Ni(ll)

4.4.6.2 SEM-EDS analysis

The SEM-EDS analysis of CB and STPP-CB15% after Ni(ll) adsorption are shown in Figure
4-9-a and Figure 4-9-b, respectively. The EDS analysis showed the presence of carbon and oxygen,
both of which are components of the chitosan structure, and the Au peaks in the obtained spectra
were caused by the samples being coated with gold. The success of crosslinking with sodium
tripolyphosphate was confirmed by the appearance of the P peak on STPP-CB15%, as shown in
Figure 4-9-b. The EDS data indicated the presence of Ni(ll) signals on both adsorbents, confirming
Ni(Il) adsorption on their surfaces. STPP-CB15% EDS data exhibited a lower Ni(ll) peak intensity
than CB, implying CB had a greater affinity for Ni(ll) adsorption. This examination is in agreement
with the findings of the sections mentioned above, underlying the fact that the crosslinking reagent
overran chitosan amino groups, and as a result, the remaining amino groups were the primary metal
ion binding sites, leading to lower Ni(ll) uptake by STPP-CB15% compared to CB.
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Figure 4-9. SEM-EDS analysis of (a) CB and (b) STPP-CB15% after adsorption of Ni(ll)

4.5 Conclusions

Chitosan hydrogel beads crosslinked by sodium tripolyphosphate were examined in this work as
a cost-effective and ecologically friendly bio-sorbent for Ni(ll) adsorption from aqueous media.
The characterization results indicated that increasing the crosslinking degree reduced the
adsorbents’ surface area and total pore volume at the cost of obtaining beads with higher
physiochemical properties. The effect of pH and temperature on Ni(ll) adsorption revealed that
Ni(Il) adsorption uptake was greater at higher pHs and temperatures. A linear model with a high
magnitude of the coefficient of determination was developed by RSM to correlate Ni(ll) adsorption
capacity to pH and the crosslinking degree. The model computed the maximum adsorption
capacity of 31.94 mg/g at 7.21 pH and 2.92% (w/v) sodium tripolyphosphate solution
concentration. The Langmuir and Sips isotherms, the best-fitted models to the experimental data,
showed maximum adsorption capacity in the order of CB > STPP-CB5%. FTIR and SEM-EDS
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characterizations showed that amine groups were the main sites for crosslinking by sodium

tripolyphosphate and metal ions adsorption.

4.6 References

The references are merged with those of the other chapters' references and presented at the end of
the thesis.
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5 Competitive adsorption of nickel(ll) and cadmium(ll) ions by

chitosan crosslinked with sodium tripolyphosphate®

Keywords: binary adsorption; adsorption isotherms; biosorption; heavy metals; selectivity;

desorption

5.1 Abstract

This study investigated the adsorption of Ni(Il) and Cd(l1) ions from single and binary metal ion
solutions onto chitosan and crosslinked chitosan beads, which were prepared using an
environmentally-friendly crosslinker, sodium tripolyphosphate. The synthesized adsorbents were
characterized by swelling test, BET and SEM, and tested for Ni(ll) and Cd(ll) uptake after
optimizing experimental factors, including adsorbent dosage (0.55 g/L) and initial pH (6.5). The
single-ion equilibrium adsorption data fitted well with the Langmuir model. In the binary system,
a decrease in adsorption capacity was observed, implying the existence of preference in the order
of Ni(11) > Cd(I1). Among the studied models for competitive adsorption, the extended Freundlich
model fitted the adsorption equilibrium data successfully. Characterization of loaded crosslinked
chitosan beads showed amino and phosphate groups were responsible simultaneously for the metal
ions uptake. Desorption experiments were also conducted using a mixture of NaCl and H2SOa,

showing acceptable results.

3 A version of this chapter is published in Journal of Chemical Engineering Communications
( https://doi.org/10.1080/00986445.2021.1966424)
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5.2 Introduction

Heavy metals (HMs) are pollutants with a significant environmental burden because of their
toxicity and endurance. They can contaminate the environment by industrial discharge entering
into streams, lakes, rivers, and groundwater 128, HMs are transformed into hydrated ionic form
in the aqueous phase, where they become highly toxic compared to their metal atom counterparts.
The formed hydrated ions interrupt the enzymatic process, which causes the end of aquatic life.
The toxic effects of heavy metals do not end there, and they can also affect human life via
bioaccumulation in the food chain 21, Due to these adverse impacts, health authorities such as the
World Health Organization (WHQO) and the U.S. Environmental Protection Agency (EPA) have
established strict regulations and guidelines for the discharge of the effluents containing HMs into

the environment ¢,

Among heavy metals, transition metals, such as nickel (Ni(ll)) and cadmium (Cd(ll)), are
essential raw materials for manufacturers 2. The widespread industrial applications of cadmium
and nickel imply that large amounts of them are likely to find their way into the environment.
Exposure to low amounts of Ni(ll) cannot be avoided since it is ubiquitous in the environment,
and health problems typically result from exposure to high dosages of Ni(ll). These health
problems include severe lung and kidney damage, gastrointestinal distress, skin dermatitis, chest
pain, and shortness of breath 282, Conversely, cadmium is not regarded as an essential element to
the human being, and it is notorious for being extremely toxic even at low concentrations .
Persistent Cd(ll) intake, even minute amounts, leads to severe damage to human bodies. The

possible role of cadmium in human carcinogenesis has been documented in detail 23,

Apart from these concerns, the current demand scenario for Ni(ll) and Cd(I1) has surged, which
highlights the importance of their recovery from industrial waste streams 284, Solid wastes such as
spent batteries, catalysts, alloy scrap and also aqueous solutions generated by industrial activities
contain large quantities of Ni(ll) and Cd(Il). Therefore, researchers have concentrated on
developing different techniques to remove/recover them from effluents or industrial wastes 2. To

date, different technologies have been developed and emerged for this aim, including membrane

286 289

filtration 2%, coagulation/flocculation 27, flotation 2%, electrochemical reduction/oxidation 2°,

ion-exchange %%, chemical precipitation 2°°, and adsorption 2°*. The majority of conventional
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techniques suffer from some limitations, such as low efficiency, sensitive working conditions, high
operating costs, and secondary waste production 18, Therefore, an effective, clean and economical

technique has been demanded to overcome the drawbacks of current technologies.

Among the various processes, adsorption has come to attention as a promising and economical
approach "%2'% The adsorption process offers several advantages such as economic viability in the
context of the capital cost and chemical requirement, sustainability in the context of zero waste
production, flexibility in terms of operation, along with efficiency in terms of treating pollutants

at low concentrations "*!91, Various adsorbents have been employed and introduced in the

292 293

literature for heavy metals adsorption, including activated carbon <°4, zeolites <, carbon nanotubes
2% “and low-cost adsorbents such as agricultural wastes or industrial by-products/wastes 29:2%,
Recently, there has been an increasing interest in using low-cost biosorbents because of their
abundance and renewable nature. In this context, using biosorbents has gained much attention for
heavy metals removal and recovery 519297 Bjosorption not only can reduce the cost of waste
disposal by converting them to adsorbents but also offer a sustainable adsorption system for HMs

uptake 10,

Considering the studied biosorbents, chitosan properties have encouraged researchers to invest
in it as a green adsorbent to remove organic or inorganic pollutants, the first research on this topic
was initiated in 1969 2%3% The conducted research showed that chitosan is an effective
biosorbent for Ni(Il) and Cd(I1) adsorption even at low concentrations because of the existence of
amino and hydroxyl groups in its structure 18391302 However, chitosan modification is necessary
to enhance its sorption performance, such as sorption capacity and metal selectivity, and increase
its chemical/mechanical resistance to extreme media conditions *. Modification of chitosan with
grafting (inserting new functional groups) or crosslinking (uniting the macromolecular chains to
each other) reactions have been studied and reported by other researchers to prepare desirable

chitosan-based materials 16:3%3,

Different crosslinkers have been reported for chitosan modification, such as Glyoxal (GO) &,
Glutaraldehyde (GLA) 2%3, Epichlorohydrin (ECH) 3%, and Ethylene Glycol Diglycidyl Ether
(EGDE) %, Most of the examined crosslinkers (i.e., ECH and GLA) are toxic and hazardous to

the environment and human health. Hence, a non-hazardous and low-cost crosslinker, such as
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sodium tripolyphosphate (STPP), can be a good alternative for chitosan crosslinking to reduce the
environmental footprint. The feasibility of using STPP and its impact on chitosan adsorption
capacity was investigated in the previous research as a proof of concept for a single-metal
adsorption system %. Most of the existing studies involving chitosan—metal bonding examined a
single-metal adsorption system. However, the presence of only one kind of metal ion is a rare
situation. Therefore, the study of competitive adsorption of Ni(I1)-Cd(I1) by a low-cost biosorbent

Is attractive as different metal species can impact the removal efficiency of other existing metals.

The primary objective of this study was to modify chitosan by a non-hazardous crosslinker,
sodium tripolyphosphate, and examine the feasibility of using it for the individual and
simultaneous removal of Ni(Il) and Cd(Il) ions from an aqueous solution. Swelling/solubility
experiments, Brunauer— Emmett—Teller (BET) and SEM characterization were carried out to
confirm crosslinking occurrence and enhancement of modified chitosan chemical properties.
Several isotherm models were employed and compared with each other in a single- and binary
component system to interpret the Ni(ll) and Cd(Il) adsorption data and study the sorbent
selectivity. Different characterization techniques, including SEM-EDS and FTIR, were also

implemented to understand the adsorption mechanism of modified chitosan in the binary system.

5.3 Experimental and Method

5.3.1 Chemicals and instruments

Chitosan (85% deacetylation degree), sulphuric acid (H2SOa4, N/50), sodium chloride (NaCl),
cadmium sulphate hydrate (3CdSO4-8H,0), and nickel sulphate hydrate (NiSO4.6H20) were
purchased from Fisher Scientific (Canada). Sodium tripolyphosphate (NasP3010) and sodium
hydroxide (NaOH) were acquired from Sigma (Canada), and acetic acid (CHsCOOH, 99.9 wt. %)
was bought from VWR (Canada). All chemicals used in this study were of analytical grade and

used without further treatment or purification.

5.3.2 Batch adsorption test

An analogous process to previous work % was employed to prepare chitosan beads (CB) and
crosslinked chitosan beads (STPP-CB) by 5% (w/v) sodium tripolyphosphate solution. Stock
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solution of metal ions with different concentrations was prepared using cadmium/nickel sulphate
hydrate, followed by adding a weighed amount of the adsorbent (either CB or STPP-CB). The
batch adsorption experiments were conducted using 125 mL Erlenmeyer flasks containing 50 mL
of metal ion(s) solution, shaking at room temperature at 225 rpm for 24 h, as no metal
concentration changes were measured after 18 h based on the preliminary tests. Once the
adsorption system reached equilibrium, the concentration of metal ion(s) was analyzed by Atomic
Absorption Spectroscopy (AAS) (PinAAcle 500, Perkin Elmer), and the amount adsorbed per unit
mass of adsorbent at equilibrium, g (mmol/g), was calculated by using the following equation:

— (CO,i - Ce,i)v 5-1
w
where Co and Ce (mmol/L) are the initial and final concentrations of the metal ion in the solution,
V (L) is the volume of the solution, and W (g) is the weight of the dry adsorbent. It should be noted
that each test was conducted with three replicates, and the average was used. The control

experiments were also conducted to monitor any weight loss.
5.3.2.1 Effect of adsorbent dosage

The amount of adsorbent changed from 12.5 to 50 mg in 50 mL of metal ion solution with the

initial concentration of 50 mg/L to assess the impact of adsorbent dosage on metal ion uptake.
5.3.2.2 Effect of pH

To study the effect of pH, 27.5 mg of the adsorbent (equivalent to the dosage of 0.55 g/L) was
added to 50 mL of metal ion solution (Ni(I1)/Cd(I1)) with the initial concentration of 50 mg/L.
Sodium hydroxide or sulfuric acid solutions (0.1 M) were used to adjust the solution pH in the
range of 4.0 to 8.5, monitored by HACH (HQ40D) pH meter.

5.3.2.3 Effect of initial concentration of metal ions

27.5 mg of adsorbent was placed in 50 mL of metal ions solution at pH 6.5 with different initial
concentrations of each metal ranging from 10 to 1500 mg/L in the monocomponent system. The
same conditions and concentration range with the mass ratio of 1:1 (Ni(I1):Cd(ll)) were used in
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the binary system to examine the distribution of metal ions between solid adsorbent and liquid

phase at equilibrium.,

5.3.3 Desorption studies

15 mg loaded STPP-CB were used for the binary system of Ni(Il) and Cd(Il) with a mass ratio
of 1:1 in which the concentration of each metal was 50 mg/L under the optimum conditions. The
loaded beads were separated, washed gently with de-ionized water to remove any unadsorbed
metal ions, and air dried. Then, 2.5 mg of the dried beads were equilibrated for 48 h with 50 mL
H>0 and a mixed solution of NaCl (0.2 mol/L) and H2SO4 (0.01 mol/L). The quantity of desorbed
metal ions was determined by AAS. All experiments were conducted in triplicates, and the average
values were presented. The following equation was used to calculate the percentage of desorption:

amount of metal ions desorbed

Desorption = _ x 100% 5-2
p amount of metal ions adsorbed 0

5.3.4 Characterization techniques

The specific surface area and total pore volume of CB and STPP-CB were measured by N>
adsorption-desorption isotherms using the Accelerated Surface Area and Porosimetry Analyzer
(ASAP 2020, Micromeritics Co.) and calculated by Brunauer—Emmett—Teller (BET) method (by
the Micromeritics Software). The surface topography was analyzed with a JEOL JSM-7500F
Scanning Electron Microscopic (SEM), operating at an acceleration voltage of 3.0 kV. Energy
Dispersive Spectroscopy (EDS) was carried out using an Oxford EDS INCA 350 spectrometer.
The specimens were coated with gold before the SEM and EDS analyses to prevent charging.
Fourier transform infrared spectroscopy (FTIR) was performed in the range from 650 to 4000 cm™
(Thermo Fischer, Nicolet 6700) using the attenuated total reflectance (ATR) sampling method.
The adsorbents' solubility and swelling behaviour were also tested by immersing 0.10 g of each
adsorbent (CB and STPP-CB) in 5% (v/v) acetic acid (pH~2.5), distilled water (pH~6.8) and 0.5
M sodium hydroxide solution (pH~13.0), shaking at 100 rpm for 24 h at 25 °C. Following that, the
beads were removed and blotted using filter paper to absorb excess water on the surface. The
swollen samples were weighed immediately, and the swelling percentage for each sample was

calculated by using the following equation:
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. _ Ws 0 _
Percentage of swelling = —w X 100% 5-3

where W;s (g) is the weight of swollen beads, and Wo (g) is the weight of dry beads.

5.3.5 Single and multi-component adsorption equilibrium isotherm models

Several isotherm models, such as Langmuir, Freundlich, and Sips, and their extension or
modified versions have been developed and employed to describe the adsorption equilibrium data.
The isotherm models summarized in Table 5-1 were used in this study to evaluate the sorption

performance in the single and multicomponent systems.

Table 5-1. Summary of the employed isotherm models for mono and multicomponent system

Isotherm Equation Parameters Reference
Langmuir q = qmKy.Ce -4 ge: The equilibrium concentration of the 157
¢ 1+K.Ce solid phase (mmol/g)

Ce: The equilibrium concentration of liquid
phase (mmol/L)
qm(mmol/g), Ky (L/mmol): The single-
component Langmuir parameters

Modified Qo Kis (Ce.i/ ) Qe;: The equilibrium concentration of solid 166,167

Langmuir Qe = N—n‘ (5-5) phase of component i (mmol/g)

1+ Cei/M; A .
Z,-:l( e3/) Ceigy: The equilibrium concentration of

liquid phase of component i(j) (mmol/L)
qm,i(mmol/g), Ky ; (L/mmol): The
single-component Langmuir parameters of
component i
Nigy: Langmuir correction coefficient of
component i(j)

Extended q, = —3m Ky Cej G-6) Qe;: The equilibrium concentration of solid 169

Langmuir 14+ 3N Ky Cej phase of component i (mmol/g)

Ce,igy- The equilibrium concentration of
liquid phase of component i(j) (mmol/L)

dm(mmol/g), Ky (L/mmol): The
multi-component Langmuir parameters of
component i(j)
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Freundlich ¢ = k.c/» (5-7) ge: The equilibrium concentration of the 158
solid phase (mmol/g)

C.: The equilibrium concentration of liquid
phase (mmol/L)

Kg((mmol/g). (L/mmol)/™),1/n:  The
single-component Freundlich parameters

Extended (&) qe;: The equilibrium concentration of solid 164,165
Freundlich 1 e — (5-8) phase of component i (mmol/g)

Ce,i- The equilibrium concentration of
liquid phase of component i(j) (mmol/L)

Kg;((mmol/g). (L/mmol)*/™),1/n;: The
single-component Freundlich parameters of
component i

Xi, Vi, Zi : The multi-component Freundlich
fitting parameters

Sips A (KLCo)/m ge: The equilibrium concentration of the 161
ity O solid phase (mmol/g)

€

Ce: The equilibrium concentration of liquid
phase (mmol/L)

dm (mmol/g), Ky (L/mmol), 1/n: The
single-component Sips parameters

Extended Qi Kii Coi (XN Ky € j)l/(no-l de;i: The equilibrium concentration of solid 161,163
_ dmi 1 el j= ) €,

Sips Qei 1 (5-10)  phase of component i (mmol/g)
1+ (R, Ky Cep) i A .
Ce,igy- The equilibrium concentration of

liquid phase of component i(j) (mmol/L)

4m,i (mmol/g), Ky ;) (L/mmol), 1/n;:
The single-component Sips parameters of
component i(j)

5.3.5.1 ldeal Adsorption Solution Theory (IAST)

The IAST, proposed by Radke and Prausnitz 3%, is a gas mixtures model and was later developed
for dilute multicomponent liquid solutions to predict the adsorption isotherms using single-solute
equilibrium data. The IAST is based on two assumptions; first, the components of the adsorption
system behave as ideal components according to Raoult’s law, which means there is no interaction
between adsorbent and adsorbate. Secondly, the chemical potential of each component is equal in
solution and adsorbed phases, which interprets as the fact that the spreading pressure of a single
solute, 7 (the decrease of surface tension as a result of adsorption), is unchanged after adding other

components to the solute in the multicomponent adsorption system 3°7. In IAST, the following
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equations (Eq. (5-11) to (5-15)) are needed to understand a multicomponent adsorption system

behaviour from single-solute isotherms:

N
i=1
Zi = /g, 5-12
N
1 _ Z; .
Jan = Z i " 5-13
i=1
G = Z,C? 5-14
cf
0
A/ =f ql/cO dc? 5-15
1

where gt (mmol/g) is the total solid-phase concentration, gi (mmol/g) is the equilibrium solid-phase
concentration of component i, Zi is the mole fraction of adsorbate i in the adsorbed phase, and q°;
(mmol/g) is the adsorption capacity of component i in a single-solute solution. Ci and C% (mmol/L)
are the liquid-phase concentration of component i in multi- and single-component solutions,
respectively. Also, A (m?/g) is the specific surface area of the sorbent, m is the spreading pressure,
R (kJ/g K) is the universal gas constant, and T (K) is the temperature.

The IAST can be combined with other adsorption equations of the single-solute system, such as
Langmuir, Freundlich and Sips, to determine the values for two variables, including the mole
fraction of the adsorbed phase components (Zi) and the spreading pressure (). In the case of using
the Langmuir equation (Eq. (5-4)), the reduced spreading pressure equation, I1, can be presented
as follows (Eqg. (5-16)).

o
0
1_[ :ﬂA/RT = f ql/cp dC{ = qpm; In (1 +Ky,; ) 516
1
0
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Hence, depending on the number of the components, a system of non-linear equations needs to
be solved to determine the unknowns (c%, q%, Zi and IT) stated in the above equations (Eqg. (5-10)
to Eq. (5-15)). If there are two components in the system, six unknowns exist, including ¢, g,

%, g%, Z1 and IT; therefore, six non-linear equations are needed to find the unknowns.
5.3.5.2 Determination of isotherm parameters and selectivity coefficient

In this study, the parameters of isotherm models were determined via data fitting and minimizing
Marquardt’s Percent Standard Deviation (MPSD) error (Eq. (5-17)) using the solver add-in

function of the MS excel 1%

2
MPSD = Z (ql exp —dj, cal) 5.17
di,exp

In the above equation, g (mmol/g) is the equilibrium solid-phase concentration; the subscript “exp”
and “calc” display the experimental and calculated values of q, and n is the number of the

components in the system.

In a binary system, distribution coefficient is used to evaluate adsorbent selectivity toward the

available components, defined as Eq. (5-18) 8’
Kgq = qe/Ce 518

where ge (mmol/g) and Ce (mmol/L) represent the equilibrium adsorption capacity and component
concentration in the solution, respectively. Selectivity coefficient (o) can be defined according to

Eg. (5-19) to evaluate the competitive adsorption in the binary system 87
Umi1/m2 = Kd(ml)/Kd(mZ) 519

where Kq(mi) and Kq(m.) are distribution coefficients of the adsorbates (m1 and my) in the binary
system. The selectivity coefficient implies selectivity toward my (or my) if it is greater (or less)
than unity.
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5.4 Results and discussion

5.4.1 Adsorption of metal ions in the mono-component system
5.4.1.1 Effect of solution initial pH

MEDUSA-HYDRA chemical equilibrium software 3®® was employed simultaneously in this
study to draw Ni(ll), Cd(1l), and their species distribution diagrams as a function of pH presented
in Figure 5-1(a) and (b). As shown in Figure 5-1(a), various species of cadmium can be formed by
changing the pH of the solution, including Cd?*, Cd(OH)*, Cd(OH), and Cd(OH)s". It is evident
that Cd(OH)2s) formation starts at pH>8.5, in which cadmium precipitation begins. Similarly,
different species of Ni(ll), such as Ni?*, Ni(OH)2, Ni(OH)s are formed by increasing pH. As
presented in Figure 5-1(b), Ni%* is the only ionic species in a solution from acidic pHs up to almost
8.0. Hence, the pH range between 4.0 and 8.5 was selected to evaluate the pH effect on Ni(ll) and
Cd(I1) adsorption, and higher values of pHs were avoided to prevent metal ions precipitation in
the form of hydroxide. The conducted experiments indicated that Cd(Il) adsorption uptake
increased steadily by increasing the initial pH of the solution and reached 0.92 mmol/g at pH 8.5,
while it was 0.60 mmol/g at pH 4.0. Comparably, Ni(Il) uptake increased from 0.57 to 1.37 mmol/g
by increasing pH to 8.5, and a similar trend was reported by other researchers. Considering Figure
5-1(b), the increase in apparent Ni(ll) adsorption uptake at pHs above 7.5 might be due to
Ni(OH)2) formation and a combination of both precipitation and adsorption. It is widely
acknowledged that the active sites of chitosan beads become protonated in the acidic medium due
to high H* concentrations 8. As a result, electrostatic repulsion between chitosan chains and the
metal ions led to lower metal ions uptake at pHs below 6.5. Since working close to neutral pH is
desirable, pH 6.5 was selected as optimal for the subsequent experiments, in which the only

removal mechanism was adsorption with acceptable efficiency.
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Figure 5-1. Speciation of (a) Cd?* and (b) Ni?*as a function of pH in dilute aqueous solution.

5.4.1.2 Effect of adsorbent dosage

Our previous research indicated that the optimum dosage of CB for Cd(lI1) removal is 0.45 g/L

% Similarly, the effect of CB dosage on Ni(ll) adsorption was investigated in the current research

by adding a specific amount of adsorbent, varied from 0.25 to 1 g/L. Results revealed that the
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removal percentage increased from 26.90% to 69.52%, with an increase in adsorbent dosage.
Conversely, the calculated apparent adsorption uptake decreased by 0.35 mmol/g, being equal to
0.63 mmol/g, when the CB dosage changed from 0.25 to 1 g/L. Other researchers observed similar
behaviour with this justification that increasing the adsorbent dosage increases the number of
unoccupied active adsorption sites on the surface of the adsorbent leading to a decrease in apparent
adsorption capacity '°*. Hence 0.55 g/L was chosen as a suitable dosage within the studied range

for all upcoming sorption experiments.
5.4.1.3 Characterization and crosslinking mechanism

Among investigated crosslinkers for chitosan modification, sodium tripolyphosphate (STPP) can
be beneficial owing to its effectiveness and non-toxicity. According to chitosan pK (~6.3),
dissolved chitosan in acidic media presents —NH*® sites. On the other hand, sodium
tripolyphosphate, as an ionic crosslinker and weak acid, dissociates to hydroxyl (OH) and
phosphoric ions (PO4*) after dissolution in water. Therefore, crosslinked particles (STPP-CB) can
be formed through ionic interaction by adding chitosan to the STPP solution 8, discussed and

characterized in detail in the literature 96:3%9,

The Brunauer—-Emmett—Teller (BET) specific surface area and the total pore volume of CB were
found to be 6.50 m?/g and 4.07x10° cm®/g. Crosslinking of chitosan by sodium tripolyphosphate
reduced the surface area and the total pore volume to 5.60 m?/g and 3.63x10° cm®/g, respectively.
The reduction in the surface area and the total pore volume after crosslinking could be attributed
to the fact that some amino groups of chitosan were crosslinked by sodium tripolyphosphate 2%°,
which was confirmed by FTIR characterization. Scanning electron microscopy was used to
visualize the surface morphology of CB and STPP-CB (Figure 5-2). Figure 5-2(a) shows a smooth
surface for CB, whereas the SEM image of crosslinked chitosan revealed a different surface
morphology for the STPP-CB surface. As shown in Figure 5-2(b), the surface of STPP-CB is
rougher than CB, indicating the occurrence of crosslinking on the CB surface. XRD patterns of
CB and STPP-CB, conducted in our previous work, showed a decrease of crystallinity after

crosslinking chitosan by sodium tripolyphosphate .
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Figure 5-2. SEM images of (a) CB and (b) STPP-CB

Chitosan beads show hydrophilic character because of the primary amine group presence in the
chitosan structure 22, Most of the amine groups of chitosan undergo protonation at pHs below 4.0,
and the positively charged polysaccharide chains of chitosan start repulsing one another. This
electrostatic interaction becomes more intense at lower pHs, leading to the dissolution of chitosan
beads in dilute acetic acid solution ?%. Therefore, the solubility test was required to examine the
stability of CB and STPP-CB by changing pH from acidic to alkaline, and the results are given in
Table 5-2. The observations indicated that CB suffered from weak chemical resistance and lack of
sorption capability in acidic environments since it became dissolved in the solution by reducing
pH to 2.5. However, the results showed crosslinking was able to reinforce the chemical strength
of CB; as a result, STPP-CB was insoluble in the acidic and alkaline medium as well as distilled
water. Table 5-2 also shows the swelling percentages for both CB and STPP-CB decreased by
increasing solution pH, which is generally ascribed to the hydration or ionization of unbound -NH>
sites of chitosan 1°. As seen in Table 5-2, the swelling percentage of STPP-CB was lower than
CB in distilled water and alkaline medium. This observation confirmed lower accessibility to the
STPP-CB network and its hydrophobic character, offering good physicochemical properties and
making it a suitable adsorbent to work in a wide range of pH 2%,
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Table 5-2. Swelling and solubility properties of CB and STPP-CB

Beads Solubility - Swelling (%)

5% (v/v) Acetic Acid Distilled Water 0.5 M NaOH
CB Soluble - N/A Insoluble - 118.2 Insoluble - 109.1
STPP-CB Insoluble - 36.4 Insoluble - 27.3 Insoluble - 18.2

5.4.1.4 Modelling adsorption isotherms for a single-component system

The adsorption data obtained from seven different initial concentrations of Ni(ll) and Cd(ll) in
a monocomponent system were analyzed in the present study by using Langmuir, Freundlich, and
Sips equations (Eq. (5-4), (5-7), and (5-9)) to model the metal ions adsorption onto CB and STPP-
CB. MSPD and/or R? were calculated and used to evaluate each model's accuracy for interpreting
the experimental data. The calculated isotherms parameters, along with the regression coefficient
(R?) and MPSD values, are listed in Table 3. Considering R? as a goodness of fit criterion, it was
observed that the monolayer Langmuir equation provided the best fit (R> = 0.99) to the
experimental data of Ni(ll) and Cd(Il) on both CB and STPP-CB. According to the Langmuir
model, the maximum adsorption capacity (gm) values varied considerably depending on the
employed adsorbent and metal ions in the solution. By comparison, the maximum adsorption
capacity of CB for Ni(ll) uptake was almost 30% higher than Cd(ll), 1.36 mmol/g compared to
1.06, and both were approximately reduced by 40% after crosslinking by 5% (w/v) STPP (0.89
and 0.61 mmol/g, respectively). The reduction in the adsorption capacity resulted from less
available amino groups as adsorption sites for metals uptake 2%. The Langmuir constant (Kv.),
which is related to the affinity of binding sites, indicated that the binding sites of both CB and
STPP-CB were higher and stronger for Cd(I1) ions than Ni(ll) 2.
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Table 5-3. Langmuir, Freundlich, and Sips isotherms constants for the adsorption of Cd(Il) and Ni(ll) onto CB and
5% STTP-CB in the mono-component system.

Langmuir model Freundlich model Sips model
R? R? R?
. Om Ke Ke Om Ke

Adsorption Parameters — mmolig) (Limmol) ypsp 1 ((mmolig).(Ummal)¥) ypsp (Mmolig) (Lmmol) MM o
0.99 0.94 0.99

) 1.36 1.66 031 06 1.49 1.07 0.7
0.14 0.22 0.01
Ni(l1) o 0.99 0.86 0.99

o 0.89 1.99 033 04 0.9 1.72 1.07
= 0.03 0.51 0.00

wn

0.99 0.8 0.97

3 1.06 17.03 021  0.82 1.05 34.78 0.87
0.62 0.59 0.05
Ca(in o 0.99 0.85 0.96

e 061 282 04 033 0.65 2.05 0.96
= 0.23 0.51 0.16

By focusing on MPSD, the Sips isotherm model, a combination of the Langmuir and Freundlich
models, presented a reasonable fit to the experimental data of Cd(Il) uptake onto CB and STPP-
CB. The interpretation of Ni(ll) adsorption onto CB and STPP-CB by the Sips model showed the
best fit having the lowest MPSD (~0.00) and highest R? (0.99). The corresponding parameters of
the Sips equation, including gqm, K, and 1/n, are also presented in Table 5-3. Similar to Langmuir
isotherm parameters, the maximum adsorption capacity of CB and STPP-CB (gm) for Ni(ll) uptake
(1.49 and 0.90 mmol/g) obtained from the Sips model was higher than that of Cd(ll) (1.05 and
0.65). Some of the Ni(ll) and Cd(Il) biosorption capacity onto chitosan and chitosan-based
materials reported in the literature are presented in Table 5-4. It should be noted that the maximum
adsorption capacity of adsorbents depends on different factors such as temperature, time, initial
concentration, adsorbent dosage, and pH. Hence drawing a comparison between the reported
maximum adsorption capacities is not simple unless the same experimental conditions are

employed for the adsorption system 310,
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Table 5-4. Studies of the adsorption of Ni(Il) and Cd(I1) as single solutes using chitosan-based adsorbents

Adsorbent Metal pH Adsorption Capacity Reference
(mmol/g)

Chitosan cd(l)y 6  0.09 221
Epichlorohydrin crosslinked chitosan-clay Cd(ll) 45 0.64 311
composite
Epichlorohydrin-triphosphate crosslinked cdany 7 074 221
chitosan
Formaldehyde crosslinked chitosan- cd(l) 5  1.06 211
pheylthiourea resin
5% Tripolyphosphate crosslinked chitosan beads Cd(ll) 6.5 0.61 This Study
Ether crosslinked chitosan Ni(ll) 5.5 0.90 83
Epichlorohydrin crosslinked Chitosan Ni(ll) 55 0.44 83
Imprinted glutaraldehyde-crosslinked chitosan Ni(l) 5  0.61 134
5% Tripolyphosphate crosslinked chitosan beads  Ni(ll) 6.5 0.89 This Study

5.4.2 Adsorption of metal ions in the binary-component system (Ni(I1) and Cd(l1))
5.4.2.1 Modelling adsorption isotherms for Ni(11)-Cd(ll) uptake by CB

The concept of multicomponent adsorption is highly important because having aqueous media
with one component occurs so rarely. Interactions between the system’s components play a critical
role in the adsorption properties of adsorbents. Since finding the model parameters in
multicomponent systems is not simple, some adsorption isotherm models have been developed
based on the information from adsorption equations of monocomponent systems. The adsorption
data of Ni(ll) and Cd(Il) onto CB and STPP-CB in the competitive adsorption system was
investigated with five multicomponent adsorption models, including modified and extended
Langmuir, extended Freundlich, extended Sips, and IAST (Eg. (5-5), (5-6), (5-8), (5-10), and Eq.
(5-11) to (5-16), respectively). The experimental and calculated ge values of Cd(I1) and Ni(ll) ions
in a binary system onto CB are presented in the parity plots, Figure 5-3(a) and (b). The closer data
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points to the bisecting line (45°line) show that the corresponding model fits the experimental data
better. Also, the models’ fitting parameters, along with their MPSD and R? values, are listed in
Table 5-5.

Table 5-5. Parameter values of multicomponent isotherm models obtained from data of the binary system of Ni(ll)
and Cd(Il) on CB

CB
Modified Langmuir Extended Langmuir Extended Freundlich Extended Sips IAST
N KL i ) 2 Ky, Ky, 2 ¥ ) ) : ) 2 i KL i , 2 2
?mmmlollg) oy W R ?mmmollg) (Lmmoly  (Limmoly X (mimolig) (Ummotyey M X Vi Zi ?r?rr:ol/g) wmmoy M RTOR
Ni(ll)  1.36 1.66 1.00 0.49 1.27 409 071 0.60 3.18 0.38 535 0.40 0.94 1.49 1.08 141 0.04 0.78
' 151
Cd(ll) 1.06 17.03 252 0.93 4.09 127 092 0.82 465 0 0.30 0.09 0.93 1.05 3478 115 0.97 0.97
Model
MPSD 0.92 0.64 0.22 13.14 0.67

The modified Langmuir model, with two interaction terms (n:1 and n2) for Cd(ll) and Ni(ll), in
addition to the single component Langmuir parameters, projected a fair prediction for Cd(ll).
However, Ni(ll) interpretation was not acceptable, and it was underestimated by this model,
particularly at high concentrations, leading to deviation from experimental results (R? = 0.49).
Extended Langmuir with three fitting parameters (qm, Krz1, and Ki2) in a binary system was
examined in this study to find the maximum adsorption capacity. All the parameters of this model
were estimated by fitting the competitive adsorption data, and information from the single-metal
Langmuir isotherm was not used. The overall metal ions (Cd(Il) and Ni(ll)) uptake (qm) by CB
was calculated via this model as 1.51 mmol/g, which was lower than the sum of the maximum
adsorption capacity of Cd(Il) and Ni(ll) (2.42 mmol/g) obtained by the Langmuir model in the
monocomponent system. This observation may suggest that there was a variety of binding sites
with an overlap for Cd(ll) and Ni(ll) uptake in the binary system, which is in contrast to the
Langmuir model hypothesis, assuming a homogeneous adsorbent surface 32, It is reported in the
literature that the presence of other components in the solution changes the isotherm curve shape
by affecting the apparent affinity of the components for the active sites, as well as the maximum

adsorption capacity of each component 22,

The Sips equation provided the worst fit in the competitive adsorption system, presenting high
MPSD (13.14) and significant error among the studied models. At the same time, the Sips equation
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presented a proper interpretation of the single-metal isotherms of both Cd(11) and Ni(ll), discussed
in the previous section. On the other hand, the extended Freundlich isotherm with three fitting
parameters (Xi, Vi, zi) calculated from the binary system plus two parameters from the
monocomponent system (Kr,iand n;j), showed an acceptable fitting in competitive adsorption of
both metals, having satisfactory MPSD (0.22) and error less than 20%. This observation implies
that heterogeneous adsorption was expected in the competitive system of Ni(1l)-Cd(ll) onto CB.
It should be noted that the Freundlich model could not provide accurate prediction in the
monocomponent system, and the homogeneous adsorption assumption based on the Langmuir

isotherm was the primary mechanism in that system.
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Figure 5-3. Comparison of the experimental and calculated ge values of (a) Cd(Il) and (b) Ni(ll) ions in the binary
system on CB
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By incorporating the Langmuir isotherm as the best-fit isotherm for the single-component system
in the IAST, the behaviour of metal ions in the binary system was examined by this model. While
IAST provided a reasonable curve fitting to Cd(I1) experimental data with 0.97 R2 and an error
less than 20%, Ni(ll) equilibrium experimental data were underpredicted, except for very low
concentrations, leading to high MPSD and error. There might be several reasons for this failure,
such as ignoring the physical characteristics of the process in the model or neglecting the
interaction between metal ions and the sorbent at high concentrations 3°7. Unlike the other models
investigated in this study, the IAST model uses the initial metal concentrations to interpret the
equilibrium solid- and liquid-phase concentrations. This model assumes that the solutes in a
competitive adsorption system act independently of each other with no interaction, displacement
effects, and competition. Therefore, providing accurate prediction in the binary adsorption system

is less likely 281,
5.4.2.2 Modelling adsorption isotherms for Ni(11)-Cd(l1) uptake by STPP-CB

Figure 5-4(a) and (b) compare the predicted data of Cd(I1)-Ni(Il) adsorption onto STPP-CB with
the experimental data, and the models’ parameters are listed in Table 5-6. As shown in Figure 5-
4(a) and (b), most of the data points are spread out around the 45 line, revealing that the
experimental adsorption data for the binary systems onto STPP-CB could be represented by the
studied multicomponent isotherm models with varying degree of fit. Similar to adsorption onto
CB in the binary system, the Sips isotherm model was not reliable to fit the metal ions adsorption
onto STPP-CB and showed the worst result for modelling the competitive adsorption system,
having MPSD of 5.64 and high error. Even though this model could successfully fit Ni(ll)
experimental data in the monocomponent system, the Ni(ll) projection by this model was poor,

particularly at low concentrations, with an error exceeding 30%.
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Table 5-6. Parameter values of multicomponent isotherm models obtained from data of the binary system of Ni(Il)
and Cd(Il) onto STPP-CB

STPP-CB
Modified Langmuir Extended Langmuir Extended Freundlich Extended Sips IAST
N KL i ) 2 Ky, Ky, 2 Kgi ) ) ) ) 2 i KL , 2 2
?nTmlollg) oy W R ?nTmol/g) (Ummol) (Limmoly R (minolig) (Ummoyzry M X Yi Z ?mmmlollg) wimmoy M R*OR
Ni(ll)  0.89 1.99 28 0.99 0.81 14 0.99 0.39 3.02 0.12 14 0.0 0.79 0.91 1.72 0.94 096 0.98
0.77
Cd(ll) 0.62 2.82 1.55 0.96 1.40 0.81 0.96 0.82 465 00 014 86 0.99 0.65 2.05 1.03 0.98 0.12
Model
MPSD 0.71 0.69 0.49 5.64 5.98

The modified Langmuir isotherm model provided adequate reproduction of the experimental
data at low concentrations of metals to a certain extent, having MPSD of 0.71 and 0.96 and 0.99
R?, for Cd(Il) and Ni(ll), respectively. According to this model, the K. values, reflecting the
affinity between the adsorbent and the metals in the binary systems, were 2.82 and 1.99 I/mmol
for Cd(I1) and Ni(Il). The modified Langmuir interaction coefficients, ni, were greater than 1.0,
confirming that there were interactions between Cd(I1) and Ni(ll) in the binary system. The overall
metal ions uptake (gm) in the binary system onto STPP-CB was calculated using the extended
Langmuir model as 0.77 mmol/g. The obtained value was noticeably lower than the sum of the
maximum total capacities of Cd(Il) and Ni(ll) ions (1.48 mmol/g) resulting from the single-
component adsorption system based on the Langmuir isotherm. This examination indicated that
Cd(I1) and Ni(ll) adsorption sites might be partially overlapped in the studied binary system.
Furthermore, this observation violated the Langmuir model’s fundamental assumptions, stating
that there is no lateral interaction between the adsorbate molecules, and the affinity of each binding

site for the adsorbate molecules remains uniform 323,

The IAST model incorporated by the Langmuir model from the single-metal system produced a
good fit to Cd(ll) experimental points only in dilute solutions. However, the error increased at
higher concentrations, and the model underpredicted the estimated values of Cd(l1). The IAST also
failed to predict Ni(ll) behaviour in the binary system with high MPSD and more than 30% error.
The TAST’s poor fit can be explained by the heterogeneity of the adsorption sites and the
probability of the interaction of the adsorbates, which are not included in this model 3. A
comparison of MPSD values for different isotherm models showed that the extended Freundlich

model (MPSD = 0.49) exhibited excellent simulation of the experimental data at the whole
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concentration range of Cd(I1) and Ni(ll) ions in binary system onto STPP-CB. This model assumes
multilayer coverage, and as a result, the presence of heterogeneous adsorbent sites on the surface

of the crosslinked chitosan was expected.
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Figure 5-4. Comparison of the experimental and calculated ge values of (a) Cd(l11) and (b) Ni(ll)ions in the binary
system on STPP-CB

5.4.2.3 Characterization and adsorption mechanism for Ni(11)-Cd(l1) uptake

Figure 5-5 shows the SEM-EDS analysis of (a) CB and (b) STPP-CB after adsorption in the
binary system of Ni(Il) and Cd(Il). The EDS results clearly showed signals corresponding to Ni(ll)
and Cd(I1) on both adsorbents, verifying metal ions uptake on their surface. The EDS spectra

confirmed the existence of carbon and oxygen on the adsorbents belonging to the chitosan
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structure, and Au peaks identified in their EDS spectra corresponded to the sample coating. P peak,
detected on STPP-CB (Figure 5-5(b)), validated the success of crosslinking with STPP. Cd(ll)
peak intensity was lower in STPP-CB than CB, which could be specified that CB had a better
affinity for Cd(Il) uptake. This observation is in good agreement with the previous section's
findings and the fact that the crosslinker occupied some amino groups of chitosan, and the residual
amino groups of chitosan were the primary binding sites for metal ions 3%°. The SEM images of
loaded CB and STPP-CB in the binary system are also shown in Figure 5-5(a) and (b), indicating
changes in the surface morphology of the studied adsorbents after adsorption of Ni(ll) and Cd(Il)
in comparison to Figure 5-2(a) and (b) (SEM images before adsorption). The crystal-like structure
in Figure 5-5(a) and different morphology in Figure 5-5(b) compared to Figure 5-2(b) can be
attributed to the presence of Ni(ll) and Cd(Il) on the surface of the adsorbents and their interaction
with CB and STPP-CB functional groups 196315,

()

0 05 1 15 2 25 3 35
Full Scale 214 cts Cursor: 8881 (5 cts)

(b)

T T T T T T T T
0 0s 1 15 2 25 3 35 4
Full Scale 167 cts Cursor: 8881 (0 cts)

Figure 5-5. SEM-EDS element distribution images of (a) CB and (b) STPP-CB after adsorption in the binary
system of Ni(I1)-Cd(Il)

While the leading functional group responsible for metals uptake is amino groups, sodium

tripolyphosphate might occupy some of them because of the ionic interaction between the

positively charged amino groups of chitosan and the negatively charged groups of sodium
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triphosphate 2. Thus, the residual amino groups and the new phosphate groups could be
responsible for the metal ions adsorption on STPP-CB. FTIR can reveal valuable information
about the active sites on the adsorbent surface involved in metal ions adsorption in the binary
system. FTIR spectra of the STPP-CB were recorded before and after the adsorption of Ni(ll) and
Cd(11) in the binary system, shown in Figure 5-6. A decrease and shift in the peak at ~1150 cm™*
corresponding to P=0 stretching vibration occurred in the spectrum after adsorption of metal ions,
indicating that phosphate groups were affected by the adsorption process; thus, they participated
in metal ions adsorption. A remarkable change in the FTIR spectrum was also detected in the
region of 1300-1350 cm?, attributed to C-N stretching vibration and N-H deformation vibration
(amide 111 groups), which was lowered significantly after adsorption. Another vivid change related
to the nitrogen atom bond happened in the wavenumber at ~1600 cm™ corresponding to N-H. There
were no other considerable changes in the peak positions of any other peaks. Considering the lower
adsorption capacity of STPP-CB and the results from FTIR characterization, it is reasonable to
assume nitrogen atoms were the main adsorption sites responsible for the coordinated binding of
Ni(11) and Cd(l1) to STPP-CB.

(b)
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Figure 5-6. FTIR spectra of STPP-CB beads (a) before and (b) after adsorption of Ni(ll) and Cd(ll) in the binary
system of Ni(I1)-Cd(Il)
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5.4.2.4 Selectivity study of STPP-CB for Ni(I1)-Cd(ll) uptake

As discussed earlier, the presence of other metals in the solutions changes the apparent metal
affinity for the active sites compared to the monocomponent system. It means the available
components in the binary adsorption system with different adsorption affinity should compete with
each other for adsorption on the same site. Finding a standard rule to determine how metal
properties influence competitive sorption is generally complicated due to possible adsorbate-
adsorbate and adsorbate-adsorbent interactions 3%, Among various influential factors that
determine the sorption preferences of a sorbent, it seems that the binding of metal ions on sorbents
mainly depends on the physicochemical characteristics of metals, including ionic radii, atomic
weight, electronegativity, hydrolysis constant, and softness of metals in the system 3", Some of
the physicochemical properties of Cd(I1) and Ni(Il) ions are tabulated in Table 5-7 18318 While a
combination of mentioned properties affects the metal ions competitive adsorption, some studies
concluded that metal ions with higher electronegativity and hydration energy could be adsorbed at
the adsorption site more readily 31°. Selective separation of Cd(lI) from Ni(ll) in a binary system
onto STPP-CB was investigated in this study by calculating the selectivity coefficient presented in
Eq. (5-19). The selectivity coefficient for Ni(Il) (anicd) varied from 1.18 to 4.28, confirming that
the modified chitosan bead had better selectivity for Ni(ll) rather than Cd(Il) as all the values were
above unity. Different behaviour was also reported in the literature depending on the available

components and employed adsorbent, where Cd(l11) and Ni(ll) presented in the adsorption system
127,151,320,321

Table 5-7. Metal ion characteristic parameters

Metal lonic radius Electronegativity Hydrolysis Hydration enthalpy
(pm) (Pauling) constant (kJ/mol)

Ni(ll) 69 1.91 9.9 -2,106

cd(ln 95 1.69 10.1 -1,806

Constructing a three-dimensional plot may be a suitable graphical method to evaluate the
experimental data of both single and binary adsorption systems in which the metal uptake (z-axis)
is plotted as a function of the final equilibrium concentrations of two metal ions (x- and y-axis).
The results of this examination are depicted in Figure 5-7. The isotherms of each metal in a
monocomponent system can be seen in the corresponding vertical planes, where the other metal

concentration is zero. As shown in Figure 5-7, the presence of co-ion in the system diminished the
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adsorption uptake of metal ions compared to a single-component adsorption system, and this
decrease was roughly 54% for Ni(ll) (Figure 5-7(b)) compared to 49% for Cd(Il) (Figure 5-7(a)).
Generally, the extent of reduction in the uptake in a binary adsorption system is affected by several
factors, including the adsorbent initial concentration as well as its characteristics and molecular

structure 322,
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Figure 5-7. Mono and binary adsorption data of (a) Cd(ll) and (b) Ni(ll) on STPP-CB

5.4.3 Desorption

Desorption studies are necessary to assess the feasibility of recovering adsorbed metals and
regenerating the adsorbent for further usage. Different eluents have been studied for the desorption
of chitosan-based adsorbents loaded by Ni(ll) and Cd(ll), including acidic eluents such as HCI,
HNO3, H2S04 17717, chelators (i.e. EDTA) ¥ and salt agents (i.e. NaCl) %%, In this study, H20
and a mixture of NaCl and H>SO4 solutions were used as eluents for the desorption of loaded
STPP-CB in the binary system. The desorption percentage of Ni(ll) and Cd(Il) (Eq. (2)) are
tabulated in Table 5-8. The mixture of 0.2 mol/L NaCl and 0.01 mol/L H2SO4 showed good
desorption results for Ni(Il) and Cd(Il), showing 87.6% and 90.1%, respectively. It should be noted

that the desorption was complete around 48 h, indicating that desorption was a slow process.
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Table 5-8. Desorption percentage of Ni(Il) and Cd(ll) ion from STPP-CB

Eluent Desorption (%)

Ni(ll) Cd(ln
H,O 0.42 0.35
NaCl (0.2 mol/L) + HSO4 (0.01 mol/L) 87.6 90.1

5.5 Conclusion

A non-toxic crosslinker, sodium tripolyphosphate, was employed to crosslink synthesized
chitosan beads. SEM analysis and solubility/swelling tests were conducted, which confirmed the
crosslinking reaction occurrence. The optimum conditions for adsorption tests were determined,
including the adsorbent dosage (0.55 g/L) and pH (6.5). Mono and binary component adsorption
systems of Cd(I1)-Ni(1l) on CB and STPP-CB were investigated under optimum conditions. The
results indicated that Langmuir could accurately fit the experimental data in the monocomponent
system. The obtained maximum adsorption capacity of Cd(ll) and Ni(ll) onto CB were 1.06 and
1.36 mmol/g, respectively, which decreased to 0.61 and 0.89 mmol/g after crosslinking. Extended
Freundlich provided a reasonable estimation for the binary system of Cd(I1)-Ni(Il) onto CB and
STPP-CB, suggesting a heterogeneous adsorption system. The selectivity coefficient (aniica) Of
STPP-CB was greater than unity in the range of concentrations studied, showing selectivity in
Ni(Il) adsorption. From the SEM-EDS and FTIR characterizations, before and after adsorption, it
was concluded that two binding sites were involved in Cd(I1) and Ni(Il) adsorption on STPP-CB
surface, including NH. and P-O". A mixture of NaCl and H.SO4 was found to be an appropriate
eluent for the desorption of Ni(11) and Cd(l1) from loaded STPP-CB, having a desorption efficiency
of 87.6 and 90.1%, respectively.

5.6 References

The references are merged with those of the other chapters' references and presented at the end
of the thesis.
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6 Synthesis, characterization, and performance evaluation of ion-
imprinted crosslinked chitosan (with sodium tripolyphosphate)

for cadmium biosorption®

Keywords: Heavy Metals; Cd(I1); Adsorption Isotherm; Thermodynamics; Kinetics; Desorption

6.1 Abstract

This study examined the removal of cadmium from aqueous solution using novel Cd(ll)-
imprinted chitosan hydrogel beads crosslinked by sodium tripolyphosphate. The synthesis of ion-
imprinted and non-imprinted crosslinked chitosan beads was confirmed using Scanning Electron
Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR), and Thermogravimetric
Thermal Analysis (TGA). Brunauer-Emmett-Teller (BET) analysis showed an increase in surface
area after the ion imprinting process. Batch adsorption tests were performed to determine the
adsorption process parameters such as initial pH (7.0), adsorbent dosage (0.65 g/L), and contact
time (48h). Isotherm investigation showed that the Langmuir model could describe Cd(ll)
adsorption well, and the maximum adsorption capacity of the ion-imprinted chitosan was 21% +
5 higher than that of the non-imprinted one. The computed thermodynamic parameters at three
different temperatures (25, 40, 55 °C) showed the spontaneity and endothermic nature of Cd(Il)
adsorption on the synthesized bio-sorbents. The kinetics data were best fitted by the pseudo-
second-order equation with a coefficient of determination of 0.99. Additionally, desorption tests

employing a solution of NaCl and H2SO4 were undertaken, yielding acceptable results.

4 A version of this chapter is published in Journal of Environmental Chemical Engineering
(https://doi.org/10.1016/j.jece.2022.107147 )
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6.2 Introduction

The quality of water resources has deteriorated over the last decades due to human activities and
the discharge of industrial effluents 24732, Dyes, oil spills, pharmaceuticals, pesticides, and heavy
metals are among the top priority pollutants 108199324325 Among them, aquatic system pollution
by heavy metals (HMs) has become a severe global issue because of their adverse impact on
aquatic life, human health and the environment 247326, HMs are discharged to the environment
from different sources such as mining operations, electroplating, ore refining, and the usage of
batteries and fertilizers. Chromium (Cr), Cadmium (Cd), Mercury (Hg), Copper (Cu), Lead (Pb),
and Arsenic (As) are classified by the United States Environmental Protection Agency (USEPA)
as the main HMs of concern due to their persistence and irreversible toxic properties *2”. Therefore,

multiple approaches such as ion flotation 2!, chemical precipitation 28 chemical

329 330 catalysis *3*, membrane filtration 3%?

coagulation/flocculation °<°, ion exchange , and adsorption
333 have been extensively studied in the literature to remove heavy metals from industrial effluents.
The literature indicates that conventional treatment methods have several drawbacks and
shortcomings, including high energy and capital requirements, incomplete removal, and secondary
waste production 334, As a result, recent research studies have been directed towards developing
more sustainable, affordable and efficient techniques, concluding that adsorption could be a viable

alternative because of its technical, economic, and environmental advantages over the others 19333,

Various adsorbents such as activated carbon 333, polymer-based materials 2°2, biomaterials 3%,
industrial residues ¥, and agricultural wastes 33, have been widely applied for heavy metals
removal 33, Given the high surface area and adsorption capacity of activated carbon, this adsorbent
has been the primary choice for wastewater treatment for many years. However, its application has
been steadily restricted because of its high production and regeneration costs 24"3*°_ Consequently,
the utilization of abundant biomaterials, such as agricultural and industrial waste products, has
received substantial attention due to their economic feasibility and environmental significance
69.340 As a result, the adsorption capacity of different adsorbents derived from agricultural residues
such as rice husk 338, nutshells 34, fruit peels 3, as well as marine industry wastes, i.e.,
alga/chitosan-based materials 19726%3% have been reported in the literature for Cd(l1) uptake, the

seventh most toxic HMs based on Agency for Toxic Substances and Disease Registry (ATSDR)
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ranking 3*3. According to the literature, chitosan offers several advantages such as non-toxicity,
biodegradability, reusability, and ease of synthesis and modification °’. Chitosan can be obtained
by partial deacetylation of chitin, the second most abundant biopolymer in nature after cellulose.
Chitin is commonly found in crab, shrimp, and lobster shells, which are normally discarded by the
seafood processing industry 1. Hence, converting seafood wastes to chitosan can provide an
effective bio-sorbent and, at the same time, serves as a sustainable solution for managing seafood

sector wastes 199344,

Despite chitosan’s excellent adsorption properties, it shows low mechanical and chemical
stability, especially in acidic media, limiting its application in large-scale treatment systems 6. As
a result, several chemical and physical modification techniques have been developed to improve
chitosan physiochemical properties °°. The majority of employed procedures involve
crosslinking reactions, in which chitosan chains are connected to one another, resulting in chitosan
which has a low solubility in dilute organic and mineral acids 2. In this context, different
crosslinkers have been introduced in the literature, including Glyoxal 3%, Epichlorohydrin 2%,
Glutaraldehyde 1%, and Ethylene Glycol Diglycidyl Ether 3%, However, most of the investigated
crosslinkers are environmentally hazardous and costly, preventing the use of chitosan as a low-
cost, green bio-sorbent for HMs adsorption. Therefore, using a non-toxic, low-cost crosslinker,

such as sodium tripolyphosphate, is more desirable 347

In previous work, the ionic crosslinking of chitosan was successfully accomplished using sodium
tripolyphosphate to strengthen the chitosan structure. The results indicated that the adsorption
efficiency of the crosslinked chitosan decreased by increasing the crosslinking degree %. This
observation can be explained by the fact that crosslinking reduces the number of amino and
hydroxyl groups in chitosan, which serve as the main sites for metal ion adsorption 3. Thus,
researchers have investigated different strategies to mitigate this issue °. Recently, ion imprinting
technology has been introduced to produce crosslinked chitosan with enhanced adsorption capacity
19127 This technique has been successfully applied to different polymers, resulting in adsorbents
with high recognition properties based on the coordination geometry, charge, and size of the

template ion used 3434, Preparing ion-imprinted crosslinked adsorbents involves three stages:
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attaching template ions to the adsorbent matrix, crosslinking, and finally removing the template

ions using a desorption agent 1%°.

Different ion-imprinted chitosan-based adsorbents have been synthesized and employed to
remove HM ions from drinking water, surface water, and wastewater, demonstrating considerably
higher adsorption capacity compared to non-imprinted crosslinked adsorbents 8278, Additionally,
it has been demonstrated that ion-imprinted adsorbents show predetermined selectivity for the
given target ion in mixed ions solutions because of the interaction between monomers and
templates 123188 Rahangdale and Kumar **7 employed acrylamide grafted chitosan-based ion-
imprinted polymer to recover cadmium from nickel-cadmium battery waste, reporting an enhanced
affinity towards Cd(ll) uptake because of ion imprinting and grafting. Although some studies have
been conducted on synthesizing Cd(I1)-imprinted adsorbent for cadmium uptake, Cd(I1)-imprinted
chitosan crosslinked with sodium tripolyphosphate as a non-toxic reagent has not been reported in

the literature 1233%0,

In view of the above, the present study aimed to synthesize ion-imprinted chitosan crosslinked
by sodium tripolyphosphate for cadmium adsorption. Different techniques, including SEM, BET,
FTIR, and TGA, were employed to characterize the synthesized novel ion-imprinted and non-
imprinted crosslinked chitosan hydrogel beads. The effect of adsorbent dosage, initial pH, initial
metal ions concentration, temperature, and contacting time was examined on Cd(ll) adsorption.
Different kinetic and isotherm models were employed to study the experimental equilibrium
adsorption data. The thermodynamic parameters, including AG°, AH®, and AS° were calculated for
the biosorption process. Desorption tests were also conducted to determine the adsorbents'

reusability.

6.3 Experimental

6.3.1 Materials

Chitosan (deacetylation degree = 85%), sulphuric acid (H2SOa4, N/50), sodium chloride (NaCl),
and cadmium sulphate hydrate (3CdSO4-8H.0) were obtained from Fisher Scientific Co.
(Canada). Acetic acid (CH3COOH, 99.9 wt. %) was supplied by VWR (Canada), and sodium
tripolyphosphate (NasP3010), as well as sodium hydroxide (NaOH), were purchased from Sigma
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Chemical Co. (Canada). All chemicals were of analytical grade and used directly without further

treatment or purification.

6.3.2 Preparation of ion-imprinted (I11-CLCB) and non-imprinted (NI-CLCB)

crosslinked chitosan beads

Cd(I)-imprinted chitosan hydrogel beads were prepared using the procedures reported in the
literature with some minor changes to reduce the usage of chemicals harsh to the environment 1%,
Cadmium sulphate hydrate was dissolved in 40 mL dilute acetic acid solution (5% v/v) to give a
Cd?* solution of 12.5 mg/L. Then 1.6 g chitosan (dry weight) was added to the same solution, and
the batch was placed on a magnetic stirrer and mixed for 24h to obtain a homogeneous solution.
The solution was then added dropwise into a flask containing sodium tripolyphosphate (5% wi/v),
which was determined to be the optimal concentration based on the previous study °. Spherical
Cd(I1) complexed chitosan beads were precipitated and left in the solution for 24h. Subsequently,
the beads were separated, washed with deionized water, and transferred to a mixture of sulfuric
acid (0.01 M) and sodium chloride (0.2 M) solution under constant shaking at 150 rpm for three
days in 45 °C £ 5 to extract the template Cd?* from the synthesized hydrogel beads. The resulting
ion-imprinted beads were then washed with deionized water until no Cd?* was detected.
Regeneration of binding sites of ion-imprinted crosslinked chitosan beads (I1-CLCB) was
performed by rinsing the adsorbent with sodium hydroxide (0.5 M) followed by deionized water
and then air-dried. The same procedure was carried out in the absence of the template ion (Cd?*)
addition and removal steps to prepare non-imprinted crosslinked chitosan beads (NI-CLCB).

Figure 6-1 shows a schematic drawing of the 1I-CLCB structure.
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Figure 6-1. Schematic illustration of Cd(Il)-imprinted chitosan crosslinked with sodium tripolyphosphate (11-
CLCB)

6.3.3 Characterization of synthesized adsorbents

The surface topography was analyzed with a JEOL JSM-7500F Scanning Electron Microscopic
(SEM), operating at an acceleration voltage of 3.0 kV. The specimens were coated with gold before
the SEM analyses to prevent charging. The adsorbents' specific surface area, total pore volume,
and pore diameter were measured by N adsorption-desorption isotherms at 77 K using an
Accelerated Surface Area and Porosimetry Analyzer (ASAP 2020, Micromeritics Co.) and
computed using Brunauer—Emmett-Teller (BET) method by the Micromeritics Software. Fourier
transform infrared spectroscopy (FTIR) was performed for the characterization of NI-CLCB and
1I-CLCB bands in the range from 450 to 4000 cm™ (Thermo Fischer, Nicolet 6700) with the
support of the attenuated total reflectance (ATR) sampling method. Thermal gravimetric analysis
(TGA) was performed with Q5000 SA analyzer in the temperature range of 25-700 °C at a heating

rate of 10 °C/min to obtain information about the thermal stability of the synthesized adsorbents.

6.3.4 Batch adsorption experiment

The batch adsorption experiments were carried out in 125 mL Erlenmeyer flasks filled with 50

mL of Cd(l1) solution to investigate the effect of different factors on Cd(Il) adsorption. A specified
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amount of the adsorbent (either NI-CLCB or 1I-CLCB) was placed into the solution, shaking at an
agitation speed of 225 rpm for 48h, at room temperature, unless otherwise stated. The initial pH
effect on the cadmium(l1) (50 mg/L) adsorption process was investigated in the range of 4.0-8.0 +
0.2 (monitored by HACH (HQ40D)), and the pH was adjusted by sodium hydroxide/sulfuric acid
solution (0.1 M). The adsorbent dosage effect was also examined by varying the amount of the
adsorbent from 0.25 to 1 g/L. Once the adsorption system reached the equilibrium, the residual
concentration of Cd(ll) in the solution was analyzed by an AAS (PinAAcle 500, Perkin Elmer),
and the amount adsorbed per unit mass of adsorbent, ge (mmol/g), was calculated as follows:

(CO - Ce) V
A\

Je = 6-1
where Co (mmol/L) is the initial, and C. (mmol/L) is the equilibrium concentrations of adsorbate
in the solution, V (L) is the solution volume, and W (g) represents the weight of the dry adsorbent.
Each test was carried out with three replicates, and the mean was used unless otherwise stated. The

control experiments were also conducted to monitor any weight loss.
6.3.4.1 Batch adsorption isotherm studies

A weighed amount of the adsorbent (equivalent to 0.65 g/L) was added to flasks containing 50
mL Cd(ll) solution, with different initial concentrations ranging from 10 to 1500 mg/L. The flasks
were shaken at 225 rpm for 48h at room temperature (~25 °C). After reaching equilibrium, samples
were filtered, and the adsorption capacity was calculated using Eq. (6-1). Different isotherm
models, including Langmuir **’, Freundlich *8, Temkin ***, and Dubinin-Radushkevich (D-R) 2%,
were employed to describe adsorption isotherm data. The linearized forms of the isotherm models
are listed in Table 6-1 1. Coefficient of determination (R?) and Root Mean Square Error (RMSE)

were calculated to assess the best-fit isotherm model.
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Table 6-1. Linear forms of isotherm models and their parameters

Isotherm equations Isotherm parameters
Langmuir g.: The amount of adsorbate per unit mass of adsorbent weight (mmol/g)
Ce 1 Ce Ce: The equilibrium concentration of adsorbate (mmol/L)

de Kidm  Gm gm: The maximum adsorption capacity (mmol/g)

K¢: The Langmuir constant related to the adsorption energy (L/mmol)

Freundlich ge: The amount of adsorbate per unit mass of adsorbent weight (mmol/g)
1 . I .

logq. = logKy +—logC, Ce: The equilibrium concentration of adsorbate (mmol/L)

n 1/n: The Freundlich constant related to the adsorption intensity

Ke: The Freundlich constant related to the adsorption capacity ((mmol/g).(L/mmol)®™)

Temkin ge: The amount of adsorbate per unit mass of adsorbent weight (mmol/g)
RT RT : ilibri i
= b_ln Ky + b_ln C. C.: The equilibrium concentration of adsorbate (mmol/L)
T T br: The Temkin constant related to the heat of adsorption (J/mol)
RT
B= o Kr: The Temkin constant related to the binding energy (L/mmol)
T
R: The universal gas constant (8.314 J/mol/K)
T: The absolute temperature
B: The Temkin constant
Dubinin-Radushkevich ge: The amount of adsorbate per unit mass of adsorbent weight (mmol/g)
In g, = In qp, + Ke? Ce: The equilibrium concentration of adsorbate (mmol/L)

1 : i i i
£ = RTIn(1 + C_) gm: The maximum adsorption capacity (mmol/g)
e

K: The activity coefficient related to the adsorption mean free energy (mol?/kJ?)
E = (2K)7/ €: The Polanyi potential (J/mol)

E: The mean free energy of adsorption per mole of the adsorbate (kJ/mol)
R: The universal gas constant (8.314 J/mol/K)

T: The absolute temperature

6.3.4.2 Effect of temperature

To evaluate the effect of temperature on Cd(l1) adsorption on NI-CLCB and II-CLCB, 0.65 g/L
of dry beads was added to a series of flasks filled with 50 mL of the metal ions solution (50 mg/L)
with the initial pH of 7.0 £ 0.2. The flasks were agitated in an incubator shaker running at 225
rpm for 48h, at different temperatures including 25, 40, and 55 °C. The Cd(Il) uptake was

calculated at equilibrium using Eq. (6-1).
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6.3.4.3 Effect of contact time

The effect of contact time on Cd(Il) adsorption onto NI-CLCB and 11-CLCB was investigated
by placing 0.65 g/L of the adsorbent in a series of flasks containing 50 mL of Cd(ll) solution (50
mg/L). The mixture pH was adjusted to 7.0 = 0.2 and kept in constant agitation at 225 rpm and
room temperature for 5, 10, 20, 30, 60, 180, 360, 680, 1440, 2880 and 4320 min. Sampling was
performed from each beaker, and the adsorption capacity was calculated using Eq. (6-1). The
adsorption kinetics of Cd(l1) adsorption was evaluated using pseudo-first and second-order Kinetic

models, and the intra-particle model tested diffusion impact.

6.3.5 Desorption Studies

After loading the adsorbents with 50 mg/L Cd(Il) solutions, they were separated through
filtration, gently rinsed with de-ionized water, and air-dried. The dried beads were equilibrated
with 50 mL NaCl (0.2 M) and H2SO4 (0.01 M) solution for 48h, and AAS was employed to
determine the amount of desorbed metal ions. Each experiment was conducted in duplicate, and
the average value was used. The percentage of desorption was calculated using the following
equation (Eg. (6-2)):

) amount of metal ions desorbed 6-2
Desorption% = - X 100% )
amount of metal ions adsorbed

6.4 Results and discussion

6.4.1 Characterizations of NI-CLCB and 11-CLCB
6.4.1.1 Surface analysis

The BET surface area and total pore volume of NI-CLCB were computed as 5.60 (m?/g) and
3.63x10° (cm%/g), respectively. For 11-CLCB, greater values were obtained (6.20 (m?/g) and
4.04x10° (cm®/g)), implying that the ion imprinting process enhanced the surface area of
crosslinked chitosan to some extent. The average pore diameters of NI-CLCB and I1-CLCB were
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nearly identical, measured at 2.59 and 2.60 nm, respectively, categorized as mesopores, according
to the IUPAC classification 2. The surface morphologies of 11-CLCB and NI-CLCB were also
examined using a scanning electron microscope, and the images are shown in Figure 6-2(a) and
(b). As can be seen, the 11-CLCB surface showed a porous structure compared to the non-granular
surface of NI-CLCB. The morphological change seen after the ion imprinting process can be
explained by the removal of the template ions from the II-CLCB surface and the subsequent
formation of imprinted cavities. Other researchers have also documented the porous surface

morphology of the ion-imprinted chitosan-based adsorbents 33,

(a-2)

Figure 6-2. SEM analysis of 11-CLCB (a-1)x5000, (a-2)x10000 and NI-CLCB (b-1)x5000, (b-2)x10000
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6.4.1.2 FTIR analysis

FTIR spectroscopy has been widely used as an analytical technique to characterize chitosan and
sodium tripolyphosphate. Their identified characteristic peaks reported in the literature are
summarized in Table 6-2 21107354357 The FTIR technique was employed to characterize the
commercial sodium tripolyphosphate and chitosan (85% DD) used in this study, and the results
are presented in Figure 6-3. Additionally, Figure 6-3 provides the FTIR spectra of NI-CLCB and

I1-CLCB to identify the functional groups involved in crosslinking and imprinting processes.

Table 6-2. FTIR characteristic bands of chitosan and sodium tripolyphosphate

Material Wavenumber (cm™)  Functional Groups
Chitosan 3273 N-H and O-H stretching vibration
2921 and 2877 C-H symmetric and asymmetric stretching
1650 C=0 of amide group
1590 Bending vibration of N—H of the primary amine
1430 Bending vibration of O—H deformation
1370 Bending vibration of C—H group
1153 C—0-C asymmetric stretching
1066 and 1028 C-O stretching
Sodium tripolyphosphate 1210 Stretching vibration of P=0
1130 Symmetric and anti-symmetric stretching vibration of O—P=0
1090 Symmetric and anti-symmetric stretching vibration of PO3
800 Stretching vibration of P-O—P bridge

A comparison between the FTIR spectra of chitosan (Figure 6-3(b)) and NI-CLCB (Figure
6-3(c)) indicated that the peak corresponding to bending vibration of N-H at 1525 cm
disappeared after crosslinking, which can be attributed to the interaction between the negatively
charged triphosphate groups and the positively charged amino groups of chitosan %8, Moreover,
new sharp peaks were detected on chitosan after crosslinking (Figure 6-3(c)) at ~750 and 1000 cm”
1 assigned to the stretching vibration of P-O, which were also identified in the spectrum of sodium
tripolyphosphate (Figure 6-3(a)), verifying the presence of the phosphate groups in crosslinked
chitosan structure . FTIR spectra of chitosan (Figure 6-3(b)) and 1I-CLCB (Figure 6-3(d)) were

nearly identical with a few differences, indicating that the preparation of Cd(ll)-imprinted
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crosslinked chitosan hydrogel beads did not significantly impact chitosan functional groups. As
seen in Figure 6-3(b) and (d), a band at about 3000 cm associated with the stretching vibration
of N-H and O-H was observed on both I1-CLCB and chitosan, whereas it was not identified on NI-
CLCB (Figure 6-3(c)) most likely as a result of their involvement in the crosslinking reaction 24,
Peaks detected at around 850 and 1550 cm™ in the spectrum of 11-CLCB corresponding to the
stretching vibration of P-O and bending vibration of N-H, respectively, confirmed the occurrence
of partial crosslinking with sodium tripolyphosphate as well as the existence of more amino groups
on the 11-CLCB surface compared to NI-CLCB 2%,

(d)
850 emy’!

?
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(b)

3000cm!

(a)

—
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Wavenumber (cm!)

Figure 6-3. FTIR spectra of (a) sodium tripolyphosphate, (b) chitosan, (c) NI-CLCB, and (d) I1-CLCB

6.4.1.3 TGA analysis

TGA technique was used to evaluate the thermal properties of commercial chitosan and sodium
tripolyphosphate, as well as NI-CLCB and II-CLCB, and the results are shown in Figure 6-4. As
demonstrated, commercial chitosan (Figure 6-4(a)) degraded in two steps. The initial weight loss
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of 9-10% in the 30-125 °C range is attributed to eliminating water molecules adsorbed on the
polysaccharides. The second mass loss began at 230 °C and accounted for 49% of the total weight
loss, attributed to chitosan glycosidic bond breakdown 3. Also, the temperature of 50% weight
loss of chitosan was found to be ~350 °C. It is worthwhile to highlight a considerable difference
in the thermal behaviour of sodium tripolyphosphate (Figure 6-4(d)) and chitosan (Figure 6-4(a)),
as the former did not decompose or lose weight except for the evaporation of moisture water at

~110 °C, indicating the high thermal stability of sodium tripolyphosphate 227,
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Figure 6-4. TGA thermographs of (a) chitosan, (b) 11-CLCB, (c) NI-CLCB, and (d) sodium tripolyphosphate

Drawing a comparison between TGA profiles of chitosan/sodium tripolyphosphate (Figure
6-4(a) and Figure 6-4(d)) and NI-CLCB (Figure 6-4(c)) could provide insight into the role of
sodium tripolyphosphate in crosslinking 6. As shown in Figure 6-4(c), after the free water
evaporation stage, the second weight loss of NI-CLCB (~28%) started at 200°C and was completed
in two steps at 296°C, which can be corresponded to the destruction of the ionic bond between
chitosan molecules and sodium tripolyphosphate followed by chitosan chains degradation. 50%
weight loss of NI-CLCB took place at 650°C, which was significantly higher than chitosan,
implying that chitosan thermal stability was improved after crosslinking *62. Meanwhile, the I1-
CLCB thermograph (Figure 6-4(b)) showed a two-stage degradation similar to chitosan. The three-
dimensional network formed by ion imprinting and crosslinking proposed retaining more water
than the initial chitosan water content 2°. Therefore, the first stage of 11-CLCB weight loss,

attributed to the evaporation of free water, was slightly higher than chitosan (~3%), which started
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at 90 °C. The second stage accounting for 42% between 210 and 300°C, was due to chitosan and
crosslinker bond destruction and chitosan decomposition. The 50% degradation temperature of 11-
CLCB (~290°C) was lower than that of chitosan and NI-CLCB, indicating that the Cd(ll)-
imprinted adsorbent was less thermally stable. This may be explained by the fact that imprinting
created a mesopore structure, resulting in low thermal stability due to the pores between polymer

chains 33,

6.4.2 Cd(ll) adsorption study
6.4.2.1 Effect of pH and adsorbent dosage

One of the most important factors influencing metal adsorption at solid—water interfaces is the
pH of the aqueous solution. In fact, different pHs change the availability of metal ions in the
solution as well as the metal-binding sites on the adsorbent surface 364, As indicated in the
literature, cadmium remains present in the form of Cd?* at pH < 8.0 in dilute solutions and the
precipitation of Cd(Il) as hydroxide starts at higher pHs **°. Hence, the effect of hydrogen ion
concentration on the extent of Cd(I1) adsorption on NI-CLCB and 11-CLCB was investigated in a
pH range of 4.0 to 8.0 £ 0.2, shown in Figure 6-5. Experiments were not carried out at pHs below
4.0 because the amino groups of chitosan as the primary sites for metal ions uptake undergo
protonation, hindering the metal ions interaction with binding sites **°. Quite the opposite, at higher
pHSs, the presence of free lone pair of electrons on nitrogen atoms of chitosan amino groups serves
as the active adsorption site with a high affinity for metal ions adsorption 1. It can be seen from
Figure 6-5 that the adsorption uptake of both adsorbents increased by increasing pH. Kumar et al.
366 also reported a similar trend in the adsorption of Cd(II) on crosslinked chitosan/polyvinyl
alcohol blend beads. The results indicated that Cd(Il) adsorption on 1I-CLCB was approximately
25% higher than NI-CLCB in the pH range examined. This observation was expected because the
larger surface area of 11-CLCB compared to NI-CLCB provided a greater number of bindings sites
for Cd(l1) adsorption 3%, In addition, the lower removal efficiency of NI-CLCB can be ascribed to
crosslinking reaction, in which the available free binding sites responsible for metal ions sorption
were occupied by sodium tripolyphosphate, which is consistent with FTIR results %. Considering
the results and the tendency to work in neutral pH, pH 7.0 was selected for the following adsorption

experiments.
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Figure 6-5. Effect of pH on the adsorption of Cd(ll) (50 mg/L) onto NI-CLCB and 11-CLCB with dosage 0.65 g/L
at room temperature

The quantity of bio-sorbent in the solution can also affect the extent of metal ions uptake 4. The
dependence of Cd(ll) adsorption on adsorbent dosage was investigated by changing the amount of
the 11-CLCB from 0.25 to 1 g/L. The results indicated that the percentage of Cd(Il) removal
increased with increasing adsorbent dosage. This observation was expected because a higher
dosage of I1I-CLCB in the solution provided more available sites for the metal ions' adsorption. On
the other hand, the apparent adsorption capacity calculated by Eq. (6-1) decreased with an increase
in adsorbent dosage. The reduction in adsorption capacity can be explained by the fact that some
adsorption sites remained unsaturated by increasing the adsorbent mass *%°. Therefore, the
optimum dosage of 11-CLCB was determined as 0.65 g/L in which the Cd(ll) removal percentage

and adsorption capacity were maximum concurrently.
6.4.2.2 Adsorption isotherm study

Investigating the influence of Cd(Il) concentration on the adsorption uptake was necessary to
develop the applications of the adsorbents 3®°. Hence, the initial Cd(ll) concentration varied from
10 to 1500 mg/L, and the adsorption uptake of Cd(I1) onto NI-CLCB and 11-CLCB were recorded.
Each test was conducted in duplicate, and the mean was used. Isotherm models can help explain
how the adsorbate interacts with the adsorbent; therefore, different equilibrium models have been
developed and used in the literature °%24, Searching for an equilibrium model that interprets the

experimental data of this work satisfactorily was accomplished by fitting the data to Langmuir,
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Freundlich, Temkin and Dubinin-Radushkevich isotherm models. Figure 6-6 shows the employed
isotherm models and the collected experimental data for Cd(Il) adsorption on NI-CLCB (Figure
6-6(a)) and II-CLCB (Figure 6-6(b)). As depicted in the figure, the adsorption uptake of both
adsorbents increased progressively as the Cd(Il) initial concentration increased and reached
saturation, giving the maximum Cd(ll) adsorption capacity. The maximum Cd(Il) adsorption of
I1-CLCB was found to be 21% = 5 higher than that of NI-CLCB, indicating that the synthesis of
ion-imprinted adsorbent successfully enhanced the adsorption properties of 11-CLCB.
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Figure 6-6. Experimental data and adsorption isotherm models of Cd(I1) on (a) NI-CLCB and (b) 11-CLCB with
dosage 0.65 g/L at room temperature

Table 6-3 lists the computed isotherm models parameters, their linear fitting correlation
coefficients (derived from the intercept and slope) as well as RMSE. The results indicated that the
Langmuir isotherm model provided the best correlation (R?= 0.99) between the experimental data
and theoretical predictions for NI-CLCB and 1I-CLCB with RMSE less than 0.1 mmol/g.
Therefore, the monolayer adsorption played the main role in Cd(Il) adsorption onto the studied
adsorbents with finite biosorption sites *4¢. The maximum adsorption capacity of NI-CLCB and I1-
CLCB calculated using the Langmuir model was in the order of 11-CLCB (1.05 mmol/g) > NI-
CLCB (0.87 mmol/g), demonstrating the greater adsorption efficiency of the synthesized ion-
imprinted adsorbent. In comparison, the Freundlich model did not match the adsorption data,
showing lower determination coefficients (R? = 0.87 and 0.89) and higher RMSE values (0.17 and
0.16 mmol/g). Also, the Freundlich plot failed to display the plateau at high aqueous
concentrations, denoting the maximum saturation shown in the figure. The equilibrium data were
also examined with the Dubinin-Radushkevich (D-R) and Temkin isotherm models. Temkin
empirical isotherm model is characterized by a uniform distribution of the binding energies. This
model is based on indirect adsorbate/adsorbent interaction, assuming that the heat of adsorption of
all the molecules in the layer decreases linearly with coverage #*. Dubinin-Radushkevich isotherm
is generally employed to characterize the mechanism of the adsorption process based on the mean
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biosorption energy value (E) . Considering the estimated R? and RMSE values, Temkin and D-
R isotherm models could not provide a good fit to the experimental data of NI-CLCB and 11-CLCB

compared to Langmuir.

Table 6-3. Isotherm parameters and determination coefficients for biosorption of Cd(Il) on NI-CLCB and II-

CLCB
Isotherm Constants NI-CLCB I1I-CLCB
Langmuir
gm (Mmol/g) 0.87 1.05
K (L/mmol) 3.96 8.06
R? 0.99 0.99
RMSE 0.07 0.09
Freundlich
1/n 0.35 0.28
Kr ((mmol/g).(L/mmol)¥")  0.46 0.65
R? 0.87 0.89
RMSE 0.17 0.16
Temkin
Kt (L/mmol) 79.05 263.59
br (3/mol) 17.99 17.72
R? 0.91 0.94
RMSE 0.10 0.09
Dubinin-Radushkevich
gm (Mmol/g) 0.78 0.97
K (mol?/kJ?) 3.00x10®  2.00x10®
E (kd/mol) 4.08 5.00
R? 0.92 0.95
RMSE 0.09 0.11

The adsorption capacity of some chitosan-based adsorbents from the literature is listed in Table
6-4 for comparison purposes. As shown in the table, the adsorption capacity of 11-CLCB was
within the range of the reported adsorption capacities of other chitosan-based adsorbents, modified
under sophisticated processes and complex chemical reactions. However, the chitosan hydrogel
beads fabricated in this study were formed and crosslinked simultaneously in a single step by a
non-toxic crosslinker. Moreover, ion-imprinting was accomplished under mild experimental
conditions, enabling the preparation of an efficient bio-sorbent for Cd(ll) uptake in a simple and
clean method. It is worth noting that various factors impact the maximum adsorption capacity of
adsorbents, including temperature, time, initial concentration, adsorbent dosage, and pH. As a
result, drawing a comparison between the reported maximum adsorption capacities is difficult

unless the adsorption system is subjected to the same experimental conditions.
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Table 6-4. Adsorption capacity of Cd(ll) onto chitosan-based adsorbents

Adsorption Capacity

Adsorbent pH Reference
(mmol/g)
Magnesium oxide biochar-chitosan 5 0.26 368
Phosphorylated chitosan/CoFe204 composite 5.9-6.1 0.63 369
Magnetic kaolinite immobilized chitosan 6 0.79 310
Magnetic Cd(11)-imprinted aminoethyl chitosan 6 0.23 22
Chitosan-based hydrogel 6 0.80 252
Crosslinked chitosan by sodium tripolyphosphate 7 0.83 96
Surfactant-modified chitosan using sodium 371
dodecyl sulphate 6.5-7 L1
CS2-modified chitosan encapsulated magnetic 212
. 6 1.76

FesO4 nanoparticles
Thiourea-modified magneticion-imprinted 372

. - - 6-7 2.28
chitosan/TiO2 composite
Cd(ll)-imprinted chitosan crosslinked by sodium 7 110 This work

tripolyphosphate

6.4.2.3 Effect of temperature and thermodynamic study

The adsorption uptake of cadmium(Il) on NI-CLCB and I1-CLCB was also assessed at three
different temperatures, 25, 40 and 55 °C, and the results are shown in Figure 6-7. As seen, the
Cd(I1) uptake by NI-CLCB and I1-CLCB increased sharply by changing the temperature from 25
°C to 40 °C, reaching 0.51 and 0.59 mmol/g, respectively, and marginally increased by further
raising the temperature from 40 °C to 55 °C. The results are consistent with those of Deng et al.
187 who studied the effect of temperature on competitive adsorption of Pb(ll), Cd(lI) and Cu(Il)
onto chitosan-pyromellitic dianhydride modified biochar. The enhancement in adsorption uptake
at elevated temperatures might be attributable to a variety of factors, such as improving Cd(ll)

mobility towards the active sites and enlarging pores 37,
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Figure 6-7. Effect of temperature on the adsorption of Cd(Il) (50 mg/L) onto NI-CLCB and I1-CLCB with dosage
0.65g/L

Thermodynamic parameters of an adsorption process, including free energy AG®, enthalpy AH®,
and entropy AS°, help understand the nature of the adsorption reaction, such as spontaneity,
randomness, and endothermicity/exothermicity 2. Hence, the following equations (Eq. (6-3), (6-

4), and (6-5)) were used to calculate the thermodynamic parameters:

ke = Caq/Ce 6-3
AG® = —RT In k¢ 6-4
Inke =45 /p —AH /o0 6-5

where Ca and Ce are the equilibrium concentration of the adsorbate (mmol/L) on the adsorbent
and in the solution, respectively, and kc is the sorption equilibrium constant. T is the absolute
temperature (K), and R is the universal gas constant (8.314 J/mol/K). The computed
thermodynamic parameters of Cd(11) adsorption on NI-CLCB and I1-CLCB are presented in Table
6-5.
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Table 6-5. Thermodynamic parameters for Cd(I1) adsorption onto NIP-STPP and IIP-STPP

Temperature (K) 293.15 313.15 328.15 293.15 313.15 328.15

Equilibrium Constant (kc) AGe (kJ/mol) AHe(kJ /mol)  ASe (J/mol/K)
NI-CLCB 1.36 3.30 4.04 -0.75  -311  -3.81  29.83 103.43
1I-CLCB 2.60 8.50 13.15 -237 557  -7.03 4421 157.13

As seen in Table 6-5, the estimated values of AG® were negative for both adsorbents, indicating
that Cd(I1) adsorption on NI-CLCB and 11-CLCB occurred spontaneously, whereby no energy
input was required to drive the reactions. At higher temperatures, the AG® values of the adsorbents
became more negative, meaning that the adsorption process was more feasible with a larger degree
of spontaneity in the order of 11-CLCB>NI-CLCB . The estimated positive values of AH°
confirmed that the adsorption process onto NI-CLCB and 11-CLCB was endothermic. Some other
chitosan-based adsorbents used for Cd(Il) adsorption have also exhibited an endothermic
adsorption process 24374 The magnitude of AH® can reveal valuable information about interactions
between the adsorbent and adsorbate. The heat evolved during physical adsorption, such as van
der Waals interaction, is usually lower than 20 kJ/mol; electrostatic interaction falls into the range
of 20-80 kJ/mol; chemisorption bond strength varies between 80-450 kJ/mol &35, The obtained
AH® values of NI-CLCB and 11-CLCB were 29.83 and 44.21 kJ/mol, respectively, indicating
electrostatic interaction was dominant in this study. The positive entropy values for NI-CLCB and
I1-CLCB (103.43 and 157.13 J/mol/K) suggested randomness increase at the adsorbent/adsorbate

interface during the adsorption processes .
6.4.2.4 Kinetics study

Different kinetic models have been employed to simulate the experimental data and investigate
the rate-limiting step of the adsorption process. The pseudo first-order and pseudo-second-order
equations are primarily used to simulate metals biosorption, where electrons are shared or
exchanged between metal ions and functional groups **3. The intraparticle diffusion model, which
emphasizes the role of mass transfer in hydrogel beads, has also been successfully applied in the
literature for describing the kinetics of metal ions sorption 3. The equations of the models are
presented below (Eq. (6-6), (6-7), (6-8)):

[145]



Pseudo first-order equation:

gt = qe(1 — exp(—k;t)) 6-6
Pseudo second-order equation:
2
qt = ﬂ 6_7
1+k,qet

The intraparticle diffusion equation:

Qe = kpt/2 +C 6-8

where gt and ge (mmol/g) are the amounts of adsorbate on the adsorbents at time t and equilibrium,
respectively. ki (1/min) and k> (g/mmol/min) are the rate constants of pseudo first-order and

pseudo-second-order kinetic models and km (mmol/g/min*?) is the intraparticle diffusion constant.
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Figure 6-8. Effect of the contact time on the adsorption of Cd(I1) (50 mg/L) onto NI-CLCB and 11-CLCB with
dosage 0.65 g/L

Figure 6-8 depicts the influence of contact time on Cd(I1) adsorption on NI-CLCB and I1-CLCB.
As seen from the figure, both adsorbents' adsorption rates were initially fast, then gradually slowed

until they reached equilibrium. The availability of abundant adsorption sites can explain the fast
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adsorption rate at the beginning, which declined slowly as the number of active sites decreased
after becoming occupied during adsorption 3. The adsorption capacity of NI-CLCB remained
stable after 18h; however, 11-CLCB continued to increase until 48h. Consequently, this period was

selected in this work to ensure ample time to attain adsorption equilibrium.

The linear form of pseudo first-order and pseudo second-order were employed to simulate the
adsorption data and the corresponding kinetics parameters. The correlation coefficients computed
from the slopes and intercepts of the plots are given in Table 6-6. As indicated, R? values of NI-
CLCB and I1-CLCB from the pseudo-second-order kinetic model were 0.99, which exceeded the
results obtained by the pseudo-first-order kinetic model. Moreover, the theoretical ge values
calculated using the pseudo second-order were remarkably close to the experimental data in the
order of 1I-CLCB>NI-CLCB, shown in Table 6-6. These observations suggested that the pseudo-
second-order model was more suitable than the pseudo-first-order kinetic model to describe the

experimental data, implying that the surface reaction might be the rate-limiting step 8.
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Table 6-6. Adsorption kinetics parameters for Cd(11) adsorption onto NI-CLCB and 11-CLCB

Isotherm Constants NI-CLCB II-CLCB

Pseudo-first-order model

ln(qe - qt) =Inge — kqt

Measured ge (mmol/g) 0.40 0.51
Calculated ge (mmol/g) 0.17 0.61
ki1 (1/min) 1.40x10°  6.00x10*
R? 0.84 0.94

Pseudo-second-order model

t/qe = 1/k,q% + t/qe

Measured ge (mmol/g) 0.40 0.51
Calculated ge (mmol/g) 0.40 0.52
K2 (1/min) 0.05 0.02
R? 0.99 0.99

Intraparticle diffusion model

Qe = kt/2 4+ C

km,1 (mmol/g/min*2) 2.21x102%  2.22x107?
km2 (Mmol/g/min'2) 3.80x103  9.60x10%
km,3 (mmol/g/min*2) 6.00x10*  1.50x107

The adsorption mechanism on a porous adsorbent is usually a multi-step process, and it is critical
to understand the steps involved in the adsorption process 1°2. These steps may include adsorbate
transfer from the bulk solution, intraparticle diffusion in the pores and solid phase, followed by
adsorption on the adsorption sites (chemical reactions) 3°. The intraparticle model was adopted to
investigate the rate-controlling step, and therefore the plot of gt versus t*2 was drawn, shown in
Figure 6-9. If intraparticle diffusion is involved in the biosorption process, the plot of uptake
should be linear, and intraparticle diffusion controls the rate if the line goes through the origin 3%,
However, the Cd(Il) adsorption plots indicated three consecutive steps during the adsorption
process. NI-CLCB showed a slightly faster process than I1-CLCB for the first stage corresponding
to the boundary layer or external film diffusion. However, the NI-CLCB rate was slower than Il-
CLCB in the second portion attributed to metal diffusion in adsorbent pores and regions. This
observation is supported by the fact that metal ions found it more difficult to access the active sites
of NI-CLCB due to crosslinking, as opposed to 1I-CLCB, which has mesopores on its surface 38,
The adsorption rate started to slow down in the last stage, belonging to diffusion in micropores or

chemical equilibration, because of the low concentration of adsorbate concentration in the solution,
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and the adsorption reached equilibrium 109. According to the obtained data, it was concluded that
chemical sorption controlled the adsorption rate of Cd(ll) on NI-CLCB and II-CLCB since the
intraparticle diffusion step line (stage 2) did not pass through the origin, which is in agreement
with the pseudo-second-order assumptions as of the best fit model to the experimental data 353,
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Figure 6-9. Intraparticle diffusion kinetics of the adsorption of Cd(I11) on NI-CLCB and 11-CLCB

6.4.2.5 Adsorption mechanism

Different mechanisms have been reported in the literature for HMs adsorption on chitosan-based
adsorbents, such as chemical interactions (i.e. chelation) and electrostatic interactions (i.e. ion
exchange), depending on the surface functional groups and pH of the solution 130187.381382
Normally, the lone pair of electrons on the N and O atoms on chitosan (from amino and hydroxyl
groups) can be provided to the metal ions' vacant atomic orbitals to form coordination complexes,
subject to the availability of amino and hydroxyl groups *. However, the FTIR analysis showed
that ionic crosslinking with sodium tripolyphosphate partially consumed chitosan amino and
hydroxyl groups, thus not completely available for cadmium(ll) binding. On the other hand,
Sureshkumar et al. 2, who studied the adsorption of uranium uptake on chitosan crosslinked with
sodium tripolyphosphate, reported that phosphate groups of sodium tripolyphosphate contributed
to metal ions' adsorption in addition to the remaining amino groups of chitosan, confirmed by
Babakhani and Sartaj 2%°. According to the obtained results from the isotherm and Kinetics studies,

it was concluded that chemisorption on the monolayer surface controlled Cd(Il) adsorption onto
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NI-CLCB and II-CLCB. Also, the thermodynamic studies suggested that electrostatic reaction was
dominant. Taking everything into account, it is plausible to suppose that Cd(Il) adsorption onto
NI-CLCB and 11-CLCB occurred on two different binding sites: the remaining amino groups of
chitosan and phosphate groups of sodium tripolyphosphate. The former is attributed to chemical

reactions, and the latter to ion exchange.

6.4.3 Cd(ll) desorption study

Desorption studies are necessary from environmental, economic, and practical points of view to
recover metal ions adsorbed on the adsorbent surface and regenerate the adsorbent for future reuse.
Hence, different eluents have been adopted in the literature for the desorption of chitosan-based
adsorbents saturated with heavy metals, such as acidic eluents 177, chelators 2!, and salt regents
309, Choosing an appropriate desorption agent is critical for chitosan-based adsorbents; the
desorption agent should be inexpensive, non-toxic to the environment, and non-destructive to the
chitosan, as well as capable of restoring the chitosan's physical and adsorption properties to near-
original levels. All things considered, a solution of NaCl (0.2 M) and H2SO4 (0.01 M) was used in
this study for the desorption of loaded NI-CLCB and II-CLCB. The Cd(Il) desorption rates
calculated using Eqg. (6-2) are tabulated in Table 6-7, showing acceptable results in the order of
NI-CLCB > II-CLCB.

Table 6-7. Desorption percentage of Cd(Il) ion from NI-CLCB and II-CLCB

Eluent Desorption%

NI-CLCB 11-CLCB
NaCl+H,S04

91.2 86.4

6.5 Conclusions

lon-imprinted and non-imprinted crosslinked chitosan hydrogel beads were synthesized and
examined for cadmium adsorption from aqueous solution. The SEM, BET, FTIR, and TGA were
applied to characterize the adsorbents and confirm the successfulness of crosslinking and
imprinting processes. The cadmium(I1) adsorption rate was investigated by changing the initial pH
and adsorbent dosage, and their optimum values were determined. Among different isotherm

models examined for fitting to the experimental data, Langmuir was found to be more suitable.
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This model Cd(Il) maximum adsorption capacity onto NI-CLCB and 11-CLCB were 0.87 and 1.05
mmol/g, respectively, demonstrating the better removal efficiency of the latter. The
thermodynamics study revealed that the Cd(I1) adsorption was spontaneous and endothermic. The
kinetics assessment showed pseudo-second-order rate equation governed the kinetics adsorption
of Cd(Il) on both adsorbents, and electrostatic interaction was the dominant adsorption
mechanism. The obtained results suggested that the amino and phosphate groups were the main
biding sites for Cd(lI1) uptake. Using a mixture of NaCl and H2SO4 was effective for the desorption
of loaded adsorbents.

6.6 References

The references are merged with those of the other chapters' references and presented at the end
of the thesis.
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7 Competitive adsorption of Cd(I1), Ni(Il) and Co(ll) onto ion-
imprinted crosslinked chitosan: characterization and isotherm

studies®

Keywords: Heavy Metals, Chitosan, Multicomponent, Adsorption, lon-imprinting, Crosslinking

7.1 Abstract

The purpose of this research was to synthesize a green chitosan-based adsorbent for the selective
adsorption of Cd(Il) from a multi-solutes phase containing competitive ions of Ni(ll) and Co(ll).
Accordingly, chitosan beads were synthesized and modified in two steps, including crosslinking
and ion imprinting, to improve physicochemical properties, adsorption capacity, and selectivity of
the adsorbents. The characterization of the prepared bio-adsorbents was performed using XRD and
BET, confirming the superior properties of modified chitosan beads. The adsorption efficiency of
the synthesized adsorbents was studied in mono- and multi-component batch adsorption systems.
The Langmuir isotherm showed the best fit for the mono-component system's experimental data,
and the maximum adsorption capacity of ion-imprinted crosslinked chitosan was in the order of
Cd(Il) (1.06 mmol/g) > Co(ll) (0.68 mmol/g) > Ni(ll) (0.38 mmol/g). The Extended Langmuir
model fitted the experimental results from the multi-component system, indicating that ion-
imprinted crosslinked chitosan had a higher total metal uptake (1.33 mmol/g) with better
selectivity toward Cd(ll) uptake compared to non-imprinted crosslinked chitosan (p > 1.35). The
adsorption mechanism was investigated using SEM-EDS and FT-IR techniques, suggesting that
the adsorption was governed by chemical binding and ion exchange mechanisms in the ternary

system.

5 A version of this chapter is submitted for publication
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7.2 Introduction

The manufacture of electronic devices, such as cellphones, tablets, laptops, has increased
significantly because of technological innovation and market development, leading to the
production of several billion units of batteries across the world 32, Among the different
rechargeable batteries, nickel-cadmium batteries (Ni-Cd) offer some advantages over other kinds,
such as high efficiency at low temperatures, higher charge-discharge rates, and a long lifespan %7
However, Ni-Cd batteries contain a significant amount of heavy metals (HM), such as cadmium
and nickel, accounting for 12-15 wt.% and 15-20 wt.% of the battery, which are notorious for
toxicity *¢. This has resulted in restrictions on using these batteries and replacing them with Nickel-
Metal hydride (Ni-MH) and Lithium-ion (Li-ion) batteries in many countries due to their severe
impacts on the environment and human health *°. In recent years, several studies have been
undertaken to evaluate the environmental impact of Ni-Cd battery waste disposal ®. If not properly
managed, the scrap nickel-cadmium batteries would end up in landfills, resulting in infiltration
into groundwater and soil, and if they enter surface water or accumulate in the soil, they will
adversely affect the plants, animals, and human beings 38*. Apart from the environmental concerns,
the demand for metals present in Ni-Cd batteries such as nickel and cobalt (accounts for 0.6-1
wt.% of Ni-Cd batteries) is increasing, highlighting the importance of recycling waste batteries
and recovering these HMs %838 There are scarce resources that will not be sufficient to meet
future demand. Recycling materials can help conserve resources and delay the depletion of virgin

natural resources, which is a step toward sustainability.

As aresult, several HMs recycling methods have been introduced and developed in the literature,
including pyrometallurgical and hydrometallurgical processes, to recover valuable metals from
Ni-Cd batteries *%’. Pyrometallurgical procedures, which are the conventional techniques, are
expensive and energy-intensive and pollute the environment by releasing fine particles and
hazardous chemicals into the air 4338, On the other hand, hydrometallurgical processes, which are
based on chemical reactions in aqueous solutions at ambient temperature, have gained growing
interest due to their higher efficiency, along with economic and environmental benefits . Among
common purification/separation techniques implemented in hydrometallurgical, biosorption has

attracted increasing attention due to the advantages over the traditional processes such as solvent
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extraction and chemical precipitation #, by offering low operating costs and high efficiency 2132,
The critical point in biosorption is to choose a bio-adsorbent that is both efficient and cost-effective
with an excellent adsorption capacity. In this context, chitosan has received substantial interest
because of its biocompatibility and nontoxic nature, as well as good adsorption characteristics
owing to the presence of free amino and hydroxyl groups in its structure 191:3%° Additionally,
chitosan can be derived from the seafood processing sector wastes, such as shrimp, lobster, and
crab shells, which are abundant 1°%, Thus, converting seafood waste to chitosan and leveraging it
as a bio-adsorbent for heavy metals recovery would also contribute to sustainable waste

management.

Chitosan application has been restricted due to several problems, such as solubility in dilute
acidic solutions, low selectivity for metal ions, and poor physical strength 391, However, recent
studies have demonstrated that these problems can be resolved by crosslinking followed by
grafting an active agent onto its structure, resulting in modified chitosan with enhanced
physicochemical properties °*1%, Chemical agents are an essential part of grafting that increases
the system's cost and generates secondary pollution, hindering the development of a sustainable
metals recovery 3%2. Therefore, a cost-effective and clean technique is needed to boost the
adsorption capacity of crosslinked chitosan since some of the active sites are occupied during
crosslinking. Lately, the ion imprinting technique has been developed and employed by which
unique recognition sites are introduced on the crosslinked chitosan surface, resulting in higher
adsorption capacity and selectivity to target metal ions 2%63%_Some researchers have studied the
effect of the ion imprinting technique on the adsorption efficiency of precious metal ions from
aqueous solutions ¥+3%_ However, most of the research was conducted in a single-component
system 3%3% while the presence of other metal ions produces potential effects of synergism,
antagonism or non-interaction %222°  highlighting the need for and the importance of studying

modified chitosan in a competitive adsorption system.

The main aim of this research was to attempt to develop a techno-economically feasible and
sustainable method to adsorb and separate Cd(I1) from Ni(ll) and Co(ll) from synthetic solution
using Cd(I)-imprinted chitosan crosslinked by sodium tripolyphosphate. In the present paper,

chitosan, crosslinked chitosan and Cd(lI1)-imprinted crosslinked chitosan beads were synthesized
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and characterized by XRD and BET analysis. Their performance for adsorption was investigated
in single and ternary systems of Cd(lIl), Ni(Il), and Co(ll) under different initial pHs and metal
ions concentrations. Equilibrium isotherms were investigated in the mono- and multi-component
system to deduce the adsorption process. Furthermore, the possible adsorption mechanisms in the
ternary system were explored through different characterization techniques, including FTIR and
SEM-EDS.

7.3 Experimental and methods

7.3.1 Materials

Chitosan with a deacetylation percentage of 85%, sulphuric acid (H2.SOs4, N/50), cadmium
sulphate hydrate (3CdSO4-8H20), nickel sulphate hydrate (NiSO4.6H20), and cobalt sulphate
hydrate (CoSO4.7H20) were purchased from Fisher Scientific Co. (Canada). Sodium
tripolyphosphate (NasP3010) and sodium hydroxide (NaOH) were obtained from Sigma Chemical
Co. (Canada). Acetic acid (CH3COOH, 99.9 wt. %) was provided by VWR (Canada). All
chemicals were of analytical grade and used directly without further treatment or purification.

7.3.2 Instruments and Analytical Methods

The metal ions concentration was determined using atomic absorption spectroscopy (AAS)
(PinAAcle 500, Perkin Elmer, Canada). The following wavelengths were employed: cadmium,
228.8 nm; nickel, 232.2 nm; cobalt, 240.7 nm, and the calibration curves were prepared using
standard solutions. pH was monitored by a HACH (HQ40D) Instrument pH Meter. The adsorbents'
specific surface area, total pore volume, and pore diameter were evaluated by N2 adsorption-
desorption isotherms at 77 K using an Accelerated Surface Area and Porosimetry Analyzer (ASAP
2020, Micromeritics Co.) and computed by Brunauer—Emmett—Teller (BET) method. The X-ray
diffraction (XRD) patterns were recorded using a Rigaku Ultima IV instrument with Cu Ka
radiation. The applied voltage and current were 40 kV and 44 mA, respectively, and the angle
range scanned was between 10° and 50°. The surface topography of adsorbents before and after
adsorption was investigated by Scanning Electron Microscopic (SEM) JEOL JSM-7500F, running
at an acceleration voltage of 3.0 kV. Energy Dispersive Spectroscopy (EDS) was conducted by
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Oxford EDS INCA 350 spectrometer. The specimens were coated with gold prior to the SEM-
EDS analysis to avoid charging. Fourier transform infrared spectroscopy (FTIR) was used to
characterize adsorbents before and after adsorptions in the range from 500 to 3750 cm™ using
attenuated total reflectance (ATR) sampling method (Thermo Fischer, Nicolet 6700).

7.3.3 Preparation of the adsorbents

Chitosan beads (CB), sodium tripolyphosphate crosslinked chitosan beads (STPP-CB), and ion-
imprinted crosslinked chitosan beads (IIP-STPP-CB) with cadmium templates were prepared
based on the literature %-3%7. The procedure was as follows. 1.60 g chitosan powder was dissolved
into 40 mL of 5% (v/v) acetic acid solution. The chitosan solution was added dropwise into
different precipitation baths, including 0.50 M sodium hydroxide solution and 5% w/v sodium
tripolyphosphate solution prepared at pH 8.5, which neutralized the acetic acid and thereby
coagulated the chitosan gel to spherical chitosan (CB) and crosslinked chitosan beads (STPP-CB),

respectively.

To synthesize the cadmium imprinted crosslinked chitosan (I11P-STPP-CB), a weighed amount
of cadmium sulphate hydrate was dissolved in 40 mL diluted acetic acid (5% v/v) to give a solution
concentration of 12.5 mg/L Cd?*. Then, 1.6 g chitosan was added to the same solution. Later, the
solution was transferred dropwise into a flask containing 5% w/v sodium tripolyphosphate solution
to form spherical beads having an average diameter of 1 mm. The beads were then separated,
rinsed with deionized water, and moved to a solution containing sulfuric acid (0.01 M) and sodium
chloride (0.2 M) for three days at 45+2°C to remove the template Cd?*. To regenerate the binding

sites of the beads, they were rinsed with sodium hydroxide (0.5 M) followed by deionized water.

7.3.4 Batch adsorption experiment

Adsorption experiments were carried out in 125 mL Erlenmeyer flasks containing 50 mL of
metal ion(s) solution at room temperature. Metal sulphates were employed to prepare stock
solutions of the individual metals (Cd(ll), Ni(ll), Co(ll)) and their ternary system
(CA(ID/Ni(IN/Co(ll)). A weighed amount of dried adsorbent (0.65 g/L) was placed into each
solution, shaking with the oscillation frequency of 225 rpm. The solutions were then filtered after
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48h, and AAS was used to determine the equilibrium concentration of metal ions, and the solid

phase concentration, ge (mmol/g), was calculated as follows:

(CO - Ce) \%
W

de = 1
where Co (mmol/L) and Ce (mmol/L) are the initial and the equilibrium concentrations of adsorbate
in the solution, V (L) is the solution volume, and W (g) represents the weight of the dry adsorbent.
Each test also included two blank solutions containing no adsorbent as a control. Each test was
conducted in triplicate, and the average was used unless otherwise stated.

7.3.4.1 Effect of pH in single-component solution systems

The initial solutions' pH was changed from 4.0 to 7.5 + 0.2 using 0.1M sodium hydroxide or
sulfuric acid solutions to evaluate the effect of the initial pH on the adsorption uptake of metal ions
in the unary system with the concentration of 50 mg/L. After reaching equilibrium (48h), the
solutions were filtered and analyzed, and Eq. (7-1) was used to determine the solid phase

concentration.
7.3.4.2 Single-component and multi-component isotherm studies

In the mono-component system (Cd(I1), Ni(ll), Co(ll)), the initial concentration of metal ions
was changed from 0.089 to 8.89 mmol/L, and equimolar solutions of Cd(I1)/Ni(11)/Co(ll) were
employed in the same concentration range in the ternary system. The pH of the solutions was
adjusted to 6.5 using 0.1M sodium hydroxide/sulfuric acid. After 48h, the solutions were filtered,
and the solid phase concentration was calculated using Eg. (1). Different isotherm models were
employed to fit the experimental data, including Langmuir and Freundlich for the single-
component system and extended Langmuir and Sheindrof-Rebhun-Sheintuch for the ternary

system.
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7.4 Results and discussion

7.4.1 Characterization of CB, STPP-CB, and IIP-STPPCB

The X-ray diffraction patterns of chitosan and sodium tripolyphosphate powders, STPP-CB and
IIP-STPP-CB, are shown in Figure 7-1. Chitosan powder (Fig.7-1(a)) exhibited a semi-crystalline
nature because of diffraction at 20 =~ 20°, which was also reported in the literature 3%3%°, Sodium
tripolyphosphate powder (Fig.7-1(b)) showed multiple sharp peaks between 10 and 50° diffraction
angles, indicating its crystalline structure “°°. The chitosan characteristic peak at 20 =~ 20° was
weakened significantly after crosslinking CB by sodium tripolyphosphate, as shown in Fig.7-1(c)
(STPP-CB). The broadened characteristic peak of chitosan detected in the STPP-CB pattern can
be attributed to the rupture of hydrogen bonds of the polysaccharide chains and the presence of
interpenetrating phosphoric ions after treatment by sodium tripolyphosphate 3%3%, As seen in
Fig.7-1(c), a sharp peak was observed in the XRD spectra of STPP-CB at 26 = 45°, which was
detected in the diffraction pattern of sodium tripolyphosphate powder (Fig.7-1(b)), suggesting the
successful completion of crosslinking. Different diffraction patterns of STPP-CB and chitosan
powder demonstrated that the arrangement of molecules within the crystal lattice changed after
crosslinking 4%°. The X-ray diffraction patterns of IP-STPP-CB (Fig.7-1(d)) showed two peaks at
26 = 20° and 45°, inherited from chitosan and sodium tripolyphosphate powder, respectively. The
detected chitosan characteristic peak in 1IP-STPP-CB spectra indicated that the imprinting

technique successfully protected the chitosan structure during the crosslinking process.
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Figure 7-1. XRD patterns of (a)chitosan powder, (b) sodium tripolyphosphate powder, (¢)STPP-CB, and (d)IIP-
STPP-CB

BET technique was employed to evaluate the surface area and the total pore volume of the
sorbent materials, and the results are indicated in Table 7-1. According to the table, crosslinking
chitosan reduced CB's BET surface area and total pore volume by 14% and 11%, respectively,
which could be attributed to chitosan amino groups' occupation by the crosslinking reagent,
sodium tripolyphosphate ?2°. However, the BET surface area and total pore volume increased by
11% after ion-imprinting the crosslinked chitosan beads. The extraction of Cd(Il) ions from the
polymer matrix and the presence of new sites after the ion-imprinting process can explain this

improvement 40,
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Table 7-1. BET surface area and total pore volume of CB, STPP-CB, and IIP-STPP-CB

BET surface area (m?/g) Total pore volume (cm®/g)

CB 6.50 4.07x10°3
STPP-CB 5.60 3.63x10°®
IIP-STPP-CB  6.20 4.04x10°3

7.4.2 Effect of pH in single metal solutions

The binding of metal ions to functional groups on the adsorbent surface is substantially pH-
dependent because the solution’s initial pH influences both the protonation of adsorbent functional
groups and the speciation of heavy metal ions 222, The effect of pH on the sorption of Cd(lI), Ni(ll),
and Co(Il) on CB and STPP-CB in a mono-component system is shown in Figure 7-2. The high
concentration of hydrogen ions competing with metal ions at low pH values prevented the metal
ions from approaching the adsorbents' binding sites . As a result, the sorbed amounts of all metal
ions were low at acidic pHs. The improvement in metal ions uptake at higher pHs can be explained
by a decrease in positive surface charge on the adsorbents, resulting in less electrostatic repulsion
between the surface and the metal ions, thus increasing metal ions adsorption %+4%2, However, the
solubility of the metals decreases by increasing pH, leading to the precipitation of metals as
hydroxides %. Therefore, pHs above 7.5 were not investigated to avoid metal ions precipitation,
and pH = 6.5 was selected for the experiments in the following sections.

Since heavy metals adsorption primarily takes place on chitosan functional groups, including
amino and hydroxyl groups, a decrease in the metal ions uptake was expected after chitosan
crosslinking due to a decrease in the density of functional groups 2. As shown in Fig.7-2(a) and
(b), the adsorption capacity of Cd(ll) and Ni(ll) on STPP-CB was lower than CB, which can be
attributed to the occupation of amino groups as the main binding sites by the crosslinker and lower
BET surface area of crosslinked chitosan beads. However, Fig.7-2(c) shows Co(ll) uptake
increased after chitosan crosslinking by sodium tripolyphosphate, which can be ascribed to the
participation of the phosphate groups on STPP-CB surface in Co(ll) adsorption, which was
confirmed later by FTIR.
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Figure 7-2. Effect of pH on the adsorption of (a)Cd (1), (b)Ni(ll), and (c)Co(ll) onto CB and STPP-CB with
dosage 0.65 g/L at room temperature and metal concentration of 50 mg/L

7.4.3 Adsorption isotherm studies
7.4.3.1 Single metal solutions

The adsorption capacity of CB, STPP-CB, and IIP-STPP-CB was investigated for Cd(l1), Ni(ll),
and Co(ll) uptake by changing their initial concentration from 0.089 to 8.89 mmol/L in the mono-
component system. The results indicated an increase in metal ions adsorption by increasing the
metal ions concentrations because of high ion intensity and a large concentration gradient 272,

Langmuir and Freundlich isotherm models were employed in this study to describe the

[162]



experimental data of the metal ions' adsorption. A linear form of the Langmuir isotherm is given
by Eq. (7-2) as follows '

Ce _ 1 Ce
de dm KL dm

7-2

where ge (mmol/g) and Ce (mmol/L) are equilibrium solid-phase and liquid-phase concentrations
in the bulk solution. K. (g/mmol) is the Langmuir constant related to adsorption energy, and gm
(mmol/g) is the maximum adsorption capacity for monolayer formation on the adsorbent. The
isotherm constants, including gm and Ky, can be calculated from the slope and the intercept of the
plot between 1/ge and 1/Ce. The KL parameter is proportional to the sorbent—sorbate affinity; a

higher K. value more favourable adsorption 4%,

The Freundlich isotherm is generated by assuming a heterogeneous surface with a non-uniform
heat of adsorption distribution %4, The linear form of the Freundlich isotherm can be expressed by
Eq. (7-3) as follows 4%4:

1 7-3
logqe = log K¢ + Hlog Ce

where Ke ((mmol/g).(L/mmol)®') is adsorption capacity at unit concentration, and 1/n is an
empirical constant related to the heterogeneity of the adsorbent surface. The isotherm constants K
and 1/n can be obtained from the slope and the intercept of the plot log ge versus log Ce.

As listed in Table 7-2, the Langmuir isotherm model matched better with the experimental data
of CB, STPP-CB and IIP-STPP-CB rather than the Freundlich because the former’s coefficient of
determination (R?) was greater than the latter for all adsorbents and metals. Thus, the Langmuir
assumptions could be dominant in the mono-component system; all the adsorption sites had a
similar adsorption affinity, and the adsorption at one site had no effect on adsorption at an adjacent

site 403,
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Table 7-2. Langmuir and Freundlich isotherms constants for the adsorption of Cd(l1), Ni(Il), Co(lIl) onto CB,
STPP-CB, IIP-STPP-CB in the unary system with dosage 0.65 g/L

The Langmuir isotherm constants The Freundlich isotherm constants

K (@/mmol)  gm (mmol/g) R? Kr ((mmol/g).(L/mmol)®/nm) in R?

CB 11.08 1.17 099 0.88 0.28 0.84
Cd(ln) STPP-CB 7.15 0.86 0.99 0.59 0.33 081
IIP-STPP-CB  9.53 1.06 099 0.78 0.29 0.82
CB 3.55 0.90 099 054 0.33 0.95
Ni(IT) STPP-CB 3.39 0.44 099 0.26 0.36 0.85
IIP-STPP-CB  1.86 0.38 099 0.19 0.40 0.87
CB 2.95 0.61 099 0.36 0.31 0.96
Co(ll) STPP-CB 5.22 0.73 0.99 048 0.30 091
IIP-STPP-CB  3.58 0.68 099 0.42 0.30 0.92

As seen, the Langmuir isotherm constants (qm and Ki) of CB followed the order of Cd(Il) >
Ni(Il) > Co(ll), whereas it changed to Cd(Il) > Co(Il) > Ni(ll) after chitosan crosslinking (STPP-
CB) and ion-imprinting (1IP-STPP-CB). Hence, it could be concluded that all of the adsorbents
had a greater affinity for Cd(ll) than for Ni(Il) or Co(ll). Figure 7-3 (a) and (b) illustrate the
Langmuir isotherms of Cd(ll), Ni(Il) and Co(ll) adsorption on STPP-CB and IIP-STPP-CB. As
shown, qm of STPP-CB for Cd(l1) uptake was 43% and 15% higher than those for Ni(Il) and Co(ll),
respectively, and this difference increased to 64% and 36% after ion imprinting, suggesting that
ion imprinting and using Cd?* as template effectively enhanced the adsorption capacity of
crosslinked chitosan for Cd(ll) uptake.
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Figure 7-3. Langmuir isotherm models of Cd(l1), Ni(ll), Co(ll) adsorption in mono-component systems and the
total metal ions uptake in the ternary system on (a)STPP-CB and (b)IIP-STPP-CB

The gm and K values of CB for Ni(Il) adsorption (Table 7-2) dropped by 51% and 4% following
crosslinking chitosan by sodium tripolyphosphate. However, Co(ll) witnessed an opposite trend,
and the Langmuir model parameters (qm and Ki) enhanced by 20% and 77% after the crosslinking
reaction. This observation implied the participation of the phosphate groups of sodium
tripolyphosphate in addition to the amino groups of chitosan in Co(ll) adsorption on STPP-CB.
Comparing the Cd(Il) parameters of the Langmuir model revealed that CB had the greatest gm and
Kv values, 1.17 mmol/g and 11.08 g/mmol, respectively, which decreased by 26% and 35% after
crosslinking chitosan beads by sodium tripolyphosphate, at the expense of increasing the
physiochemical properties of chitosan. However, the maximum adsorption capacity (gm) and the

adsorbent affinity (K.) of crosslinked chitosan beads improved after ion-imprinting, reaching 1.06
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mmol/g and 9.53 g/mmol. This examination suggested that the ion-imprinting technique could
effectively protect some functional groups of chitosan during the crosslinking reaction and provide
recognition sites on the 1IP-STPP-CB surface for Cd(Il) uptake ?*4. The maximum adsorption
capacity of some adsorbents for Cd(Il) uptake is listed in Table 7-3. Comparing the adsorption
capacity of II-STPP-CB to that of other adsorbents in the literature revealed that it is within the

range of the others and is comparable to them.

Table 7-3. Adsorption capacity of Cd(ll) onto different adsorbents

Adsorption Capacity Reference
Adsorbent pH

(mmol/g)
Polyacrylic acid-based hydrogel 6 1.8 405
Polyampholyte hydrogel 6 1.4 406
Graphene oxide 6 1.2 407
Surfactant-modified chitosan using sodium dodecyl 6.5-7 111 371
sulphate
B-cyclodextrin-based hydrogel 5 0.88 408
Orange peel 7 0.53 409
Cd(Il)-imprinted chitosan crosslinked by sodium 65 1.06 This Study

tripolyphosphate

7.4.3.2 Ternary metal solutions

Adsorption is more complicated in a multicomponent system because of ion-ion competition and
ion-surface interactions, leading to a different capacity for the adsorbates compared to the mono-
component system 7. Some studies have employed the original Langmuir and Freundlich
isotherm equations for a ternary system to investigate the impact of co-existing metal ions on the
isotherm constants #1411, However, this approach fails to consider the system's non-ideality,
resulting from metal ion-metal ion and metal ion-surface interactions #'2. Therefore, in the present
study, the extended Langmuir model (EL) and Sheindorf-Rebuhn—Sheintuch model (SRS) were
applied to describe adsorption in a multi-solute system. The extended Langmuir equation is given
by Eq. (7-4) 1%°,
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o Am Ky Gej
qe,i - N 7-4
1+ 2]-=1 K Ce,j

where ge,i (mmol/g) is the equilibrium concentration of solid phase of component i. Cei (mmol/L)
indicates the equilibrium concentration of liquid phase of component i. gm (the total metal ions
uptake, mmol/g) and K. (g/mmol) are the multi-component Langmuir parameters of component
i.

SRS equation is a multi-component Freundlich type equation, based on the assumption of
exponential distribution of adsorption energies available for each solute, and a general form of

SRS equation is given by Eq. (7-5) 4%:

PPN C
—_1
dei = Kgi Ce,i(Z(aijCe,j) no) 75
=

where gei (mmol/g) and Ce;i (mmol/L) are the equilibrium concentration of the solid phase and
liquid phase of component i. Kg; and 1/n are the mono-component Freundlich constants for solute
I. ajj Is the competitive coefficient in the multi-component system, which must be determined
experimentally. The nonlinear optimization was adopted to minimize Marquardt’s Percent
Standard Deviation (MPSD) error between the experimental data and the modelled isotherms using
the “Solver add-in” of Microsoft Office Excel to estimate the models fitting parameters 3. MPSD
equation is given as follows (Eq. (7-6)):

2
MPSD = Z (ql exp —dj, cal) 7-6
Qj,exp

In the above equation, gi (mmol/g) is the equilibrium solid-phase concentration of component i;
the subscript “exp” and “calc” show the experimental and calculated values of q, and n is the

number of the components in the system.
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Table 7-4. Extended Langmuir and Sheindorf-Rebuhn—Sheintuch model parameters in the ternary system of
Cd(11), Ni(l1), Co(l11))

CB STPP-CB 1IP-STPP-CB
dm (Mmol/g) 1.33 1.04 1.11
g cd(ln) Ni(l1) co(ll)
@
E CB STPP-CB IIP-STPP-CB CB  STPP-CB IIP-STPP-CB CB STPP-CB IIP-STPP-CB
g
o Ky (g/mmol) 1.48  1.32 1.45 0.79 0.46 0.31 052  0.92 0.67
R? 095 0.96 0.90 0.95 0.96 0.98 096  0.99 0.97
Model MPSD 028 0.21 0.48 0.28 0.21 0.48 028 021 0.48
Ke ((mmol/g).(L/mmol)®¥)  0.88  0.59 0.78 0.54 0.26 0.19 036  0.48 0.42
o 1N 028 0.33 0.30 0.33 0.36 0.40 031 030 0.30
% ajj 0.14 2.36 2.05 0.77 3.61 0.99 326 071 0.13
:% aik 287 014 0.40 2.19 0.59 3.70 047 2.0 2.56
Z R? 0.76  0.77 0.69 0.93 0.93 0.85 091  0.89 0.94
Model MPSD 167 152 2.05 1.67 1.52 2.05 1.67  1.52 2.05

The comparison of the experimental and calculated ge values of Cd(l1), Ni(ll), and Co(ll) in the
ternary system are shown in the parity plots Figure 7-4(a), Figure 7-4(b), and Figure 7-4(c). If the
model matches the experimental data better, the data points were closer to the bisecting line.
Considering this, the figures suggest that the EL model was in good agreement with the
experimental data. The EL and SRS isotherm constants for Cd(I1)-Ni(I1)-Co(ll) system, as well as
MPSD and R?, were computed and listed in Table 7-4. As indicated, the EL model with four
parameters fitted the Cd(lIl), Ni(ll), and Co(ll) data better than SRS with twelve parameters
because of having a higher coefficient of determination (0.99 > R?>0.90 vs. 0.94 > R? > 0.69)
and lower MPSD value (<0.48 vs. <2.05), confirming the superiority of EL model. All EL
parameters (gm, Kicd, Kini, Kico) were calculated by fitting multi-component adsorption
equilibrium data, and no data were incorporated from the single-metal Langmuir isotherm.
However, only half of the SRS model parameters were estimated using multi-component

adsorption equilibrium data (acami, acdico, aniicd, anico, Acoi, aco/cd), and the rest was obtained
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from the single-metal Freundlich isotherm (Kr cd, Krni, KF.co, 1/ncd, 1/nni, 1/nco), which might be

the reason for deviation of this model from the experimental data 8.
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Figure 7-4. Comparison of the experimental and calculated ge values of Cd(Il), Ni(ll), and Co(ll) ions in the
ternary system on (a)CB, (b)STPP-CB, (c)IIP-STPP-CB
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As presented in Table 7-4, the total metal ions uptake (qm) onto CB, STPP-CB and IIP-STPP-
CB in the ternary system were estimated by EL as 1.33, 1.04 and 1.11 mmol/g. It is worth noting
that the estimated gm values by the EL model were noticeably lower than the sum of the maximum
adsorption capacities of Cd(Il), Ni(Il), and Co(ll) ions obtained from the mono-component system
on CB (2.69 mmol/g), STPP-CB (2.04 mmol/g), and 1IP-STPP-CB (2.12 mmol/g), which can be
explained by the competition of Cd(ll), Ni(Il), and Co(ll) over the adsorption sites in the multi-
component system 313, Figure 7-3(a) and (b) show the total metal ions uptake determined by EL
onto STPP-CB and IIP-STPP-CB in the ternary system along with the Langmuir isotherm models
obtained from the single-component systems of Cd(I1), Ni(Il) and Co(ll). As seen, the total metal
ions uptake (gm) obtained from the EL model in the multi-component system was higher than the
maximum adsorption capacity of each metal in the single-component solutions, which can be
attributed to the large concentration gradient and driving force in the ternary system solution
compared to the mono-component systems. The figure also shows that the synthesis of ion-
imprinted adsorbent resulted in an adsorbent (IIP-STPP-CB) with greater adsorption capacity than
conventional non-imprinted crosslinked chitosan (STPP-CB) because of the higher total metal ions
uptake of the former.

7.4.3.2.1 Selectivity Studies

Qu et al. *** reported that the order of adsorption affinity of an adsorbent for different metal ions
is related to the ionic radii of the metal ions. Theoretically, higher ionic radii lead to a higher
affinity of the metal ions and thus higher adsorption capacity. Smaller metal ions have greater
hydration enthalpies, making their separation from water molecules more difficult. As a result,
they are less likely to interact with adsorbents #°. The literature also shows that other factors such
as electronegativity, stability constant, and atomic weight could affect the adsorption behaviour
412 Overall, the order of K_ values obtained from EL in this study was identified as
Cd(1D)>Ni(I1)>Co(ll) for their uptake by CB and Cd(I1)>Co(l1)>Ni(ll) for their adsorption on
STPP-CB and IIP-STPP-CB, which were in the same order as for the mono-component system.
They can be correlated to their ionic radii in the order of Cd(Il) (0.95 A®), Co(ll) (0.74 A®°), and
Ni(11) (0.71 A°) #8, Given the close ionic radius of Co(Il) and Ni(ll), their adsorption uptake may

vary depending on the adsorbent used.
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In this research, the relative selectivity coefficient was used to evaluate the efficiency of 1IP-
STPP-CB compared to STPP-CB for Cd(ll) uptake in the ternary system. Distribution (D),
selectivity (B), and relative selectivity coefficients ([r) were calculated by Eq. (7-7), (7-8), and (7-
9) 396:

Co; — Cy \%
D, = (‘“C—e‘) X 7-7
el
_ D 7-8
Bij = D, -
Br _ Bimprinted 7.9

Bnon—imprinted

where Co (mmol/L) and Ce (mmol/L) are the initial and the equilibrium concentrations of adsorbate
in the solution, V (L) is the solution volume, and W (g) denotes the mass of the dry adsorbent.

For this purpose, batch adsorption tests were conducted at different ratios of Cd(11):Ni(I1):Co(ll)
in which each metal ion's concentration was 0.44 mmol/L in a 1:1:1 ratio. The selectivity
coefficients were computed using Eq. (7-9), and the results are listed in Table 7-5. It can be seen
that in the presence of Co(ll) and Ni(ll), the values of the relative selectivity coefficient of Cd(1l)
fluctuated between 1.35 and 2.04, indicating that 1IP-STPP-CB had a higher adsorption uptake and
a better selectivity for Cd(ll) uptake in comparison with STPP-CB in a competitive adsorption
system. In fact, the imprinting technique formed some cavities and specific binding sites for Cd(I1)
ions. As a result, more Cd(Il) ions were sorbed on 1IP-STPP-CB in the ternary system, leading to

its higher adsorption capacity and better selectivity toward Cd(ll).

Table 7-5. Relative selectivity coefficients for Cd(l1) uptake in the ternary system of Cd(11)-Ni(ll)-Co(ll)

Cd(In):Ni(I):Co(l1y

2:1:1 1:2:1 1:1:2 2:2:1 2:1:2 1:2:2
Br (CA(IN)-Ni(11)) 1.90 1.51 1.57 1.51 1.96 1.35
Br (Cd(11)-Co(ll)) 2.04 1.71 1.37 1.88 1.62 1.38
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7.4.4 Adsorption mechanism

Different mechanisms have been suggested in the literature for heavy metal ions adsorption on
chitosan derivatives 331 In general, metal adsorption on chitosan derivatives is thought to
happen by a combination of single or mixed interactions, including chemical bonding (i.e.
complexation and chelation), electrostatic attraction or ion exchange, and ion pair formation,
depending on the metal ions, their chemistry, the pH of the solution, and the chemical and physical
properties of the adsorbent *4, However, some researchers have suggested that the adsorption
mechanism of heavy metal cations onto chitosan derivatives is mainly governed by chemical
bonding 3. The O and N of the respective hydroxyl and amino groups present in the chitosan tend
to donate lone pair of electrons to a metal ion to fill the empty atomic orbital of M?*. As a result,
the chitosan—metal complex forms on the surface of the adsorbent 8, The possible mechanism of
adsorption in this study was investigated by evidence from Scanning Electron Microscopy
Coupled With Energy-Dispersive X-ray Spectroscopy (SEM-EDS) and Fourier Transform
Infrared Spectroscopy (FTIR) 2%,

Figure 7-5 shows the SEM-EDS analysis of CB after adsorption of (a)Cd(ll), (b)Ni(ll), and
(c)Co(ll) in a single metal system. The EDS spectra verified the presence of carbon and oxygen
originated from CB structure, and the Au peaks seen in the spectra were because of the sample
coating. The EDS data showed the presence of Cd(I1), Ni(Il), and Co(ll) signals, and the intensity
of each signal is correlated to the number of atoms of a given element interacting with the electron
beam, which were in the order of Cd(Il) > Ni(ll) > Co(ll). This observation can be explained by
CB's affinity for each metal ion, which supported the isotherm study results in the single-solute
system, indicating the order Cd(I1) > Ni(Il) > Co(ll).
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Figure 7-5. SEM-EDS element distribution images of CB after adsorption of (2)Cd(l1), (b)Ni(Il), and Co(ll) in the
monocomponent system

SEM-EDS analysis of IIP-STPP-CB after adsorption in the ternary system is shown in Figure
7-6. The presence of P signal on 1IP-STPP-CB confirmed the occurrence of crosslinking by sodium
tripolyphosphate. As seen, Cd(Il) and Ni(ll) peaks intensity was relatively lower in the EDS
spectra of IIP-STPP-CB compared to CB, implying the competition in the system and better
adsorption efficiency of CB for their uptake because of a higher number of amino groups
accessible on its surface. In contrast, the intensity of Co(ll) signals was somewhat greater in the
EDS spectrum of 1IP-STPP-CB in comparison with CB, which is consistent with the isotherm
study findings, indicating that chitosan crosslinked with sodium tripolyphosphate had a better
affinity to Co(ll), and phosphate groups might contribute to Co(ll) adsorption *1°.

[173]



0 0s 1 15 2 25 3 35 4 45 s 55 6
Full Scale 201 cts Cursor: 8.220 (6 cts)

Figure 7-6. SEM-EDS element distribution image of IIP-STPP-CB after adsorption in the ternary system

The FTIR spectroscopy can provide valuable information about the active sites on the adsorbent
surface engaged in the adsorption of metal ions in a multi-component system. FTIR spectra of CB,
STPP-CB and IIP-STPP-CB before adsorption, as well as 1IP-STPP-CB after adsorption in the
ternary system, were recorded and shown in Figure 7-7. The peaks identified on CB at ~2975 and
1525 cm™ (Fig7-7.(a)) were attributed to the asymmetric and symmetric stretching vibrations of
C-H and bending vibration of N—H; these peaks vanished in the spectra of STPP-CB (Fig.7-7(b)).
Two additional peaks appeared on the spectra of chitosan after crosslinking by sodium
tripolyphosphate at ~775 and ~1050 cm* ascribed to the stretching vibration of P-O, confirming
the presence of phosphate group in the structure STPP-CB **°. This observation implied the
interaction between phosphoric and ammonium and the consumption of chitosan amino groups as
the main binding sites by the crosslinker in ionic crosslinking, which can explain the lower
adsorption efficiency STPP-CB toward Cd(I1) and Ni(Il) compared to CB. CB and IIP-STPP-CB
spectra were found to be almost identical with a few minor changes, shown in Fig.7-7(a) and (c),
interpreting that the fabrication of ion-imprinted crosslinked chitosan successfully protected some
of the functional groups of chitosan. As seen, the amine peak was shifted from 1525 cm™ in CB to
~1500 cm? in the 1IP-STPP-CB spectra because of N-H deformation as a result of the ionic
crosslinking reaction. The simultaneous presence of the stretching vibration of P-O and the
bending vibration of N-H characteristic peaks at ~900/1050 and 1500 cm™ in the spectrum of IIP-
STPP-CB confirmed the occurrence of partial crosslinking as well as protection of amino groups

due to the imprinting technique 2%.
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Figure 7-7. FTIR spectra of (a)CB, (b)STPP-CB, and (c)IIP-STPP-CB before adsorption and (d)IIP-STPP-CB
after adsorption in the ternary system

A comparison between loaded and unloaded FTIR spectra of 1IP-STPP-CB (Fig.7-7(C) and (d))
can reveal valuable information regarding the mechanism of adsorption in the ternary system.
Unloaded 11P-STPP-CB spectra showed a peak at ~900 cm™ corresponding to P-O stretching
vibration, which was shifted and weakened after the adsorption of metal ions in the ternary system,
suggesting that phosphate groups were involved in the adsorption process. Moreover, loaded I1P-
STPP-CB spectra showed a weaker peak at 1500 cm™ attributed to N—H vibration than unloaded
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IIP-STPP-CB spectra, implying that the nitrogen atoms were affected during the adsorption. With
respect to the results from the previous sections, it was assumed that phosphate groups participated
in Co(l1) adsorption because of the higher adsorption efficiency of STPP-CB compared to CB. On
the other hand, amine groups were the primary sites for Cd(I1) and Ni(ll) adsorption considering
the lower adsorption capacity of chitosan after crosslinking. These findings suggest that two
mechanisms governed the adsorption of metal ions on IIP-STPP-CB in the ternary system:
chemical binding and ion exchange, happening on two different binding sites, including the
residual amino groups and phosphate groups, respectively, shown in Figure 7-8.

N

OH NH, OH NH3
(m o—p’_o
Yo +2nH
m o—p=0
“o
oH —p=0
\

OH NH, OH NH3

N

Figure 7-8. The possible mechanism of metal ions adsorption on IIP-STPP-CB in the ternary system of
Cd(I/Ni(1hy/Co(ll)

7.5 Conclusions

Chitosan (CB), crosslinked chitosan (STTP-CB), and ion-imprinted crosslinked chitosan (11P-
STPP-CB) were synthesized and characterized by XRD and BET techniques in this study, showing
higher BET surface area and total pore volume of IPP-STPP-CB compared to STPP-CB. The
adsorption efficiency of the fabricated adsorbents was investigated in the mono- and multi-
component systems of Cd(I1)-Ni(I1)-Co(ll), and the results showed the systems followed the
Langmuir isotherm and the extended Langmuir models, respectively. The order of metal ions
adsorption was Cd(11)>Ni(I1)>Co(ll) on CB and Cd(I1)>Co(I1)>Ni(ll) on STPP-CB and IIP-STPP-
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CB. The total metal ions uptake estimated by EL showed better adsorption capacity of IPP-STPP-
CB (1.11 mmol/g) compared to STPP-CB (1.04 mmol/g). The relative selectivity coefficient
indicated that IIP-STPP-CB had a higher selectivity for Cd(ll) uptake than STPP-CB, validating
the efficiency of the ion imprinting process. The mechanism investigation showed that two binding
sites were involved in metal ions uptake, including amino and phosphate groups, and the

adsorption process was governed by chemical binding and ion exchange.

7.6 References

The references are merged with those of the other chapters' references and presented at the end
of the thesis.
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8 Synthesis, Integration and General Discussion of Results

Finding a cost-effective and ecologically friendly method to recover heavy metals found in spent
batteries is becoming important for moving towards sustainability. Adsorption appears to be a
practical method for this purpose, and chitosan has garnered considerable attention as a good
adsorbent for metal sorption purposes. This would also offer a sustainable management option for
wastes from fisheries industries. However, chitosan modification is unavoidable to increase its
physical, chemical, and mechanical properties. Sodium tripolyphosphate is a non-toxic crosslinker
that can modify chitosan, followed by an ion-imprinting technique to enhance crosslinked chitosan
adsorption efficiency and selectivity. Considering the above, this research investigated the

adsorption of cadmium, nickel, and cobalt on chitosan-based adsorbents in five phases.

In the first and second phases (Chapter 3 and 4), chitosan and sodium tripolyphosphate
crosslinked chitosan beads were synthesized for Cd(I1) and Ni(ll) uptake from aqueous media in
single-component adsorption systems, and response surface methodology (RSM) was applied to
model and optimize cadmium(l1) and nickel(Il) adsorption onto crosslinked chitosan beads. In the
third phase (Chapter 5), the adsorption of Ni(ll) and Cd(ll) ions from binary metal ions solutions
onto chitosan and crosslinked chitosan beads was studied. In the fourth (Chapter 6) and fifth phase
(Chapter 7), crosslinked chitosan beads went under another modification step to prepare Cd-

imprinted crosslinked chitosan beads to improve the capacity and selectivity for Cd(l1) uptake.

The effect of some adsorption parameters, including pH, adsorbent dosage, temperature and
contact time, was examined in batch adsorption systems. Adsorption tests results were modelled
using common adsorption isotherm models. Also, the synthesized adsorbents were characterized
by different techniques, including FTIR spectroscopy, XRD, swelling test, BET, TGA, SEM, and

SEM-EDS. The main findings of this research are synthesized and discussed below.

8.1 Investigation of adsorption parameters

8.1.1 Effect of pH

The effect of pH was investigated in single-component adsorption systems of Cd(ll), Ni(ll),

Co(Il) on different adsorbents, including chitosan, crosslinked chitosan and ion-imprinted
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crosslinked chitosan beads. The results indicated that increasing the pH enhanced the adsorption
efficiency of the adsorbents regardless of the metal ions type and the adsorbent used in the system.
The pH was not studied beyond 8.5 because of metal ions' precipitation as hydroxide, and pHs
below 4.0 were not evaluated due to low adsorption efficiency.

8.1.2 Effect of adsorbent dosage

The effect of adsorbent dosage was studied in single-component adsorption systems of Ni(ll)
and Cd(ll). Irrespective of the adsorbent type applied, the percentage of metal ions removal
increased with increasing the adsorbent dosage. On the other hand, the apparent adsorption
capacity in the batch adsorption system decreased with an increase in adsorbent dosage. As a result,
an optimal dosage of adsorbent, in the range of 0.45 to 0.65 g/L, was selected for each metal ion
to balance adsorption capacity as well as removal percentage.

8.1.3 Effect of contact time

The preliminary batch adsorption tests were conducted in a single component system of Cd(Il)
and Ni(Il), indicating that the adsorption of metal ions on chitosan and crosslinked chitosan beads
reached equilibrium after 18h. However, evaluating the effect of time on Cd(lIl) adsorption on ion-
imprinted crosslinked chitosan indicated that the equilibrium was achieved in 48h. So this period
was selected for examining the efficiency of ion-imprinted crosslinked chitosan. Different kinetics
models were examined to study the kinetics of Cd(11) adsorption on crosslinked chitosan and ion-
imprinted crosslinked chitosan beads, and the results indicated that the second-order rate equation

governed the kinetics adsorption of Cd(I1), suggesting that chemisorption was the rate-controlling.

8.1.4 Effect of temperature

Effect of temperature was investigated for Cd(Il) and Ni(ll) uptake in a single-component
adsorption system onto chitosan, crosslinked chitosan, and ion-imprinted crosslinked chitosan
beads. These results indicated that increasing temperature improved the adsorption uptake of
Cd(11) and Ni(ll). The computed thermodynamic parameters at three temperatures, including 25,
40, 55 °C, showed that Cd(II) and Ni(II) adsorption processes were endothermic, and randomness

increased irrespective of adsorbents type used in the system. Moreover, it was found that Cd(l1)
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adsorption onto chitosan, crosslinked chitosan, and ion-imprinted crosslinked chitosan beads were
spontaneous except for chitosan crosslinked in 15% (w/v) sodium tripolyphosphate solution at
room temperature. On the other hand, Ni(ll) adsorption was only spontaneous on chitosan hydrogel
beads at 40 and 55 °C.

8.2 Investigation of synthesized adsorbents in single-component systems

8.2.1 Chitosan

The adsorption capacity of Cd(lI), Ni(ll), and Co(ll) on chitosan was investigated and compared
by varying their initial concentration from 0.089 to 8.89 mmol/L. Among the different isotherm
models used, the Langmuir model best fitted the experimental data of the metal ions on chitosan
hydrogel beads, and the maximum adsorption capacity followed the order of Cd(I1) (1.17 mmol/g)
> Ni(l1) (0.90 mmol/g) > Co(ll) (0.61 mmol/g).

8.2.2 Crosslinked chitosan

The effect of crosslinking and its degree was evaluated for Cd(lI1), Ni(ll), and Co(ll) uptake in
single-component adsorption systems. The initial concentration of metal ions changed in the range
of 0.089 to 8.89 mmol/L, and the Langmuir isotherm model was selected as the best fit. It was
observed that the adsorption uptake of Cd(Il) and Ni(ll) decreased by crosslinking and increasing
the sodium tripolyphosphate solution concentration. On the contrary, Co(ll) adsorption capacity
increased after crosslinking chitosan with sodium tripolyphosphate, implying that new adsorption
sites originated from sodium tripolyphosphate were involved in Co(ll) adsorption onto cross-
linked chitosan beads. The metal ions uptake by crosslinked chitosan followed the order Cd(ll)
(0.86 mmol/g) > Co(ll) (0.73 mmol/g) > Ni(ll) (0.44 mmol/g).

The Central Composite Design (CCD) of experiments was used to analyze the effect of two
independent variables on Cd(Il) and Ni(ll) adsorption on crosslinked chitosan beads. A reduced
quadratic model with good agreement with experimental data (R?=0.95) was determined to
formulate the adsorption capacity of Cd(Il) as a function of the crosslinking extent and
temperature. The optimization based on the reduced model indicated that the maximum adsorption
capacity of 99.87 (mg/q) is feasible at the temperature of 55.17 °C when sodium tripolyphosphate
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solution concentration is 2.92% (w/v). Ni(ll) adsorption capacity was correlated to pH and the
crosslinking degree using RSM with a simple linear model with a high magnitude of the correlation
coefficient between the experimental and model-predicted values (R?=0.96). The model showed
that an adsorption capacity of 31.94 mg/g is feasible at pH 7.21 and sodium tripolyphosphate

solution concentration of 2.92% (w/v).

8.2.3 lon-imprinted crosslinked

The ion-imprinting technique using Cd(ll) as a template ion was employed in this study to
improve the adsorption uptake of crosslinked chitosan beads. The synthesized adsorbent was
employed and evaluated in the single-component system of Cd(lIl), Ni(ll), and Co(Il). The initial
concentration of metal ions changed within the range of 0.089 to 8.89 mmol/L, and the Langmuir
model showed the best fit to the experimental data. The results indicated that Cd(ll) uptake
improved by 25% after applying the ion-imprinting technique on chitosan beads crosslinked in 5%
(w/v) sodium tripolyphosphate solution. On the other hand, Ni(Il) and Co(ll) adsorption capacity
decreased after ion-imprinting the crosslinked chitosan beads by Cd(Il) templates. The order of
metal ions adsorption on ion-imprinted-crosslinked chitosan was in the order of Cd(ll) (1.06
mmol/g) > Co(ll) (0.68 mmol/g) > Ni(ll) (0.38 mmol/g). This observation showed that ion-
imprinting using Cd(Il) as templates improved the adsorption uptake of crosslinked chitosan for
Cd(I1) adsorption.

8.3 Investigation of synthesized adsorbents in multi-component systems

The adsorption capacity of chitosan, crosslinked chitosan, and ion-imprinted crosslinked
chitosan beads was evaluated in the multi-component systems of metal ions. It was observed that
the presence of co-ions in the multi-component system diminished the adsorption capacity of the
individual metal ions compared to results from single-component systems. However, the total
adsorption capacity of metal ions in multi-component systems was higher than the maximum
adsorption capacity of each metal ion in single-component systems. In the binary system of Cd(Il)
and Ni(ll), the extended Freundlich model interpreted the experimental data on chitosan and
crosslinked chitosan beads better than the other investigated models. However, the results from

the ternary system showed that the experimental data of Cd(lI1), Ni(ll), and Co(ll) on chitosan,
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crosslinked chitosan, and ion-imprinted crosslinked chitosan could be fitted better by the extended
Langmuir model. The overall adsorbates uptake obtained from the extended Langmuir model
followed the order of chitosan>ion-imprinted crosslinked chitosan>crosslinked chitosan beads.
The relative selectivity coefficients of ion-imprinted to non-imprinted crosslinked chitosan were
computed for Cd(I1) adsorption at different ratios of Cd(I11):Ni(Il):Co(ll), showing values greater
than 1.00. This observation showed that the ion-imprinted adsorbent had more affinity compared
to crosslinked chitosan beads for adsorbing Cd(ll) rather than Ni(ll) and Co(ll) in a multi-

component system.

8.4 Characterization of synthesized adsorbents before and after adsorption

Different characterization techniques have been employed in this study to examine the properties
of the synthesized adsorbents and the mechanism of crosslinking and adsorption. TGA profiles of
synthesized adsorbents demonstrated better thermal stability of crosslinked chitosan compared to
chitosan due to crosslinking. The XRD pattern of chitosan and crosslinked chitosan beads showed
that the crystalline structure of chitosan changed after crosslinking with sodium tripolyphosphate.
The XRD spectrum of ion-imprinted crosslinked chitosan indicated a crystalline structure similar
to chitosan. The SEM of crosslinked chitosan and ion-imprinted crosslinked chitosan showed the
non-granular surface of the former and porous surface morphology of the latter. The BET
characterization revealed that the BET surface area of chitosan beads decreased from 6.50 to 5.60
m?/g after crosslinking. However, the ion-imprinted crosslinked chitosan beads showed a higher
BET surface area (6.20 m?/g) than crosslinked chitosan beads, explaining the higher adsorption
capacity of ion-imprinted crosslinked chitosan. FTIR characterization helped understand the
groups involved in crosslinking; it was revealed that ionic crosslinking of chitosan occurred on the
amine groups of chitosan due to the interaction between the positively charged amino groups and
negatively charged phosphoric ions originating from sodium tripolyphosphate. FTIR
characterization of loaded adsorbents showed that amine groups were the main biding sites for
uptake of metal ions via chemical reactions. Phosphate groups originating from sodium
tripolyphosphate also participated in the uptake of metal ions via ion-exchange reaction. SEM-

EDS examination of loaded chitosan beads in single-component systems showed intensity in the
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order of Cd(I>Ni(ll)>Co(ll), which changed to Cd(II)>Co(I)>Ni(ll) for ion-imprinted

crosslinked chitosan beads in the multi-component system.
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9 Conclusions and Future Works

9.1 Conclusions

Adsorption was employed in this study for the recovery of Cd(ll), Ni(Il) and Co(ll) found in
used Ni-Cd batteries. Among different adsorbents, chitosan as a low-cost adsorbent, which can be
extracted from seafood industry waste, was selected in this research to move toward sustainable
waste management. Therefore, chitosan in the form of hydrogel beads was synthesized and used
in a batch adsorption system of synthetic solution of heavy metal ions. Despite the good adsorption
properties of chitosan hydrogel beads, they had low chemical and physical properties, confirmed
by solubility and swelling tests. Hence, chitosan hydrogel beads were crosslinked by a non-toxic
crosslinker, sodium tripolyphosphate, to form more rigid and insoluble beads in acidic conditions,
confirmed by TGA, solubility, and swelling tests. The use of sodium tripolyphosphate for chitosan
modification had the advantage of forming and crosslinking beads in a single step in a sodium
tripolyphosphate solution and eliminating the use of chemicals (i.e., NaOH) for beads formation.
Crosslinking chitosan by sodium tripolyphosphate consumed the amino groups of chitosan and
altered chitosan crystal structure, confirmed by the FTIR and XRD tests. The characterization of
the crosslinked chitosan beads also indicated that increasing crosslinking degree reduced the BET
surface area and total pore volume of the adsorbents. This could be due to the fact that crosslinking
chitosan reduced the adsorption efficiency of chitosan for heavy metal ions uptake, which was
confirmed by the isotherm study results. The isotherm study in single-and multi-component
adsorption systems showed that Cd(Il) and Ni(ll) uptake decreased after crosslinking chitosan.
Considering the decrease in Cd(ll) adsorption, the ion-imprinting technique using Cd(ll) as a
template was employed to counteract the negative impact of crosslinking on adsorption uptake.
The characterization of the prepared adsorbents showed an increase in BET surface area and total
pore volume of the hydrogel beads after ion imprinting the crosslinked chitosan. The isotherm
study in mono- and multi-component systems of Cd(II)-Ni(Il)-Co(ll) showed an increase in
adsorption capacity and selectivity of crosslinked chitosan after ion imprinting for Cd(11) uptake.
Based on the results, Cd(l1)-imprinted crosslinked chitosan adsorption capacity followed the order
of Cd(I1)>Co(I1)>Ni(ll) in the ternary system. Contrary to Cd(ll) and Ni(ll), Co(ll) adsorption

improved after crosslinking chitosan beads, suggesting the involvement of phosphate groups in
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Co(Il) adsorption, which was confirmed by FTIR and SEM-EDS characterizations. The
characterization implied that two mechanisms on two different binding sites governed the
adsorption of metal ions on ion-imprinted crosslinked chitosan beads in the ternary system,
including the amino groups for Cd(11)/Ni(11)/Co(l1) uptake and phosphate groups for Co(I1) uptake.

9.2 Recommendations for future work

e Using areal leach solution from used Ni-Cd batteries and evaluating the efficiency of the
synthesized adsorbents.

e Studying the adsorption efficiency of the synthesized beads in a continuous adsorption
system.

e Using other non-toxic crosslinkers which use -OH groups instead of -NH groups of
chitosan.

e Modifying the ion-imprinting process used in this research to enhance its selectivity for
Cd(I1) uptake in a competitive adsorption system.

e Synthesizing ion-imprinted crosslinked chitosan using Ni(l1)/Co(ll) as a template and
investigating the selectivity of the prepared beads for Ni(I1)/Co(ll) uptake.

e Using RSM to model the adsorption capacity of ion-imprinted crosslinked chitosan as a
function of the most influential parameters and optimize them.

e Employing other characterization techniques (i.e., XPS) to understand adsorption and
crosslinking mechanisms better.

e Synthesizing magnetic ion-imprinted crosslinked chitosan beads to facilitate the beads'
separation from the solution in the adsorption-desorption cycle.

e Using other desorption effluents such as acidic reagents and evaluating the adsorbent

capacity in the adsorption-desorption cycle.
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Appendices

Appendix 1: Laboratory equipment used for heavy metal ions concentration

measurement

The concentration of Cd(ll), Ni(ll), and Co(ll) was measured using a flame atomic absorption
spectrometer (PinAAcle 500, PerkinElmer, Waltham), following standard methods 3111B %%, This
measurement procedure involves aspirating a liquid sample into a flame and atomizing it, then
measuring the amount of the light absorbed when the flame passes through the emission of a
hollow cathode elemental lamp. For each measurement, a calibration curve must be established.
Therefore, standard solutions were prepared and used for calibration prior to each analytical
measurement. Generally, a blank sample must be analyzed first, followed by the analysis of the
standard solutions to obtain the calibration curve. Once the calibration curve is constructed, the
samples can be analyzed. It should be noted that 1% concentrated nitric acid must be added to all
solutions, including blanks, standards, and samples, to guarantee that the heavy metal ions remain
dissolved in the solution; moreover, to clean the capillary tube, spray chamber, and burner head
and prevent any residual metals from becoming stuck inside the instrument and causing analytical

mistakes. A picture of AAS is shown below.

Figure APL. 1. PerkinElmer PinAAcle 500 Flame Atomic Adsorption Spectroscopy
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Appendix 2: Complementary Results

Equilibrium time

The following figures show the equilibrium time for Cd(11) and Ni(Il) adsorption on chitosan in

a monocomponent system.
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Figure AP2. 1. Equilibrium time for the adsorption of Cd(Il) onto CB at 25°C, dosage 0.45 g/L, Cd(ll)
concentration 50 mg/L, and pH 7
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Figure AP2.2. Equilibrium time for the adsorption of Ni(Zl) onto CB at 25°C, dosage 0.55 g/L, Ni(ll)
concentration 50 mg/L, and pH 7

Effect of adsorbent dosage

The following figure shows the effect of adsorbent dosage on Ni(ll) adsorption on CB.
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Figure AP2. 3. Effect of adsorbent dosage on the adsorption of Ni(Il) onto CB at 25°C, Ni(ll) concentration 50
mg/L, and pH 7
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