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ABSTRACT OF THE DISSERTATION  

Copper ion adsorption by chitosan gel nanoparticles and calcium-alginate gel beads  

for water purification applications 

By KUN YU 

 

Dissertation Director: 

Dr. Nina C. Shapley 

 

 

Water purification is emerging as a critical need as resources become increasingly 

limited. Chitosan and alginate are both low-cost natural carbohydrate materials used for 

the removal of heavy metal ions from aqueous solutions. The objective of this research is 

to enhance understanding of the process and mechanisms of copper ion adsorption by 

these biopolymer gel particles at multiple size scales, with the aim of guiding the next 

generation of biosorbent design for water purification applications.  

 

First, the equilibrium adsorption capability of copper ions from copper sulfate solution 

onto chitosan gel nanoparticles, calcium-alginate gel microbeads, chitosan/alginate 

combination particles and large alginate gel beads at fixed pH was studied. Results show 

that the adsorption behavior of chitosan and alginate in the low concentration region 

follows the Langmuir isotherm. Chitosan gel nanoparticles exhibit a minor increase in 

adsorption capacity compared to other forms of chitosan.  Alginate has significantly 

higher capacity than chitosan, which can be attributed to a comparatively higher density 
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of adsorption sites. Combination particles consisting of alginate microbeads coated with 

chitosan nanoparticles possess an intermediate maximum adsorption capacity, 

corresponding to the weight ratio of the alginate and chitosan. 

 

Also, adsorption kinetics of copper ions onto calcium-alginate gel microbeads, 

chitosan/alginate combination particles and large alginate gel beads were investigated. It 

was observed that the adsorption kinetics of large alginate gel beads was much faster than 

that of alginate microbeads and combination particles. The adsorption of copper ions on 

to combination particles was slightly faster than on to plain alginate microbeads. A 

pseudo-second order kinetic model successfully predicted the adsorption behavior over 

the whole range of studies, indicating that chemisorption is the rate controlling step and 

the chemisorption reaction is second order.  

 

Moreover, the adsorption behavior of fixed-bed columns packed with large alginate gel 

beads was studied by varying the column size and volumetric flow rate. The column had 

shorter active life at a higher þow rate, or at a smaller size. The Thomas model, Adams-

Bohart model and Yoon-Nelson model successfully fit experimental data, allowing 

prediction of the breakthrough time. 
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Chapter 1 Introduction  

 

 

1.1 Significance/Motivation 

 

Clean water is currently a leading environmental concern. Water purification is emerging 

as a critical need as resources become increasingly limited. Common toxic waterborne 

contaminants include bacteria, viruses, organic solvents and heavy metal ions, which are 

often found in industrial chemical waste streams. The presence of heavy metals in water 

has led to a serious environmental problem. For example, copper is one of the most 

widely used metals, which often appears in metal-bearing industrial efþuents. For 

humans, copper is an essential element and the body can regulate its level 

homeostatically, but large, acute doses can be harmful, even producing fatal effects.  

 

Conventional methods to remove heavy metal ions from industrial effluents include 

adsorption, precipitation, filtration, and electrochemical treatment. Most of these methods 

are expensive and incapable of removing trace levels of heavy metal ions[1, 2]. 

Adsorption is an effective and economical separation process that can be employed in 

water purification. In recent years, much active research has been performed on novel 

adsorbents and has explored various configurations of adsorbents to maximize their 

adsorptive capacity, but few of them incorporate nanotechnology.  
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Recent EPA (Environmental Protection Agency) publications highlight the potential of 

nanomaterials[3], which possess very high surface area to mass ratios, to contribute to the 

development of cost-effective and environmentally benign water purification 

technologies. Improvements in the capacity and speed of removing heavy metal ions 

from industrial wastewater can potentially offer huge benefits in water supply and 

recycling, as well as improving industrial efficiency and lowering costs. Typical 

equilibrium adsorption times for metal ions in microscale sorbents are several hours, 

while it is likely that nanoscale sorbents can accelerate the adsorption kinetics. However, 

the promise of nanotechnology has not yet been applied in the area of water purification, 

since the supply of synthetic nanomaterials, such as carbon nanotubes, is limited, and 

there is some concern regarding environmental fate and toxicity of nanomaterials. 

 

On both of these criteria, polysaccharides derived from natural marine extracts are an 

excellent choice for producing nanomaterials for water purification systems. In this 

research, we use chitosan and alginate, which are highly abundant, edible and 

biocompatible, as nano/micro scale biosorbents, to seek enhanced understanding of the 

process and mechanisms of metal ion adsorption, with the aim of guiding the next 

generation of water purification system design.  

 

In this study, Chapter 2 provides the methodology of particle synthesis, particle 

characterization, equilibrium adsorption experiment, kinetics experiment, and fixed-bed 

column adsorption experiment. In Chapter 3, equilibrium adsorption of copper ions onto 

chitosan gel nanoparticles, calcium-alginate gel microbeads, chitosan/alginate 
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combination particles and large alginate gel beads was investigated. Particles were 

synthesized and characterized by TEM and zetasizing. The amount of copper ions 

adsorbed from copper sulfate solution on to different types of particles was measured at 

fixed pH by ICP/MS. Langmuir isotherm and Freundlich isotherm models were fit to 

experimental adsorption data, in order to assess particlesô adsorption capacity and afýnity 

of adsorptive sites to copper ions. Adsorption mechanisms were discussed, and 

adsorption capacities of different particles were compared. 

 

In Chapter 4, in order to explore adsorption kinetics, the amount of copper ions adsorbed 

from copper sulfate solution on to calcium-alginate gel microbeads, chitosan/alginate 

combination particles and large gel alginate beads over different time periods was 

obtained. Experimental data were compared to pseudo-first order and pseudo-second 

order kinetic models, by which pseudo rate constants were estimated and the potential 

rate-controlling step was clarified. 

 

After optimizing biosorbent choice by analyzing equilibrium adsorption data and 

adsorption kinetics of particles, this work was then extended to Chapter 5, in which the 

adsorption study in a continuous system was performed. Copper sulfate solution was 

pumped into two sizes of fixed-bed columns at varied volumetric flow rate. Copper ion 

concentration in the effluent was measured at multiple time points. Continuous 

adsorption data were fit with the Thomas model, Adams-Bohart model and Yoon-Nelson 

model, and fixed-bed column operation breakthrough curves and adsorption coefýcients 
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were obtained. The adsorption performance of fixed-bed columns was investigated in 

order to provide specific information for novel water purification system design. 

 

Chapter 6 focuses on the rheology of a concentrated bimodal suspension containing rigid 

and soft particles. This project studies the rheological properties of PMMA/alginate 

bimodal suspensions, with the aim to provide insights into particle migration and 

separation in complex flow, and therefore aids the further design and loading of fixed-bed 

columns. In this study, the relative viscosities of bimodal suspensions consisting of rigid, 

large PMMA particles and soft, small alginate gel beads with varied relative particle 

volume fraction and total bulk concentration were measured in a parallel plate 

viscometer. The rheological properties of rigid/soft particle bimodal suspensions were 

discussed and a recent model for bimodal suspension viscosity was adapted for rigid/soft 

bimodal suspensions. Finally, in Chapter 7, conclusions and potential future work are 

listed. 

 

 

1.2 Background 

 

1.2.1 Chitosan and alginate 

 

Natural carbohydrate biopolymers such as chitosan and alginate are receiving increasing 

attention due to their extraordinary affinity to heavy metal ions. Particularly in gel 
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particle form, the uptake is comparable to or even beyond that of commercial ion 

exchange resins. In addition, the materials are abundant, biocompatible and 

environmentally friendly, making them potential biosorbents for the removal of 

pollutants from wastewater [4-14]. 

 

Chitosan has been studied extensively over the last decade due to its unique properties in 

adsorbing heavy metal ions from industrial chemical waste streams. It is a promising 

biopolymer obtained cost-effectively by the derivation of chitin, which is a natural 

material found widely in crustacean shells. Chitosan is composed of poly(b-1-4)-2-

amino-2-deoxy-D-glucopyranose, and the chemical structure is shown in Figure 1-1. In 

acidic solutions (pH < 6.5) chitosan is positively charged, due to the prevalence of amine 

groups which become protonated at low pH. Chitosan has been shown to effectively 

remove metals such as chromium [4-7], copper [4, 8-10], mercury [11, 12] and lead [13, 

14] from aqueous solutions. Additional applications to which chitosan is particularly 

well-suited include drug delivery [15], flocculation [16] and antimicrobial treatment [17, 

18].  
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Figure 1-1. Chemical structure of chitosan, showing glucosamine subunits and 

protonated amine groups [19]  
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Chitosan contains several reactive groups which interact with metal ions through various 

mechanisms depending on the ion, the pH, and solution composition [20, 21]. The amine 

groups of the chitosan are generally recognized as the main active sites for metal ion 

adsorption, while hydroxyl groups (especially in the C-3 position) may contribute to 

adsorption as well [21].  Possible adsorption mechanisms of metal ion uptake by chitosan 

include chelation, ion exchange/electrostatic attraction and formation of ternary 

complexes. Chelation is the most widely indicated binding mechanism to describe 

transition metal ion adsorption by chitosan. During chelation, the nitrogen atoms in amine 

groups of chitosan can create dative covalent bonds with the copper ions. Some hydroxyl 

groups may also release protons to and participate in the coordination. Therefore, rings of 

association are formed involving the nitrogen atoms of non-protonated amine groups and 

the oxygen atoms of the hydroxyl groups of chitosan[21, 22].  Protonation and chelation 

of amine groups compete during adsorption in aqueous solutions (pH < 6.5). Chelation of 

metal ions by chitosan is either classified as the ñbridge modelò or the ñpendant model,ò 

depending on the binding pattern as shown in Figure 1-2. In the ñbridge model,ò metal 

ions are bound with two amine groups from the same chain or from different chains, via 

inter- or intramolecular complexation [23-26], as opposed to the ñpendant model,ò in 

which the metal ion is bound to only one amine group in a pendant fashion, and hydroxyl 

groups and pairs of oxygen atoms in water molecules may be involved in the 

coordination [27-31].  
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                                                  (a)                                                             (b) 

Figure 1-2. Formation of chitosan chelates with copper ion (a) ñbridge modelò (b) 

ñpendant modelò[31] 

 

Chemical and physical modifications of chitosan have been commonly used to increase 

the stability of the polymer in acid solution and improve its adsorption capacities. 

Chemical modifications such as cross-linking are used to great effect. According to Hsien 

and Rorrer [32], an increase in the adsorption capacity of chitosan after a cross-linking 

process is explained by the increase in space among chitosan chains, which is responsible 

for an improvement in the accessibility of the amine groups to the metallic ions by 

lowering the crystallinity and thus freeing the entangled polymer chains. The flexible 

nature of the polymer chain allows for the special structure during complexation of the 

metal ion [33]. Tripolyphosphate (TPP) is a non-toxic polyanion that is suitable for water 

purification. The protonated amine groups in chitosan interact with the negatively 

charged counterion, TPP, through an electrostatic interaction creating ionic cross-linked 

networks [19, 34], which can prevent the dissolution of chitosan when metal adsorption is 

performed in acidic solutions as shown in Figure 1-3.  
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Figure 1-3. Cross-linking of chitosan with tripolyphosphate (TPP)[19].  

 

Alginate is a linear copolymer formed from mannuronic acid (M) and guluronic acid (G) 

subunits as presented in Figure 1-4, and is produced widely in algae and certain bacteria. 

Alginates are used in diverse ýelds, such as the pharmaceutical industry [35, 36] and the 

food industry [37], as well as for biomedical purposes such as drug delivery [38], enzyme 

encapsulation for sensing [39] and contrast agent development for diagnostic imaging 

[40]. Alginates are also proven to be excellent materials for water purification. Much 

research has demonstrated that calcium-alginate gel beads can remove heavy metals from 

industrial wastewater.  

http://en.wikipedia.org/wiki/Copolymer
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Figure 1-4. Chemical structure of alginate showing mannuronic acid (M) and guluronic 

acid (G) subunits [37]. 

 

The main binding mechanism of metal ions to calcium-alginate gel beads consists of 

sorption and ion exchange. In aqueous solution (at pH > 3.4), alginate is negatively 

charged, due to the prevalence of carboxyl groups in both G and M subunits, where the 

carboxyl groups become deprotonated except at very low pH. In the gelation process, 

calcium cations cooperatively interact with blocks of G and M residues to form ionic 

cross-links between different polymer chains. The calcium cations can be replaced by 

ionic adsorbates such as lead [41], zinc [41, 42], mercury [42], cadmium [42], copper 

[43], manganese [43] and chromium [44]. Four guluronic acid (G) blocks packing 

together with the cations strongly coordinated in cavities between the chains is the 

commonly known ñegg-boxò model [45] for alginate cross-linking. In addition to that, 

recent studies have explored new hypotheses of cation binding and alginate cross-linking 

[46-48] which involve only one or two G and M blocks forming a binding site. Rodrigues 

and Lagoa suggest that the binding mechanism and the number of binding sites depend 

on the cation availability in the solution [49]. 
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1.2.2 Equilibrium adsorption isotherms 

 

It is important to correlate equilibrium adsorption data between metal ions and particles 

in order to assess the particles' capacity for metal adsorption. The effectiveness of 

adsorbents is often evaluated by fitting experimental adsorption data with the Langmuir 

and Freundlich isotherm equations, which relate Q (mg/g), the quantity of metal adsorbed 

per unit mass of adsorbent, to Ce(mg/L), the equilibrium metal ion concentration in the 

solution after adsorption.  

 

The Langmuir model [50] is the best known and most widely applied adsorption 

isotherm. It has excellent agreement with a wide variety of experimental data and is 

represented as follows: 

max

1

s e

s e

Q K C
Q

K C
=
+                  (1-1)

 

The linear form of the Langmuir isotherm can be described as: 

                                                     (1-2) 

where Qmax (mg/g) is the maximum adsorption capacity of adsorbent at monolayer 

coverage, and Ks (L/mg) is the Langmuir adsorption equilibrium constant related to the 

afýnity of adsorptive sites for adsorbate at dilute concentration. This constant 

corresponds to the initial slope of the isotherm curve. The Langmuir isotherm assumes 

that the adsorption layer is a monolayer and the adsorption occurs at speciýc 

homogeneous adsorption sites resulting in an identical energy of adsorption at each site. 

 
max max

1e e

s

C C

Q Q Q K
= +
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It is also assumed that the intermolecular attractive force decreases rapidly with the 

distance from the adsorption sites. 

 

The Freundlich isotherm [51] predicts that the adsorption capacity of the adsorbent 

increases as a power law with an increase in adsorbate concentration. It is usually applied 

to multilayer adsorption and assumes an exponentially decaying distribution of the 

energy of adsorption sites. The Freundlich isotherm is an empirical equation presented as: 

1

= n
F eQ K C          (1-3)

 

The linear form of the Freundlich equation can be expressed as: 

1
log log loge FQ C K

n
= +

        (1-4)
 

where KF and n are Freundlich constants. The value of 1/n indicates the adsorption 

intensity. Moreover, adsorption sites become more heterogeneous on the surface as the 

value of 1/n approaches zero. 

 

1.2.3 Adsorption kinetics 

 

In the design of a water purification system, the study of the adsorption kinetics of the 

adsorbent is essential since the kinetics affect the efficiency and in-service life of the 

system directly. In addition, the adsorption kinetics of an adsorbent can provide a better 

understanding of the adsorption mechanism and insight into the potential rate controlling 

steps, such as mass transport and chemical reaction processes. To achieve those goals, 

kinetic models have been used to analyze experimental data. It is worthy to notice that the 
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complete kinetics model needs to consider not only the diffusion equations, but also 

boundary conditions, including the adsorption isotherm equation that controls the 

equilibrium at the solidïliquid interface and the reaction kinetic equations[21]. Therefore, 

the system of equations is too complex to solve and simple kinetic models such as ýrst- 

or second-order rate equations are not applicable. To simplify the solution method, only 

the rate controlling step is considered to contribute to the kinetic rate. In a well-mixed 

batch system, the inþuence of mass transfer resistance is negligible. Chemical reaction is 

most likely to be the potential rate controlling step. This hypothesis can be confirmed by 

fitting a pseudo-ýrst-order equation or a pseudo-second-order equation to experimental 

data. 

 

The chemical reaction of alginate and copper ions may be described as following 

equation[52]: 

                                                 2 2CaA Cu CuA Ca+ ++ ­ +                                            (1-5) 

If the reaction has a first-order mechanism,  

1

[ ]
[ ]t

t

d CaA
k CaA

dt
=-                                                 (1-6) 

where [ ] tCaA is the number of unreacted adsorption sites on calcium alginate at time t, 

that can be substituted by the total number of sites 0[ ]CaA  subtracted by the number of 

occupied sites on calcium alginate [ ] rCaA  at time t, then 

1 0

[ ]
([ ] [ ] )r

r

d CaA
k CaA CaA

dt
= -                                       (1-7) 
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Since the number of reacted adsorption sites on calcium alginate is proportional to the 

amount of copper loaded on alginate, assuming all sites are occupied at equilibrium, the 

equation becomes to the pseudo-first order chemisorption kinetic rate equation of 

Lagergren[53], expressed as: 

1( )t
e t

dq
k q q

dt
= -

                                                     (1-8) 

in which qe (mg/g) is the amount of copper ions adsorbed onto unit mass of particles at 

equilibrium, and qt (mg/g) is the amounts of copper ions adsorbed onto unit mass of 

particles at time t, and k1 is the rate constant of the pseudo-ýrst order kinetic model (min
-

1
).  

 

After integrating from t = 0 to t = t and qt = 0 to qt = qt and applying boundary 

conditions, the equation becomes: 

1(1 )k t

t eq q e-= -
                                                      (1-9) 

This equation can be transformed to a linear form: 

1ln( ) ln( )e t eq q q k t- = -
                                              (1-10) 

where qe can be obtained from experimental data. The straight-line plots of ln (qe-qt) 

against t were used to determine the rate constant k1. 

 

The equation applicable to experimental results generally differs from a true ýrst-order 

equation in two ways[54]: 
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a. The parameter qe-qt does not represent the number of available sites, since qe depends 

on the solution concentration. In other words, the assumption of full occupation of 

adsorption sites at equilibrium is illegitimate. 

b. The parameter ln (qe) is an adjustable parameter which is often not found equal to the 

intercept of a plot of ln (qe-qt) against t, whereas in a true ýrst-order adsorption reaction 

ln(qe) should be equal to the intercept of a plot of ln(qe-qt) against t. 

 

 The pseudo-ýrst-order kinetic model has been used extensively to describe the 

adsorption of metal ions onto adsorbents.  

 

Similar to the pseudo-first order equation, the pseudo-second order chemisorption kinetic 

rate equation is expressed as: 

2

2( )t
e t

dq
k q q

dt
= -

                                                 (1-11) 

where qe (mg/g) is the amount of copper ions adsorbed on to a unit mass of particles at 

equilibrium, and qt (mg/g) is the amounts of copper ions adsorbed on to a unit mass of 

particles at time t, and k2 is the rate constant of the pseudo-second order kinetic model 

(g/mg min). 

 

After integrating from t = 0 to t = t and qt = 0 to qt = qt and applying boundary 

conditions, the integrated form is: 

2

1 1

e t e

k t
q q q

= +
-

                                                  (1-12) 

which can be rearranged to obtain a linear form: 
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2

2

1 1

t e e

t
t

q k q q
= +

                                                   (1-13) 

If pseudo-second order kinetics is applicable, the plot of t/qt against t will present a linear 

relationship, and equilibrium capacity qe and rate constant k2 could be determined by the 

slope and intercept. The pseudo-second order kinetic model has been the most widely 

used model for the adsorption of metal ions from wastewater[55], and is in agreement 

with a chemisorption mechanism being the rate controlling step. 

 

1.2.4 Fixed-bed column 

 

Although much research has been done and many data have been obtained from different 

equilibrium adsorption systems, these data are difficult to apply to fixed-bed columns, 

which are extensively used in industry. The major problem in equilibrium studies is that 

they are batch contact systems, whose isotherms cannot give accurate scale-up data in 

fixed-bed systems since a flow column is not at equilibrium; uneven flow patterns may 

occur in fixed-beds column system. A model is needed in designing columns to study 

recycling and regeneration of adsorbents, and to predict how long they will last before 

regeneration or replacement becomes necessary. 

 

The Thomas model[56] is one of the most widely used models to evaluate column 

performances. The Thomas model was derived from the mass conservation equation in a 

continuous flow system, which demands that the solute entering a layer dxof the fixed-

bed column in time td be accounted for as follows: 
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( )
c c q

cu t c dx u t mdx t dx t
x t t

d d d d
µ µ µ

= + + +
µ µ µ

                          (1-14) 

in which c (mmol/mL) is the concentration of solution, u (mL/min) is the flow rate,  x (g) 

is the mass of the adsorbent contained therein, indicating the distance from the input end 

of the fixed-bed column, q (mmol/mg) is the concentration of adsorbed material, and m 

(mL/g) is the free space or the pore volume of the adsorbent. Therefore, 

1
0

c m c q

x u t u t

µ µ µ
+ + =

µ µ µ
                                                 (1-15) 

 

For constant flow rate, the equation could be rewritten as, 

0
c c q

m
x V V

µ µ µ
+ + =

µ µ µ
                                                  (1-16) 

where V (mL) is the volume of the outflow.  

 

Assuming that adsorption rate is determined by the chemical reaction, i.e. the diffusion is 

not a rate-determining factor, and equilibrium adsorption follows the Langmuir isotherm, 

and the adsorption obeys pseudo-second order reversible reaction kinetics, the expression 

of the Thomas model was obtained after a series of complicated derivation steps,  

0
0 0

1

1 exp ( )

t

Th
eff

C

kC
Q M C V

u

º
è ø

+ -
é ùê ú

                                    (1-17) 

where C0 (mg/L) is the initial concentration of adsorbate, Ct (mg/L) is the concentration 

of adsorbate in the effluent at time t, kTh (mL/mg min) is the Thomas rate constant, u 

(mL/min) is the flow rate, Q0 (mg/g) is the equilibrium adsorbate uptake on to a unit mass 
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of adsorbent, M (g) is the mass of adsorbent in fixed-bed column, and Veff (mL) is the 

volume of treated solution at time t. 

 

The Thomas model could be linearized to the following form:  

00 0ln( 1)
Th effTh

t

k C VC k Q M

C u u
- = -                                       (1-18) 

Plotting 0ln( 1)
t

C

C
-  against effV , kTh and Q0 can be assessed by the slope and intercept. 

The Thomas model is mainly used to predict the breakthough curve and to estimate the 

maximum adsorption Q0. 

 

The AdamsïBohart model[57] is another widely applied model for fixed-bed column 

adsorption. Adams and Bohart proposed a relationship between C/C0 and t in a 

continuous þowing system for gas adsorption on carbon. It assumes that the rate-limiting 

step is a chemical reaction on the surface, and the adsorption process follows a pseudo 

second order irreversible reaction. The adsorption reaction rate isABk qc. 

 

Considering a selected portion of adsorbent, the residual adsorption capacity decreases at 

a rate given by following equation, 

ABc k
qc

x u

µ
=-

µ
                                                      (1-19) 

where q is residual adsorption capacity (mg/L), c is the solution concentration at time t 

and the distance from inflow entrance x (m), u (m/min) is the superficial flow rate, and 

kAB (mL/mg min) is the Adams-Bohart rate constant.  
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After integration, the linear form of the Adams-Bohart model can be written as: 

0 /0
0ln( 1) ln( 1)ABk Q Z u

AB

t

C
e k C t

C
- = - -                                (1-20) 

where C0 (mg/L) is initial concentration of adsorbate, Ct (mg/L) is the concentration of 

adsorbate in the effluent at time t, Q0 (mg/L) is the equilibrium adsorbate uptake on to a 

unit volume of adsorbent, and Z (m) is the height of the fixed-bed column. The Adams-

Bohart model is mostly used to describe the initial part of the breakthrough curve in a 

fixed-bed column system. One advantage of the Adams-Bohart model is that it indicates 

the breakthrough time straightforwardly. 

 

In addition to the Thomas model and the Adams-Bohart model, Yoon and Nelson 

developed a simple model to describe the adsorption of adsorbate gases on to activated 

charcoal in 1984[58]. They denoted Q as the probability of adsorption and P as the 

probability of breakthrough. In other words, Q is the concentration percentage of the 

inflow that gets adsorbed and P is the concentration percentage of the inflow that flows 

out of the column. This model assumed that the rate of decrease in the probability of 

adsorption for each adsorbate molecule is proportional to Q and P, shown as: 

YN

dQ
k QP

dt
- =                                                    (1-21) 

Since P=1-Q, the following equation was obtained: 

1
YN

dQ dQ
k dt

Q Q
+ =-
-ñ ñ ñ                                          (1-22) 

After integration, the equation became: 
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ln( ) ( )
1

YN

Q
k t

Q
t= -

-
                                             (1-23) 

where YNk  (min
ī1

) is the rate constant and tis a constant. Noting that when Q=0.5, t=t. 

Therefore, t is the time required for 50% adsorbate breakthrough. Plugging 
0

1 tC
Q

C

-
=

into the equation, the linear form of the Yoon-Nelson model is expressed as: 

0

ln( )t
YN YN

t

C
k t k

C C
t= -

-
                                           (1-24) 

The Yoon-Nelson model is always used to predict 50% adsorbate breakthrough time. 
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Chapter 2  Methodology 
 

 

2.1 Particle synthesis 

 

2.1.1 Materials 

 

Low molecular weight chitosan (CAS #9012-76-4) and sodium tripolyphosphate (TPP) 

(CAS #7758-29-4, technical grade) were both purchased from Sigma-Aldrich (St. Louis, 

MO).  The chitosan had a deacetylation fraction of 90.85% and molecular weight range 

of 50 to 190 kDa.  More specifically, the acquired batch had a viscosity of 185 cP (for a 

concentration of 1 w/w in 1 w/w acetic acid solution) (all data provided by supplier). 

99%+ Copper (II) sulfate pentahydrate was obtained from Acros Organics (CAS #7758-

99-8). Water used for all experiments was acquired from a Milli -Q water system.  

 

Sodium alginate (alginic acid, sodium salt, CAS #9005-38-3) was obtained from Acros 

Organics (Morris Plains, NJ).  It had a molecular weight range of 450 to 550 kDa and a 

viscosity of 485 cP (for a 1% w/w solution) (data provided by supplier).  Furthermore, 

the sodium alginate contained 65-75% guluronic acid (G) subunits and 25-35% 

mannuronic acid (M) subunits. Calcium chloride dihydrate FCC/USP (CAS #10035-04-

8), sodium chloride (CAS #7647-14-5) and  isooctane (CAS #540-84-1) were obtained 

from Fisher Scientific (Pittsburgh, PA). 1,6 dibromohexane (CAS #629-03-8) and Span-

80 (CAS #1338-43-8) were purchased from Sigma-Aldrich (St. Louis, MO).  
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2.1.2 Preparation of chitosan nanoparticles 

 

The method of ionic gelation, where chitosan was ionically cross-linked with TPP, was 

used to synthesize the nanoparticles in dilute solution. Chitosan was dissolved in water 

with acetic acid 1.75 times the mass of chitosan to obtain 0.1 wt% (1 mg/ml) chitosan 

solution, 0.2 wt% (2 mg/mL) chitosan solution, or 0.4 wt% (4 mg/mL) chitosan solution 

for nanoparticle synthesis. TPP was dissolved in water to a concentration of 0.1 wt%, 0.2 

wt%, and 0.4 wt%. In general, 1 mL of TPP was added dropwise to 5 mL of the chitosan 

solution of equal concentration under magnetic stirring to create a mixture of 5:1 volume 

ratio chitosan:TPP. The mixture was stirred further for 30 minutes before sitting an 

additional 24 hours to reach equilibrium. It was then centrifuged for 30 minutes at 48,400 

g (20,000 rpm) (Avanti J-E, Beckman Coulter, Brea, CA). The wet mass of the collected 

particles produced from one batch ranged from 0.15g to 0.35g. 

 

A smaller concentration of TPP was also used in the experiments for chitosan 

nanoparticles synthesized from the 2 mg/mL solution. 0.7 mL of TPP solution and 0.3 

mL DI water were added to 5 mL of chitosan solution following the 5:1 volume ratio of 

chitosan:TPP solutions described above. These TPP-lean particles were produced in order 

to observe the effect of the degree of cross-linking on the properties of the nanoparticles 

and the resulting adsorption capability. 
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2.1.3 Preparation of calcium-alginate gel microbeads 

 

Three solutions were prepared: i) aqueous 2 wt% alginate solution; ii)  an oil solution 

consisting of 69.5% (v/v) isooctane 29.5%(v/v) 1,6 dibromohexane and 1 wt% Span-80 

surfactant; iii)  calcium chloride solution with concentrations of 0.1M calcium chloride 

and 0.5 M sucrose in water. An emulsion was formed by blending equal weight amounts 

of the alginate solution with the oil solution at 20,000 rpm for 10 minutes (Ultra-Turrax 

T-25 blender, IKA Works, Staufen, Germany). The flask containing solutions was 

immersed in ice water during blending to prevent overheating of the mixture. The 

calcium chloride solution was added slowly immediately afterward to cross-link the 

alginate beads under magnetic stirring conditions. The emulsions were then separated in a 

separatory funnel with acetone washing. The alginate suspension was extracted and 

centrifuged at 6000 rpm at 4°C. The supernatant was removed and the resulting pellets 

are collected as alginate beads. They were stored in DI water until sieving was 

performed. The alginate beads used in the experiments were smaller than 38 mm in 

diameter. 

 

2.1.4 Preparation of chitosan/alginate combination particles (weight ratio 1:0.45) 

 

The chitosan and alginate particles were prepared as mentioned previously. For the 

experiments, 2 mg/mL was selected as the chitosan synthesis concentration. The mass 

ratio of calcium-alginate gel microbeads to chitosan nanoparticles was 1:0.45. A small 

amount <2 mL of chitosan nanoparticle suspension in DI water was mixed with the 
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corresponding weight of alginate beads in a vial on a stir plate. When the mixture was 

equilibrated, the combination particles were centrifuged at 48,400 g for 20 minutes and 

then were ready to be used for adsorption experiments once the supernatant was removed.  

 

2.1.5 Preparation of large calcium-alginate gel beads 

 

Sodium alginate was dissolved in water at a concentration of 2 wt%. Sodium chloride 

was added into the 2 wt% alginate solution to make 0.2 M concentration in order to 

promote the formation of homogenous beads[59]. A bath of 0.1 M CaCl2 was prepared, 

and NaCl was also added to the bath to yield a 0.075 M concentration. Using a syringe 

pump equipped with a 5 cc syringe and a 30G 1/2 needle angled downward, the alginate 

solution was dropped into the bath of CaCl2 and NaCl solution from a height of 12 cm at 

a volumetric þow rate of 0.10 mL/min. The setup is shown in Figure 2-1. The bath was 

stirred manually and the beads were allowed to equilibrate for a minimum of 15 min to 

allow the cross-linking to complete. A vacuum pump was used to collect completed 

alginate gel beads. Subsequently, beads were stored in deionized water until being used. 

 

Figure 2-1. Schematic view of syringe pump, needle, and cross-linking bath for bead 

production.[40] 
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2.2 Particle characterization 

 

2.2.1 Zetasizing 

 

The size and zeta potential distributions of the chitosan nanoparticles were characterized. 

After the first centrifugation, the solids were suspended in water followed by sonication 

(Misonix 3000, Qsonica, Newtown, CT). The size analysis provided the size distribution 

of the nanoparticles. Dynamic light scattering was performed by a Malvern zetasizer 

model Nano ZS-90 (Malvern Instruments Ltd., Malvern, UK) to measure the size. Phase 

analysis light scattering was used to accomplish the zeta analysis. (From 

www.malvern.com) Zeta potential indicates the strength of electrostatic interparticle 

interactions. High zeta potentials confer stability, where the suspension resists 

aggregation. 

 

2.2.2 TEM imaging 

 

The chitosan nanoparticles and chitosan/alginate combination particles were viewed with 

a TEM (Philips CM12, Andover, MA). 3 mL of 50mM copper sulfate solution was used 

as a stain solution and added to the particle pellet after centrifugation. The nanoparticles 

were sonicated to uniformity and soaked in copper sulfate solution for several days under 

magnetic stirring until equilibrium was reached and then were placed on to imaging grids 

(Cat. #FCF300-CU from Electron Microscopy Sciences, Hatfield, PA). The grids were 

http://www.malvern.com/
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subjected to glow discharge treatment before sample loading in order to increase the 

hydrophilicity of the grid surface. 

 

2.2.3 Laser diffraction 

 

Alginate microbead suspensions were analyzed using a Beckman-Coulter LS-13 320 

Laser Diffraction apparatus. Samples were run for combined obscuration and polarization 

intensity differential scattering (PIDS) analysis. A refractive index of 1.37 was input for 

alginate, based on measurements of the refractive index of alginate slabs. The unit was 

thoroughly rinsed between samples; acetone or isopropyl alcohol was used if cleaning 

was required. Samples were stored in glass vials and sonicated before processing and 

analyzed immediately after processing. 

 

2.2.4 Microscope imaging 

 

The large calcium-alginate gel beads were observed under an optical microscope using 

the Zeiss Axio Lab.A1. The image was recorded with AxioVision software under 5x 

magnification. 
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2.3 Equilibrium adsorption experiment 

 

To obtain chitosan nanoparticles loaded with copper ions, 3 mL of copper sulfate solution 

(an excess amount used to favor adsorption) was added to the wet pellet obtained from 

centrifugation of the synthesized nanoparticles. According to the study by Schmuhl et al., 

[4]  the pH of the copper sulfate solution does not affect the adsorption capacity of 

chitosan nanoparticles when it is above 3.0. Therefore, the experimental pH was fixed at 

3.5 in order to lie within the region of pH independence and also to avoid disturbance by 

copper hydroxide formation at high pH. The mixture was sonicated to uniformity in the 

same centrifuge tube and was left under magnetic stirring for one week. Then, the 

particles were centrifuged once again at 48,400 g (20,000 rpm) for 20-30 minutes. The 

resulting solid was then weighed and resuspended in 1 mL of water, to aid in its 

dissolution for the inductively coupled plasma mass spectrometer (ICP/MS) experiments 

described below. For calcium-alginate gel microbeads and combination particles, the 

process was the same except that a lower centrifuge speed of 10,000 rpm was used. For 

large calcium-alginate gel beads, the sonication and centrifuging steps could be skipped. 

After stirring for one week, the supernatant solution was poured out and 1 mL of DI 

water was added into the samples. 

 

The mass of copper ions adsorbed to the chitosan nanoparticles and alginate beads was 

measured by inductively coupled plasma mass spectrometry (ICP/MS). The solids 

weighed between 8 and 300 mg and were digested in 50 mL conical (VWR Scientific, 

Radnor, PA) centrifuge tubes.  To each tube, 2 mL of concentrated nitric acid were added 
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(EMD OmniTrace Ultra High Purity, VWR Scientific, Radnor, PA) and the samples were 

allowed to react at least overnight.  After equilibrating the pressure, they were 

subsequently digested using a MARSX microwave sample digester (CEM Corp., 

Mathews, NC).  A 300W power program was applied (Table 2-1). 

 

Table 2-1. ICPMS procedure. 

Step Duty cycle Heating time Cooling time 

(approximate) 

1.  75 5 10 

2. 100 5 10 

3. 100 5 20 

4. 100 10 20 

 

After digestion, samples were removed and cooled before the final dilution to 50 mL 

using DI water (MilliQ Ultrapure De-ionized, Millipore Corp., Billerica, MA) was made.  

To measure these samples in the optimum analytical concentration range they were re-

diluted by a factor of 2857 in 5% OmniTrace nitric acid by volume. 

 

Samples were analyzed for Cu using an X5 (Thermo Electron, MA) inductively coupled 

plasma mass spectrometer (ICP/MS).  An m/z ratio of 65 was used for quantitation and 

no isobaric interferences were observed. ICP/MS precision is determined by many 

factors, including isotopic abundance that determines sensitivity, spectral background 

(molecular isobars), isobaric interference from concomitant elements and instrument 

drift.  Taking into account all factors, when instrument drift is reasonable the uncertainty 

estimate for these samples analyzed for copper is roughly 8-12% RSD.  For elements 

such as Ag with few molecular isobars and no concomitant elemental interferences, the 

precision can be as low as 0.5% for replicate measurements from a single sample and 
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within about 7% for a single sample measured throughout an analytical run.  For samples 

requiring digestion/or dissolution the homogeneity of the sample and dissolved solids 

will also contribute to the overall reproducibility of the measurement.   

 

 

2.4 Adsorption kinetics experiment 

 

Calcium-alginate gel microbeads, chitosan/alginate combination particles and large 

calcium-alginate gel beads were put into 15 mL test tubes, yielding 12 tubes with 

calcium-alginate gel microbeads, 12 tubes with chitosan/alginate combination particles, 

and 12 tubes with large calcium-alginate gel beads.  Each tube contained around 0.2 g 

(wet mass) of particles.  For calcium-alginate gel microbeads and chitosan/alginate 

combination particles, 3 mL of 1 mM copper sulfate solution was added into each tube, 

and then the samples were sonicated to uniformity in the same tube and left under 

magnetic stirring for 10, 20, 30, 40, 50, 70, 90, 120, 240, 360, 480 and 1440 minutes, 

respectively. Afterward, the samples were centrifuged at 48,400 g for 10 minutes. After 

removing the supernatant fluid, pellets were collected and weighed and then transferred 

to big centrifuge tubes. 1 mL of DI water was added to each centrifuge tube and the 

samples were sonicated again until all the particles were suspended uniformly in the 

centrifuge tubes. For large calcium-alginate gel beads, there was no need to centrifuge 

samples. After adding 3 mL of 1 mM copper sulfate solution into each tube, the samples 

were stirred on a magnetic stirring plate for 10, 20, 30, 40, 50, 70, 90, 120, 240, 360, 480 

and 1440 minutes respectively. Then the solution was poured out. The large beads were 
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transferred to big centrifuge tubes and their mass was recorded. The amount of copper 

ions adsorbed on to the calcium-alginate gel microbeads, chitosan/alginate combination 

particles and large calcium-alginate gel beads were measured by inductively coupled 

plasma mass spectrometry (ICP/MS) at each time point. 

 

 

2.5 Fixed-bed column experiment  

 

In this experiment, tube connecters with the same size ends were used as the fixed-bed 

columns. Since the wall of tube connecters is translucent, the color change of packed 

particles could be observed. After packing alginate gel beads into it, nylon meshes 

(Spectrum Laboratories, Inc. CA) were adhered by silicon glue onto both ends to trap 

particles inside. The pore size of the meshes is 300 µm with 50% open area, and the 

thickness of the meshes is 200 µm. It took 24 hours until the silicon glue was fully dried. 

To minimize possible wall and axial dispersion effects in the ýxed-bed column, the bed 

length-to-particle diameter ratio must be greater than 20[60]. Two sizes of the column 

were used in the experiment. The large column has an internal diameter of 1/2 inch (1.27 

cm) and column height of 6.4 cm, and the small column has internal diameter of 1/4 inch 

(0.635 cm) and column height of 4.8 cm. The diameter of the alginate beads was around 

1 mm. Therefore, the bed length-to-particle diameter ratio for both large column and 

small column was greater than 20.  
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The solution containing 1mM CuSO4 was pumped into the fixed-bed column by a syringe 

pump (New Era Pump Systems, Farmingdale, NY) with volumetric flow rate varied at 

0.1 mL/min, 0.25 mL/min and 1 mL/min. The setup was shown in Figure 2-2. To be 

consistent with equilibrium experiments, the pH of CuSO4 solution was fixed at 3.5. 

Adsorption experiments were carried out at room temperature. The outflow was sampled 

at 5 minutes, 10 minutes, 20 minutes, 30 minutes, 40 minutes, 60 minutes, 80 minutes, 

120 minutes, 150 minutes, 180 minutes, 210 minutes, 240 minutes, 300 minutes, 360 

minutes and 480 minutes. The copper ion concentration in collected liquid samples was 

tested by inductively coupled plasma mass spectrometry (ICP/MS). 

 

 

Figure 2-2. Schematic view of fixed-bed column experiment. 
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Chapter 3 Equilibrium Study of Copper Ion Adsorption by 

Chitosan Nanoparticles, Calcium-Alginate Gel Microbeads, 

Large Calcium-Alginate Gel Beads and Chitosan/Alginate 

Combination Particles 
 

 

3.1 Introduction 

 

Conventional methods to remove heavy metal ions from industrial effluents include 

adsorption, precipitation, filtration, and electrochemical treatment. Most of these methods 

are expensive and incapable of removing trace levels of heavy metal ions[1, 2]. 

Adsorption is an effective and economical separation process that could be employed in 

water purification. To evaluate an adsorbent, the equilibrium adsorption capability and 

affinity to adsorbate are the most important factors to consider. In recent years, much 

active research has been performed on novel adsorbents and has explored various 

configurations of adsorbents to maximize their adsorptive capacity, particularly 

incorporating nanoparticles. The unique advantages of nanoparticles are their small size, 

large surface area and the quantum size effect, which theoretically increases the 

adsorption capacity for nanoparticle adsorbents[3]. 

 

Natural carbohydrate biopolymers such as chitosan and alginate are receiving increasing 

attention due to their extraordinary affinity to heavy metal ions. Particularly in gel 

particle form, the uptake is comparable to or even beyond that of commercial ion 

exchange resins. In addition, the materials are abundant, biocompatible and 
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environmentally friendly, making them potential biosorbents for the removal of 

pollutants from wastewater [4-14]. 

 

In this chapter, chitosan gel nanoparticles, calcium-alginate gel beads, chitosan/alginate 

combination particles and large calcium-alginate gel beads were formed and 

characterized by zetasizing, TEM and microscope imaging. The equilibrium adsorption 

capability of chitosan nanoparticles, calcium-alginate gel beads, chitosan/alginate 

combination particles and large calcium-alginate gel beads for Cu
2+

 from copper sulfate 

solutions at fixed pH has been explored. Experimental data were fitted to the Langmuir 

isotherm and Freundlich isotherm equations, and the binding mechanisms were 

discussed. 

 

 

3.2 Experimental methods 

 

3.2.1 Materials 

 

Low molecular weight chitosan (CAS #9012-76-4) and sodium tripolyphosphate (TPP) 

(CAS #7758-29-4, technical grade) were both purchased from Sigma-Aldrich (St. Louis, 

MO).  The chitosan had a deacetylation fraction of 90.85% and molecular weight range 

of 50 to 190 kDa.  More specifically, the acquired batch had a viscosity of 185 cP (for a 

concentration of 1 w/w in 1 w/w acetic acid solution) (all data provided by supplier). 
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99%+ Copper (II) sulfate pentahydrate was obtained from Acros Organics (CAS #7758-

99-8). Water used for all experiments was acquired from a Milli-Q water system.  

 

Sodium alginate (alginic acid, sodium salt, CAS #9005-38-3) was obtained from Acros 

Organics (Morris Plains, NJ).  It had a molecular weight range of 450 to 550 kDa and a 

viscosity of 485 cP (for a 1% w/w solution) (data provided by supplier).  Furthermore, 

the sodium alginate contained 65-75% guluronic acid (G) subunits and 25-35% 

mannuronic acid (M) subunits. Calcium chloride dihydrate FCC/USP (CAS #10035-04-

8), sodium chloride (CAS #7647-14-5) and  isooctane (CAS #540-84-1) were obtained 

from Fisher Scientific (Pittsburgh, PA). 1,6 dibromohexane (CAS #629-03-8) and Span-

80 (CAS #1338-43-8) were purchased from Sigma-Aldrich (St. Louis, MO).  

 

3.2.2 Preparation of particles 

 

(1) Chitosan nanoparticles 

The method of ionic gelation, where chitosan was ionically cross-linked with TPP, was 

used to synthesize the nanoparticles in dilute solution. Chitosan was dissolved in water 

with acetic acid 1.75 times the mass of chitosan to obtain 0.1 wt% (1 mg/mL) chitosan 

solution, 0.2 wt% (2 mg/mL) chitosan solution, or 0.4 wt% (4 mg/mL) chitosan solution 

for nanoparticle synthesis. TPP was dissolved in water to a concentration of 0.1 wt%, 0.2 

wt%, and 0.4 wt%. In general, 1 mL of TPP was added dropwise to 5 mL of the chitosan 

solution of equal concentration under magnetic stirring to create a mixture of 5:1 volume 

ratio chitosan:TPP. The mixture was stirred further for 30 minutes before sitting an 
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additional 24 hours to reach equilibrium. It was then centrifuged for 30 minutes at 48,400 

g (20,000 rpm) (Avanti J-E, Beckman Coulter, Brea, CA). The wet mass of the collected 

particles produced from one batch ranged from 0.15g to 0.35g. 

 

A smaller concentration of TPP was also used in the experiments for chitosan 

nanoparticles synthesized from the 2 mg/mL solution. 0.7 mL of TPP solution and 0.3 

mL DI water were added to 5 mL of chitosan solution following the 5:1 volume ratio of 

chitosan:TPP solutions described above. These TPP-lean particles were produced in order 

to observe the effect of the degree of cross-linking on the properties of the nanoparticles 

and the resulting adsorption capability. 

 

(2) Calcium-alginate gel microbeads 

Before synthesizing calcium-alginate gel microbeads, three solutions were prepared: i) 

aqueous 2 wt% alginate solution; ii) an oil solution consisting of 69.5% (v/v) isooctane 

29.5%(v/v) 1,6 dibromohexane and 1 wt% Span-80 surfactant; iii)  calcium chloride 

solution with concentrations of 0.1M calcium chloride and 0.5 M sucrose in water. An 

emulsion was formed by blending equal weight amounts of the alginate solution with the 

oil solution at 20,000 rpm for 10 minutes (Ultra-Turrax T-25 blender, IKA Works, 

Staufen, Germany). The flask containing solutions was immersed in ice water during 

blending to prevent overheating of the mixture. The calcium chloride solution was added 

slowly immediately afterward to cross-link the alginate beads under magnetic stirring 

conditions. The emulsions were then separated in a separatory funnel with acetone 

washing. The alginate suspension was extracted and centrifuged at 6000 rpm at 4°C. The 
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supernatant was removed and the resulting pellets are collected as alginate beads. They 

were stored in DI water until sieving was performed. The alginate beads used in the 

experiments were smaller than 38 mm in diameter. 

 

(3)  Chitosan/alginate combination particles 

To make chitosan/alginate combination particles, chitosan and alginate particles were 

prepared as mentioned previously. For the experiments, 2 mg/mL was selected as the 

chitosan synthesis concentration. The mass ratio of calcium-alginate gel microbeads to 

chitosan nanoparticles was 1:0.45. A small amount <2 mL of chitosan nanoparticle 

suspension in DI water was mixed with the corresponding weight of alginate beads in a 

vial on a stir plate. When the mixture was equilibrated, the combination particles were 

centrifuged at 48,400 g for 20 minutes and then were ready to be used for adsorption 

experiments once the supernatant was removed.  

 

(4) Large calcium-alginate gel beads 

When making large calcium-alginate gel beads, sodium alginate was dissolved in water at 

a concentration of 2 wt%. Sodium chloride was added into the 2 wt% alginate solution to 

make 0.2 M concentration in order to promote the formation of homogenous beads[59]. 

A bath of 0.1 M CaCl2 was prepared, and NaCl was also added to the bath to yield a 

0.075 M concentration. Using a syringe pump equipped with a 5 cc syringe and a 30G 1/2 

needle angled downward, the alginate solution was dropped into the bath of CaCl2 and 

NaCl solution from a height of 12 cm at a volumetric þow rate of 0.10 mL/min. The 

setup is shown in Figure 2-1. The bath was stirred manually and the beads were allowed 
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to equilibrate for a minimum of 15 min to allow the cross-linking to complete. Vacuum 

pump was used to collect completed alginate gel beads. And beads were stored in 

deionized water until being used. 

 

Figure 2-1. Schematic view of syringe pump, needle, and cross-linking bath for bead 

production.[40] 

 

3.2.3 Particle characterization 

 

The size and zeta potential distributions of the chitosan nanoparticles were characterized. 

After the first centrifugation, the solids were suspended in water followed by sonication 

(Misonix 3000, Qsonica, Newtown, CT). The size analysis provided the size distribution 

of the nanoparticles. Dynamic light scattering was performed by a Malvern zetasizer 

model Nano ZS-90 (Malvern Instruments Ltd., Malvern, UK) to measure the size. Phase 

analysis light scattering was used to accomplish the zeta analysis. (From 

www.malvern.com) Zeta potential indicates the strength of electrostatic interparticle 

http://www.malvern.com/
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interactions. High zeta potentials confer stability, where the suspension resists 

aggregation. 

 

The chitosan nanoparticles and chitosan/alginate combination particles were viewed with 

a TEM (Philips CM12, Andover, MA). 3 mL of 50mM copper sulfate solution was used 

as a stain solution and added to the particle pellet after centrifugation. The samples were 

sonicated to uniformity and soaked in copper sulfate solution for several days under 

magnetic stirring until equilibrium was reached and then were placed on to imaging grids 

(Cat. #FCF300-CU from Electron Microscopy Sciences, Hatfield, PA). The grids were 

subjected to glow discharge treatment before sample loading in order to increase the 

hydrophilicity of the grid surface. 

 

Alginate microbead suspensions were analyzed using a Beckman-Coulter LS-13 320 

Laser Diffraction apparatus. Samples were run for combined obscuration and polarization 

intensity differential scattering (PIDS) analysis. A refractive index of 1.37 was input for 

alginate, based on measurements of the refractive index of alginate slabs. The unit was 

thoroughly rinsed between samples; acetone or isopropyl alcohol was used if cleaning 

was required. Samples were stored in glass vials and sonicated before processing and 

analyzed immediately after processing. 

 

The large calcium-alginate gel beads were observed under an optical microscope using 

the Zeiss Axio Lab.A1.  Images were taken with AxioVision software under 5x 

magnification. 
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3.2.4 Equilibrium adsorption experiment 

 

To obtain chitosan nanoparticles loaded with copper ions, 3 mL of copper sulfate solution 

(an excess amount used to favor adsorption) was added to the wet pellet obtained from 

centrifugation of the synthesized nanoparticles. According to the study by Schmuhl et al., 

[4]  the pH of the copper sulfate solution does not affect the adsorption capacity of 

chitosan nanoparticles when it is above 3.0. Therefore, the experimental pH was fixed at 

3.5 in order to lie within the region of pH independence and also to avoid disturbance by 

copper hydroxide formation at high pH. The mixture was sonicated to uniformity in the 

same centrifuge tube and was left under magnetic stirring for one week. Then, the 

particles were centrifuged once again at 48,400 g (20,000 rpm) for 20-30 minutes. The 

resulting solid was then weighed and resuspended in 1 mL of water, to aid in its 

dissolution for the inductively coupled plasma mass spectrometer (ICP/MS) experiments 

described below. For alginate beads, the process was the same except that a lower 

centrifuge speed of 10,000 rpm was used. For large calcium-alginate gel beads, the 

sonication and centrifuging steps could be skipped. After stirring for one week, the 

supernatant solution was poured out and 1 mL of DI water was added into samples. 

 

The mass of copper ions adsorbed to the chitosan nanoparticles and alginate beads was 

measured by inductively coupled plasma mass spectrometry (ICP/MS). The solids 

weighed between 8 and 300 mg and were digested in 50 mL conical (VWR Scientific, 

Radnor, PA) centrifuge tubes.  To each tube, 2 mL of concentrated nitric acid were added 

(EMD OmniTrace Ultra High Purity, VWR Scientific, Radnor, PA) and the samples were 
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allowed to react at least overnight.  After equilibrating the pressure, they were 

subsequently digested using a MARSX microwave sample digester (CEM Corp., 

Mathews, NC).  A 300W power program was applied (Table 2-1). 

 

Table 2-1. ICPMS procedure.  

 

Step Duty cycle Heating time Cooling time 

(approximate) 

1.  75 5 10 

2. 100 5 10 

3. 100 5 20 

4. 100 10 20 

 

After digestion, samples were removed and cooled before the final dilution to 50 mL 

using DI water (MilliQ Ultrapure De-ionized, Millipore Corp., Billerica, MA) was made.  

To measure these samples in the optimum analytical concentration range they were re-

diluted by a factor of 2857 in 5% OmniTrace nitric acid by volume. 

 

Samples were analyzed for Cu using an X5 (Thermo Electron, MA) inductively coupled 

plasma mass spectrometer (ICP/MS).  An m/z ratio of 65 was used for quantitation and 

no isobaric interferences were observed. ICP/MS precision is determined by many 

factors, including isotopic abundance that determines sensitivity, spectral background 

(molecular isobars), isobaric interference from concomitant elements and instrument 

drift.  Taking into account all factors, when instrument drift is reasonable the uncertainty 

estimate for these samples analyzed for copper is roughly 8-12% RSD.  For elements 

such as Ag with few molecular isobars and no concomitant elemental interferences, the 

precision can be as low as 0.5% for replicate measurements from a single sample and 
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within about 7% for a single sample measured throughout an analytical run.  For samples 

requiring digestion/or dissolution the homogeneity of the sample and dissolved solids 

will also contribute to the overall reproducibility of the measurement.   

 

 

3.3 Results and discussion 

 

3.3.1 Particle Characterization 

 

(1) Size 

The size of chitosan nanoparticles, as represented by the Z-average diameter, was 

measured by dynamic light scattering and is shown in Figure 3-1. Comparing the data 

from chitosan nanoparticles prepared with 5.0 mL of 1 mg/mL, 2 mg/mL and 4 mg/mL 

chitosan solutions and 1.0 mL TPP solution at an equal concentration, 4 mg/mL chitosan 

nanoparticles have the largest size while 1 mg/mL chitosan nanoparticles have the 

smallest. Also, for each synthesis concentration, the size of chitosan nanoparticles 

increases slightly with the amount of TPP added. 
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Figure 3-1. Diameter of chitosan nanoparticles produced at three synthesis solution 

concentrations (1 mg/mL, 2 mg/mL and 4 mg/mL, prepared with varying amounts of 

TPP).  

 

The size distribution of the alginate microbeads was characterized by laser diffraction 

spectroscopy (Beckman Coulter LS-13 320).  Figure 3-2 shows the size distribution of 

the microbeads, measured by laser diffraction spectroscopy. For the majority of the 

alginate microbeads, the diameter ranges from 12 - 33 µm, with an average diameter of 

23 + 13 µm. According to optical microscope images we acquired, most calcium-alginate 

gel microbeads have roughly spherical shapes. 
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Figure 3-2. Size distribution of alginate microbeads measured by laser diffraction 

spectroscopy. 

 

(2) Zeta potential 

Figure 3-3 reveals the zeta potential of different types of chitosan nanoparticles. 

Following the same trend as for the particle size, 4 mg/mL chitosan nanoparticles have 

the highest zeta potential while 1 mg/mL chitosan nanoparticles have the lowest. The zeta 

potential is related to the surface charge density and high magnitude of zeta potential 

denotes stability of the nanoparticles in suspension. For chitosan nanoparticles, the 

positive zeta potential results from the presence of protonated amine groups. When 

negatively charged TPP reacts with positively charged chitosan, the net zeta potential 

decreases. Therefore, the higher the zeta potential, the lower the fraction of TPP present 

in the nanoparticle. Zeta potential results suggest that the fraction of TPP present in the 

nanoparticle decreases as the synthesis solution concentration increases from 1 mg/mL to 

4 mg/mL. TPP can form up to five links with amine groups on the chitosan, and the 

average number of links may also vary with the synthesis solution concentration. The 
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zeta potential of chitosan nanoparticles increases with the amount of TPP added and then 

decreases, where the chitosan/TPP ratio with the maximum zeta potential depends on the 

synthesis solution concentration. It is believed that these results arise from differences in 

the cross-linking reaction rate and degree of cross-linking as the concentration is varied. 

 

 
Figure 3-3. Zeta potential of chitosan nanoparticles produced at three synthesis solution 

concentrations (1 mg/mL, 2 mg/mL and 4 mg/mL prepared with varying amounts of 

TPP). 

 

 

(3) Imaging 

To further confirm the size and spherical shape of the chitosan nanoparticles, TEM 

images were acquired in this research.  
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Figure 3-6 present TEM images of 2 mg/mL chitosan nanoparticles prepared with 0.25 

mL TPP, 0.7 mL TPP and 1.0 mL TPP, respectively. Most nanoparticles exhibit a 

spherical shape without aggregation and their diameter ranges from 20 nm to 240 nm. By 

analyzing these images, the number weighted diameter, volume weighted diameter and 

intensity weighted diameter are obtained and listed in  

Table 3-1. In general, the values are smaller than the Z-average diameters obtained by 

zetasizing. The difference is attributed to the presence of nanoparticle aggregates 

suspended in the samples for zetasizing but flowing off of the TEM grids without 

adhesion.  

 

 
 

Figure 3-4. TEM image of chitosan nanoparticles prepared with 2 mg/mL chitosan 

solution and 0.25 mL TPP, stained with copper sulfate solution. Diameter range: 

approximately 18 - 244 nm. 
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Figure 3-5. TEM image of chitosan nanoparticles prepared with 2 mg/mL chitosan 

solution and 0.7 mL TPP, stained with copper sulfate solution. Diameter range: 

approximately 36 - 240 nm. 

 
 

 
 

Figure 3-6. TEM image of chitosan nanoparticles prepared with 2 mg/mL chitosan 

solution and 1.0 mL TPP, stained with copper sulfate solution. Diameter range: 

approximately 28 -226 nm. 
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Table 3-1. Number weighted diameter, volume weighted diameter, intensity weighted 

diameter and Z-average diameter of chitosan nanoparticles prepared with 2 mg/mL 

chitosan solution and 0.25 mL TPP, 0.7 mL TPP and 1.0 mL TPP, respectively. 

Concentration 
Number 
weighted 
Diameter 

Volume 
Weighted 
Diameter 

Intensity 
Weighted 
Diameter 

Z-Average 
Diameter 

2 mg/mL  (0.25 mL TPP) 72.9 149.2 195.5 245 
2 mg/mL  (0.7 mL TPP) 80.5 163.6 223.7 252.1 
2 mg/mL  (1.0 mL TPP) 85.6 148.9 209.5 272.3 

 

Figure 3-7 exhibits TEM images of calcium-alginate gel microbeads coated with 2 

mg/mL chitosan nanoparticles prepared with 0.7 mL TPP. The mass ratio of calcium-

alginate gel microbeads to chitosan nanoparticles is 1:0.45. The approximate diameter of 

the calcium-alginate gel microbead shown in the images is measured at 9 µm.  The 

images show that the chitosan nanoparticles attached to the calcium-alginate gel 

microbeads evenly but did not fully cover the entire surface. Based on the mass ratio and 

incomplete surface coverage, the combination particles are expected to have a strongly 

negative charge of only slightly lower magnitude than that of the alginate microbeads 

alone. Although the alginate microbeads studied here are too large for zeta potential 

measurements to be obtained by zetasizing instruments, alginate nanoparticles typically 

exhibit values of approximately -30 mV [61]. 
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Figure 3-7. TEM images of calcium-alginate gel microbeads coated with chitosan 

nanoparticles prepared with 2 mg/mL chitosan solution and 0.7 mL TPP, stained with 

copper sulfate solution. The weight ratio of calcium-alginate gel microbeads to chitosan 

nanoparticles is 1:0.45. 

 

Figure 3-8 exhibits a microscope image of a large calcium-alginate gel bead under 5x 

magnification. From the image it can be seen that the large calcium-alginate gel bead has 

a spherical shape, and the approximate diameter of the large calcium-alginate gel bead 

shown in the image is around 1 mm. 

 

Figure 3-8. Microscope image of a large calcium-alginate gel bead at 5x magnification. 
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3.3.2 Particle adsorption capability 

 

It is important to correlate equilibrium adsorption data between metal ions and particles 

in order to assess the particles' capacity for metal adsorption. The effectiveness of 

adsorbents is often evaluated by fitting experimental adsorption data with the Langmuir 

and Freundlich isotherm equations, which relate Q (mg/g), the quantity of metal adsorbed 

per unit mass of adsorbent, to Ce(mg/L), the equilibrium metal ion concentration in the 

solution after adsorption.  

 

The Langmuir model [50] is the best known and most widely applied adsorption 

isotherm. It has excellent agreement with a wide variety of experimental data and is 

represented as follows: 

max

1

s e

s e

Q K C
Q

K C
=
+                     (3-1)

 

The linear form of the Langmuir isotherm can be described as: 

                                 (3-2) 

where Qmax (mg/g) is the maximum adsorption capacity of adsorbent at monolayer 

coverage, and Ks (L/mg) is the Langmuir adsorption equilibrium constant related to the 

afýnity of adsorptive sites for adsorbate at dilute concentration. This constant 

corresponds to the initial slope of the isotherm curve. The Langmuir isotherm assumes 

that the adsorption layer is a monolayer and the adsorption occurs at speciýc 

homogeneous adsorption sites resulting in an identical energy of adsorption at each site. 

 
max max

1e e

s

C C

Q Q Q K
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It is also assumed that the intermolecular attractive force decreases rapidly with the 

distance from the adsorption sites. 

 

The Freundlich isotherm [51] predicts that the adsorption capacity of the adsorbent 

increases as a power law with an increase in adsorbate concentration. It is usually applied 

to multilayer adsorption and assumes an exponentially decaying distribution of the 

energy of adsorption sites. The Freundlich isotherm is an empirical equation presented as: 

1

= n
F eQ K C        (3-3)

 

The linear form of the Freundlich equation can be expressed as: 

1
log log loge FQ C K

n
= +

    (3-4)
 

where KF and n are Freundlich constants. The value of 1/n indicates the adsorption 

intensity. Moreover, adsorption sites become more heterogeneous on the surface as the 

value of 1/n approaches zero. 

 

The equilibrium adsorptive capability of chitosan nanoparticles and calcium-alginate gel 

microbeads for Cu
2+

 from copper sulfate solutions was investigated through adsorption 

isotherms whose parameters include Q (mg/g), the quantity of Cu
2+

 adsorbed per unit 

mass of adsorbent, and Ce(mg/L), the equilibrium Cu
2+

 concentration in the solution after 

adsorption.  

 

The experimental data Q and Ce of 2 mg/mL chitosan nanoparticles prepared with 1.0 mL 

TPP or 0.7 mL TPP and 4 mg/mL chitosan nanoparticles prepared with 1.0 mL TPP in 
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the low Cu
2+

 concentration region (0.5-50 mM) are plotted in Figure 3-9. It was observed 

that the adsorption capabilities of all of the chitosan nanoparticles increase rapidly when 

the equilibrium solution concentration of Cu
2+

 is dilute and then reach maximum values. 

The Langmuir coefficients fit from the experimental data are shown in Table 3-2, along 

with the swelling ratio of the particles (ratio of wet mass to dry mass). It is worthy to 

notice that the swelling ratio of calcium-alginate microbeads did not indicate the total 

amount of water contained inside the microbeads, since there is water trapped between 

particles after centrifuge. The high correlation coefficients confirm that the Langmuir 

adsorption equation can be considered an accurate model of the adsorption behavior for 

all of the chitosan nanoparticles in the low concentration region.  

 

 
Figure 3-9. Adsorption isotherms of chitosan nanoparticles prepared with 2 mg/mL 

chitosan solution and 1.0 mL TPP or 0.7 mL TPP, and chitosan nanoparticles prepared 

with 4 mg/mL chitosan solution and 1.0 mL TPP in the low Cu
2+

 concentration region 

(0.5-50 mM).  
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The adsorption capability of calcium-alginate gel microbeads and large calcium-alginate 

gel beads were compared with that of chitosan nanoparticles in Figure 3-10 and Table 3-

2. The high correlation coefficient in Table 3-2 confirms that the Langmuir adsorption 

equation can be applied to adsorption isotherms for calcium-alginate gel microbeads and 

large calcium-alginate gel beads in the low concentration region as well. The figure and 

table illustrate that the adsorption isotherms of calcium-alginate gel microbeads and large 

calcium-alginate gel beads have a similar trend to those of chitosan nanoparticles, and 

both calcium-alginate gel microbeads and large calcium-alginate gel beads have a 

significantly greater maximum adsorption capability value than all types of chitosan 

nanoparticles examined, and calcium-alginate gel microbeads have higher maximum 

adsorption capability value than large calcium-alginate gel beads.  

 

 
Figure 3-10. Adsorption isotherms of 2 mg/mL chitosan nanoparticles prepared with 1.0 

mL TPP and 0.7 mL TPP, 4 mg/mL chitosan nanoparticles prepared with 1.0 mL TPP, 

calcium-alginate gel microbeads and large calcium-alginate gel beads in the low Cu
2+

 

concentration region (0.5-50 mM). 
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In addition, the experimental data Q and Ce are plotted as specific adsorption (Ce /Q) 

against the equilibrium concentration (Ce) in Figure 3-11, in which all adsorption 

isotherms display linear behavior as expected. Since the presence of high proportions of 

water in chitosan nanoparticles, calcium-alginate gel microbeads and large calcium-

alginate gel beads may affect the value of Qmax, the maximum quantity of Cu
2+

 adsorbed 

per unit mass of adsorbent, Qmax is calculated based on both wet mass and dry mass and 

presented in Table 3-2. Ks and correlation coefficients
 
are independent of the adsorbent 

mass and are also shown in Table 3-2. All of the calculated Qmax (wet) values are 

consistent with the experimental maximum adsorption capability data. 

 

 
Figure 3-11. Linear adsorption isotherms of chitosan nanoparticles prepared with 2 

mg/mL chitosan solution and 1.0 mL TPP or 0.7 mL TPP, chitosan nanoparticles 

prepared with 4 mg/mL chitosan solution and 1.0 mL TPP, calcium-alginate gel 

microbeads and large calcium-alginate gel beads in the low Cu
2+

 concentration region 

(0.5-50 mM). The lines shown are Langmuir equation fits to the data.  
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Table 3-2. Swelling ratio, Qmax (calculated based on both wet mass and dry mass), Ks and 

correlation coefficients  of chitosan nanoparticles prepared with 2 mg/mL chitosan 

solutions and 1.0 mL TPP or 0.7 mL TPP, chitosan nanoparticles prepared with 4 mg/mL 

chitosan solution and 1.0 mL TPP, calcium-alginate gel microbeads and large calcium-

alginate gel beads in the low Cu
2+

 concentration region (0.5-50 mM). 

 
Swelling 

ratio 
Qmax wet 
(mg/g) 

Qmax dry 
(mg/g) 

Ks 

(L/mg) 
R2 

2mg/mL (1.0 TPP) 14.14 7.93 112.36 0.0025 0.9684 
2mg/mL (0.7 TPP) 18.44 4.24 78.13 0.0088 0.9966 
4mg/mL (1.0 TPP) 12.00 4.87 58.48 0.0740 0.9853 
alginate 
microbeads 

16.53 18.32 303.03 0.0063 0.9967 

large calcium-
alginate beads 

13.33 12.17 162.27 0.0048 0.9775 

 

According to the experimental data, the maximum adsorption capacity Qmax varies with 

the synthesis concentration of chitosan nanoparticles. 2 mg/mL chitosan nanoparticles 

prepared with 1.0 mL TPP have the highest adsorption capacity among the three types of 

chitosan nanoparticles in the experimental low concentration region. The fact that 2 

mg/mL chitosan nanoparticles prepared with 0.7 mL TPP have smaller adsorption 

capacity than the nanoparticles with more cross-linking is illuminated by Ngahôs study, 

which identified a potential new site in chitosan cross-linked with TPP for the adsorption 

of copper [62]. The copper ion forms a complex with the deprotonated phosphate group 

on the TPP, according to infrared spectroscopy measurements. The presence of an 

additional adsorption site on the TPP would mean that cross-linking, which attaches on 

the functional amine group, would not reduce the uptake of copper as significantly as 

initially expected. 

 

Another noticeable trend among the values in Table 3-2 is the correlation of higher 

adsorption affinity coefficient Ks with a lower amount of TPP per unit mass of the 



54 
 

 

nanoparticles. The value of Ks increases by a factor of three or four when only 0.7 mL 

TPP is added to the 2 mg/mL chitosan solution during synthesis instead of 1 mL TPP. Ks 

increases by almost a factor of 30 between 2 mg/mL and 4 mg/mL chitosan 

nanoparticles, where the 4 mg/mL nanoparticles have a consistently higher zeta potential. 

The higher zeta potential for the 4 mg/mL nanoparticles arises due to a larger number of 

protonated amine groups per unit mass, which suggests that a smaller ratio of negatively 

charged TPP to positively charged chitosan is present in the 4 mg/mL nanoparticles 

compared to the 2 mg/mL nanoparticles. The association of binding affinity with a lower 

proportion of TPP suggests that the amine groups on the chitosan have higher affinity for 

the Cu
2+

 ions and are the preferred adsorption sites compared with the phosphate groups 

on the TPP. 

 

Moreover, although 4 mg/mL chitosan nanoparticles have the highest afýnity for Cu
2+ in 

very dilute concentration among all chitosan nanoparticles and alginate gel beads, they 

also have the lowest adsorption capacity. This interesting phenomenon can be explained 

by the ñpore-blockageò mechanism, which suggests that metal ions with a high affinity 

for adsorption sites do not completely penetrate the particles. Rorrer and Hsien described 

a situation where cadmium ions adsorb on or near the surface of the nanoparticle but 

were not able to fully penetrate the nanoparticle interior [32]. The cadmium ions 

occupied the amine sites on the surface and blocked further penetration into the particle 

due to the accumulation of metal ions at the surface. In this case, it is likely that Cu
2+

 ions 

are adsorbed on to the surface of 4 mg/mL chitosan nanoparticles in the low 

concentration region very quickly because of their strong binding affinity, and then the 
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diffusion of Cu
2+ 

slows down significantly due to the large diameter of the nanoparticles 

and the repulsion from other adsorbed ions. When the Cu
2+ 

adsorption approaches 

equilibrium, adsorption sites inside the 4 mg/mL chitosan nanoparticles may not be fully 

occupied. 

 

In addition, the experimental data indicates that calcium-alginate microbeads have higher 

maximum adsorption capacity and afýnity for Cu
2+ in very dilute concentration than large 

calcium-alginate beads. This obseration likely arises from their different degrees of cross-

linking. Comparing the synthesis processes, the calcium-alginate microbeads were made 

from an emulsion, so that the alginate was dispersed well inside a droplet and reacted 

with calcium chloride cross-linker sufficiently during slow, dropwise addition, while the 

large calcium-alginate beads were synthesized by droplets falling into a calcium chloride 

bath, where only the surface of the droplets contacted with calcium chloride directly and 

cross-linking was rapid. Once cross-linking occurred, the outer layer of the large alginate 

beads became a gel network and increased diffusion resistance to calcium chloride. 

Therefore, the overall cross-linking degree of large calcium-alginate gel beads is lower 

than that of alginate microbeads, leading to relatively smaller amount of adsorption sites 

compared to alginate microbeads, since the copper ion adsorption mechanism for alginate 

is ion exchange. Moreover, the adsorption sites exposed on the microbeadsô surface are a 

higher fraction of all the sites than the sites on the large calcium-alginate beadsô surface 

because of their micro-scale size (high surface to volume ratio), resulting in the fact that 

the calcium-alginate gel microbeads have higher afýnity for Cu
2+ in very dilute 

concentration than large calcium-alginate gel beads. 
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Compared with literature values [8-10]
 
listed in Table 3-3, chitosan nanoparticles cross-

linked with TPP are found to be comparable and competitive with other forms of chitosan 

particles and microparticles including those synthesized from chemically modified 

chitosan. It was initially assumed that the nanoparticlesô large surface area would allow 

an increased equilibrium adsorption capacity for metal ions. Based on the Qmax values 

obtained from the Langmuir isotherm, nanoparticles exhibit a minor increase in 

equilibrium adsorption capacity over the previously mentioned chitosan derivatives. 

Instead, the adsorption kinetics may be the property most affected by the nanoscale 

dimensions of the particles, and time-dependent measurements are currently underway. 

 

 

Table 3-3. Literature values for equilibrium adsorption capacity of compared with the 

results of this study. 

Source Form 
Qmax (dry) 

(mg/g) 
pH Size 

Findon et al., 1993 [8] Raw flakes 38.4 4.2  

Ng et al., 2002 [9] Raw flakes 77.6 3.5  

Ngah et al., 2002 [10] Cross-linked beads 59.7 6 < 250 µm 

This study 

2 mg/mL (0.7 mL 
TPP) 

78.1 

3.5 
 

   ~ 200 nm 
 

2 mg/mL (1.0 mL 
TPP) 

112.4 

4 mg/mL 58.5 

 

 

In the high concentration region (50mM-1M), adsorption isotherms of both chitosan 

nanoparticles and calcium-alginate gel microbeads present similar linearly increasing 

behavior, as presented in Figure 3-12, which is very different from the trends observed in 

dilute copper sulfate solution, and cannot be described by the Langmuir model.  
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Figure 3-12. Adsorption isotherms of chitosan nanoparticles prepared with 1 mg/mL, 2 

mg/mL or 4 mg/mL chitosan solutions and 1.0 mL TPP, and calcium-alginate gel 

microbeads in the high Cu
2+

 concentration region (50 mM-1M). The lines represent linear 

curve fits to the data. 

 

However, the Freundlich model fits the adsorption isotherms of both chitosan 

nanoparticles and calcium-alginate gel microbeads in the high concentration regime very 

well, with all correlation coefficients close to 0.99. Figure 3-13 illustrates the linear form 

of the Freundlich isotherm. KF, 1/n and correlation coefficients
 
are calculated and 

exhibited in Table 3-4. The values of 1/n indicate that the adsorption intensity of chitosan 

nanoparticles, especially of 1 mg/mL chitosan nanoparticles, is stronger than that of 

calcium-alginate gel microbeads. In addition, the adsorption sites on chitosan 

nanoparticles are relatively more homogeneous than on calcium-alginate gel microbeads 

in the high concentration region. Both chitosan nanoparticles and calcium-alginate gel 

microbeads exhibit unusual adsorption behavior in the high concentration region, since 

the Freundlich model is usually applied to extremely dilute systems in the literature. It is 

likely that in addition to chemisorption, physisorption occurs when the concentration of 

copper ions in the solution is high. More ions may bind to existing complexes or there 

may be mild precipitation on the chitosan. The high concentration regime is not studied 
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as often as the low concentration regime, and therefore the adsorption behavior is not as 

well established. 

 

 
Figure 3-13. Linear adsorption isotherms of chitosan nanoparticles prepared with 1 

mg/mL, 2 mg/mL or 4 mg/mL chitosan solutions and 1.0 mL TPP, and calcium-alginate 

gel microbeads in the high Cu
2+

 concentration region (50 mM-1M). The lines shown are 

Freundlich equation fits to the data.  

 

Table 3-4. KF, 1/n and correlation coefficients of linear Freundlich adsorption isotherms 

for 1 mg/mL, 2 mg/mL, 4 mg/mL chitosan nanoparticles and calcium-alginate gel 

microbeads in the high Cu
2+

 concentration region (50 mM-1M). 

 
KF [mg/g 
(mg/L)n] 1/n R2 

1 mg/mL 0.0017 0.9568 0.9790 
2 mg/mL 0.0124 0.7717 0.9880 
4 mg/mL 0.0115 0.7828 0.9929 

alginate beads 0.3063 0.4876 0.9800 
 

 

The adsorption isotherms of all the chitosan nanoparticles and calcium-alginate gel 

microbeads showed similar behavior over a wide range of concentration of the copper 

sulfate solution.  
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In both the low and high concentration ranges, calcium-alginate gel microbeads have a 

higher maximum adsorption capability value than that of chitosan nanoparticles. This 

difference in adsorption capacity can be explained by the distinct binding mechanisms 

with copper ions. The chelation mechanism is the presumed dominant mechanism 

accounting for the interaction between the copper ions and chitosan [21], while the bonds 

between copper ions and alginate are formed by electrostatic attraction and chemical 

bonding on the carboxylate groups according to Siew et al. [46]. In addition, calcium-

alginate gel microbeads and chitosan nanoparticles may have different numbers of 

adsorption sites per unit mass, as estimated by the following calculation. 

 

The maximum mass of copper ions adsorbed due to each binding mechanism can be 

estimated though the following equation: 

( / ) 1000 /Cu

subunit

M
adsorption mg g d mg g

M N
= ³ ³

³
                         (3-5) 

where Msubunit (g/mol) is the molar weight of the polymerôs subunit and N is the number 

of subunits needed to form an adsorption site. For instance, N =2 in the ñbridge model,ò 

and N =1 in the ñpendant model.ò Therefore, the denominator gives the molar weight of 

the binding sites. MCu (g/mol) is the molar weight of copper. The parameter d is the active 

fraction of the polymer. For chitosan, d is the degree of deacetylation, while, for alginate, 

d is the fraction of potential site-subunits in alginate. For example, in the traditional ñegg-

boxò assumption, d is the fraction of guluronic acid (G) present, since only G blocks are 

involved in the formation of ñegg-boxò sites, while for the more recent hypotheses, d=1 

because both G and M residues contribute to the binding sites. Since large calcium-

alginate gel beads are insufficiently cross-linked, their experimental maximum adsorption 
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capacity is not able to indicate the real binding mechanism. Therefore, only chitosan 

nanoparticles and alginate microbeads were discussed here. 

 

Comparing the experimental data with approximate calculations based on binding 

models, as presented in Table 3-5, the ñbridge model,ò which involves two amine groups 

in every complex (N=2), is a suitable description of the chitosan adsorption mechanism in 

this research. Also, the concept that a single subunit is involved in each copper ion 

binding site would be the best hypothesis for the calcium-alginate gel microbeads, in 

contrast to the four subunits required by the ñegg-boxò model. According to such 

calculations, calcium-alginate gel microbeads have more binding sites than chitosan gel 

nanoparticles per unit mass.  

 

Table 3-5. Experimental adsorption capability and estimated adsorption capabilities 

(Qmax) calculated by binding models. 

 
Binding model 

Estimated data 
Qmax (mg/g) 

Experimental data 
Qmax (mg/g) 

Chitosan Bridge model 180  
78 - 112 Pendant model 361 

Alginate  N=1 366  
N=2 183 303 
bҐп όάŜƎƎ-ōƻȄέύ 64 

 

The adsorption isotherm of alginate-chitosan combination particles exhibits similar 

behavior to that of chitosan nanoparticles and alginate microbeads in the low 

concentration region, as shown in Figure 3-14. It displays linear behavior and follows the 

Langmuir model very well as expected. Presented in Table 3-6, the combination particles 

have an intermediate value of the maximum adsorption capacity Qmax and a value of the 
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affinity coefficient Ks similar to that of alginate beads, likely due to the fact that calcium-

alginate gel microbeads are dominant in the combination particles.  

 

 
Figure 3-14. Adsorption isotherms of alginate-chitosan combination particles, calcium-

alginate gel microbeads and chitosan nanoparticles (prepared with 2 mg/mL chitosan 

solution and 0.7 mL TPP) in the low Cu
2+

 concentration region (0.5-50 mM). 

 

Table 3-6. Adsorption capacity and affinity of chitosan nanoparticles (prepared with 2 

mg/mL chitosan solution and 0.7 mL TPP), calcium-alginate gel microbeads and 

alginate-chitosan combination particles in the low Cu
2+

 concentration region (0.5-50 

mM). 

 
Qmax (wet) 

(mg/g) 
Ks 

(L/mg) 
R2 

Chitosan nanoparticles 4.24 0.0088 0.9966 

Alginate microbeads 18.32 0.0063 0.9967 

Combination Particles 12.63 0.0061 0.9779 

 

Based on the alginate-chitosan weight ratio and single-particle data, the adsorption 

capabilities of combination particles are estimated and compared with experimental data 

from combination particles in Figure 3-15. The comparison shows that the experimental 
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data are consistent with estimated data in the low concentration region, which indicates 

that chitosan nanoparticles and alginate microbeads adsorb copper ions independently in 

the combination particles. The presence of chitosan nanoparticles attached to the surface 

of alginate microbeads does not appear to affect the copper ion adsorption by either type 

of particles. Therefore, a mass fraction weighted average provides a convenient method 

to predict the adsorption capacity of alginate-chitosan combination particles with a 

specific weight ratio. 

 

 
Figure 3-15. Estimated vs. measured adsorption capability of combination particles. 

 

From the equilibrium adsorption capability study, both chitosan nanoparticles and 

calcium-alginate microbeads have demonstrated efficacy in the removal of heavy metal 

ions from aqueous solution. Our preliminary ongoing work shows that chitosan 

nanoparticles may have faster kinetics than calcium-alginate microbeads. Benefitting 

from the rapid kinetics of chitosan nanoparticles and the high adsorption capacity of 
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alginate, alginate-chitosan combination particles can be considered a promising 

biosorbent that will perform effectively and efficiently in multi-ion circumstances. The 

results of this study can potentially contribute to the development of cost-effective and 

environmentally benign water purification technologies. 

 

 

3.4 Summary 

 

Chitosan gel nanoparticles were synthesized from three solution concentrations by ionic 

cross-linking with TPP and were characterized by zetasizing and TEM. The equilibrium 

adsorption capability of the chitosan nanoparticles, calcium-alginate gel microbeads and 

large calcium-alginate gel beads to adsorb copper ions from copper sulfate solution at 

fixed pH has been explored. Equilibrium adsorption properties of chitosan nanoparticles 

have similar trends to those of calcium-alginate gel microbeads and large calcium-

alginate gel beads, and the adsorption capacity varies with the synthesis concentration of 

chitosan nanoparticles.  

 

Adsorption for both chitosan nanoparticles and alginate microbeads occurs differently in 

a low concentration (0.5-50 mM) copper sulfate solution and a high concentration 

solution (50mM-1 M). The Langmuir isotherm fits the low concentration region well. In 

contrast, approximately linearly increasing adsorption was observed at high solution 

concentrations.  
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Key results comparing the adsorption properties of several types of chitosan 

nanoparticles for copper ions suggest that the phosphate groups in the cross-linker TPP 

can provide additional adsorption sites that have lower affinity than amine groups for 

copper ions. Exceptionally high affinity between copper ions and chitosan nanoparticles 

may result in the pore blockage phenomenon, where the interior of the particle becomes 

inaccessible, and consequently limits the adsorption capacity of particles. In addition, 

calcium-alginate microbeads have higher maximum adsorption capacity and afýnity for 

Cu
2+ in very dilute concentration than large calcium-alginate beads due to their higher 

crosslinking degree. 

 

From a comparison between the experimental data and approximate calculations 

estimating the maximum adsorption capacity of the materials, the most probable 

adsorption mechanisms could be identified. The ñbridge modelò can be considered a 

reasonable description of the chitosan/metal ion binding pattern. Also, adsorption sites of 

alginate are most likely to be formed by only one mannuronate or guluronate block, in 

contrast to the four guluronate subunits required by the ñegg-boxò model. Comparing the 

two biopolymers, in both the low and high concentration ranges, calcium-alginate gel 

microbeads have a higher maximum adsorption capacity than that of chitosan 

nanoparticles, likely due to the higher estimated density of adsorption sites present in 

alginate compared to chitosan with the properties of the experimental system. 

 

Alginate-chitosan combination particles were also observed, which have an intermediate 

value of the maximum adsorption capacity Qmax, and identical value of the affinity 
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coefficient Ks to that of alginate microbeads in part because of structural similarity to 

alginate beads. The adsorption capabilities of combination particles can be predicted by 

the weight ratio of calcium-alginate gel microbeads and chitosan gel nanoparticles. 

Benefitting from the rapid kinetics of chitosan nanoparticles and the high adsorption 

capacity of alginate, alginate-chitosan combination particles are likely to perform 

effectively and efficiently in multi-ion systems as a novel, environmentally friendly 

biosorbent. 
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Chapter 4 Kinetics Study of Copper Ion Adsorption by 

Calcium-Alginate Gel Microbeads, Large Calcium-Alginate 

Gel Beads and Chitosan/Alginate Combination Particles 
 

 

4.1 Introduction 

 

In the design of a water purification system, the study of the adsorption kinetics of the 

adsorbent is essential since it affects the efficiency and in-service life of the system 

directly. In addition, knowledge of the adsorption kinetics of adsorbent can provide a 

better understanding of the adsorption mechanism and insight into the potential rate 

controlling steps, such as mass transport and chemical reaction processes. To achieve 

those goals, kinetics models have been used to analyze experimental data. It is worthy to 

notice that the complete kinetics model needs to consider not only the diffusion 

equations, but also boundary conditions, including the adsorption isotherm equation that 

controls the equilibrium at the solidïliquid interface and the reaction kinetic 

equations[21]. Therefore, the system of equations is too complex to solve and simple 

kinetic models such as ýrst- or second-order rate equations are not applicable. To 

simplify the solution method, only the rate controlling step is considered to contribute to 

the kinetic rate. In a well-mixed batch system, the inþuence of mass transfer resistance is 

negligible. Chemical reaction is mostly likely to be the potential rate controlling step. 

This hypothesis can be confirmed by fitting pseudo-ýrst-order equation and pseudo-

second-order equation to experimental data. 
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In the previous study, it was found that the adsorption process of copper ions on to 

chitosan gel nanoparticles was too rapid to be captured by our limited experimental 

methods, resulting from their nanoscale size and high affinity to copper ions. Therefore, 

in this chapter, only the adsorption kinetics of copper ions on to calcium-alginate gel 

microbeads, chitosan/alginate combination particles and large calcium-alginate gel beads 

from the last chapter are discussed. Besides, since the adsorption rate increases with the 

increase of initial concentration of the adsorbate, several concentration of copper sulfate 

solution was tested in preliminary experiments. The result showed that 1 mM copper 

sulfate solution was the most suitable concentration for the investigation of adsorption 

kinetics of particles, because it provided more accurate data that could describe the entire 

adsorption process, compared to other higher initial concentrations of solutions. The 

amount of copper ions adsorbed on to calcium-alginate gel microbeads, chitosan/alginate 

combination particles and large calcium-alginate gel beads over various time periods was 

measured by ICP/MS. Experimental data were fitted to pseudo-first order and pseudo-

second order kinetic models, by which pseudo rate constants were estimated and potential 

rate-controlling steps were clarified. 

 

4.2 Experimental Methods 

 

4.2.1 Particle synthesis 

 
Calcium-alginate gel microbeads, chitosan/alginate combination particles and large 

calcium-alginate gel beads were synthesized by using the method presented in the 

previous chapter (section 3.2.2). 
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4.2.2 Adsorption experiment 

 

Calcium-alginate gel microbeads, chitosan/alginate combination particles and large 

calcium-alginate gel beads were put into 15 mL test tubes, yielding 12 tubes with 

calcium-alginate gel microbeads, 12 tubes with chitosan/alginate combination particles, 

and 12 tubes with large calcium-alginate gel beads.  Each tube contained around 0.2 g 

(wet mass) of particles. For calcium-alginate gel microbeads and chitosan/alginate 

combination particles, 3 mL of 1 mM copper sulfate solution was added into each tube, 

and then the samples were sonicated to uniformity in the same tube and left under 

magnetic stirring for 10, 20, 30, 40, 50, 70, 90, 120, 240, 360, 480 and 1440 minutes, 

respectively. Afterward, the samples were centrifuged at 48,400 g for 10 minutes. After 

removing the supernatant fluid, pellets were collected and weighted and then transferred 

to big centrifuge tubes. 1 mL of DI water was added into each centrifuge tube and the 

samples were sonicated again until all the particles were suspended uniformly in the 

centrifuge tubes. For large calcium-alginate gel beads, there was no need to centrifuge 

samples. After adding 3 mL of 1 mM copper sulfate solution into each tube, the samples 

were stirred on a magnetic stirring plate for 10, 20, 30, 40, 50, 70, 90, 120, 240, 360, 480 

and 1440 minutes, respectively. Then the solution was poured out. The large beads were 

transferred to a big centrifuge tubes and their mass was recorded. The amounts of copper 

ions adsorbed to the calcium-alginate gel microbeads, chitosan/alginate combination 

particles and large calcium-alginate gel beads were measured by inductively coupled 

plasma mass spectrometry (ICP/MS) at each time point. 
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The procedure of ICP/MS was presented in the previous Chapter (section 3.2.4). 

 

 

4.3 Results and Discussion 

 

It is often incorrect to apply simple kinetic models such as ýrst- or second-order rate 

equations to an adsorption system with solid surfaces that are rarely homogeneous, 

because the effects of transport phenomena and chemical reactions are often 

experimentally inseparable. Therefore, several adsorption kinetic models such as pseudo-

ýrst and pseudo-second order kinetic models have been used to test experimental data, in 

order to investigate the mechanism of adsorption and to understand the adsorption 

kinetics and the rate limiting step during an adsorption process.  

 

The chemical reaction of alginate and copper ions may be described by the following 

equation[52]: 

2 2CaA Cu CuA Ca+ ++ ­ +                                      (4-1) 

If the reaction has a first-order mechanism,  

1

[ ]
[ ]t

t

d CaA
k CaA

dt
=-                                            (4-2) 

where [ ] tCaA is the number of unreacted adsorption sites on calcium alginate at time t, 

that can be substituted by the total number of sites 0[ ]CaA  minus the number of occupied 

sites on calcium alginate [ ] rCaA  at time t, then 
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1 0

[ ]
([ ] [ ] )r

r

d CaA
k CaA CaA

dt
= -                                    (4-3) 

Since the number of reacted adsorption sites on calcium alginate is proportional to the 

amount of copper loaded on alginate, assuming all sites are occupied at equilibrium, the 

equation becomes the pseudo-first order chemisorption kinetic rate equation of 

Lagergren[53], expressed as: 

1( )t
e t

dq
k q q

dt
= -

                                                 (4-4) 

where qe (mg/g) is the amount of copper ions adsorbed on to a unit mass of particles at 

equilibrium. It is important to notice that the value of qe depends on the initial 

concentration of solution, in contrast to the constant maximum equilibrium adsorption 

capacity Qmax. qt (mg/g) is the amount of copper ions adsorbed on to a unit mass of 

particles at time t, and k1 is the rate constant of the pseudo-ýrst order kinetic model (min
-

1
).  

 

After integrating from t = 0 to t = t and qt = 0 to qt = qt and applying boundary 

conditions, the equation becomes: 

1(1 )k t

t eq q e-= -
                                                     (4-5) 

This equation can be transformed to a linear form: 

1ln( ) ln( )e t eq q q k t- = -
                                               (4-6) 

where qe can be obtained from experimental data. The straight-line plots of ln (qe-qt) 

against t were used to determine the rate constant k1. 
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The equation applicable to experimental results generally differs from a true ýrst-order 

equation in two ways[54]: 

a. The parameter qe-qt does not represent the number of available sites, since qe depends 

on the solution concentration In other words, the assumption of full occupation of 

adsorption sites at equilibrium is illegitimate. 

b. The parameter ln (qe) is an adjustable parameter which is often not found equal to the 

intercept of a plot of ln (qe-qt) against t, whereas in a true ýrst-order adsorption reaction 

ln(qe) should be equal to the intercept of a plot of ln(qe-qt) against t. 

 

The pseudo-ýrst-order kinetic model has been used extensively to describe the adsorption 

of metal ions onto adsorbents.  

 

Similar to the pseudo-first order equation, the pseudo-second order chemisorption kinetic 

rate equation is expressed as: 

2

2( )t
e t

dq
k q q

dt
= -

                                                    (4-7) 

where qe (mg/g) is the amount of copper ions adsorbed on to a unit mass of particles at 

equilibrium, and qt (mg/g) is the amount of copper ions adsorbed on to a unit mass of 

particles at time t, and k2 is the rate constant of the pseudo-second order kinetic model 

(g/mg min). 

 

After integrating from t = 0 to t = t and qt = 0 to qt = qt and applying boundary 

conditions, the integrated form is: 



72 
 

 

2

1 1

e t e

k t
q q q

= +
-

                                                   (4-8) 

which can be rearranged to obtain a linear form: 

2

2

1 1

t e e

t
t

q k q q
= +

                                                     (4-9) 

If pseudo-second order kinetics is applicable, the plot of t/qt against t will present a linear 

relationship, and equilibrium capacity qe and rate constant k2 can be determined by the 

slope and intercept. The pseudo-second order kinetic model has been the most widely 

used model for the adsorption of metal ions from wastewater[55], and is in agreement 

with a chemisorption mechanism being the rate controlling step. 

 

Figure 4-1 shows the increase in the amount of copper ions adsorbed onto alginate 

microbeads, combination particles and large calcium-alginate gel beads over time. The 

adsorption occurred rapidly within the first 50 to 70 minutes for both alginate microbeads 

and combination particles, and then slowed down and gradually reached a plateau after 

three hours, indicating the approach to the equilibrium state. For large calcium-alginate 

gel beads, the rapid adsorption process happened within the first 40 minutes, and 

afterward it slowed down significantly and approached equilibrium after 70 minutes. 

 

To test the applicability of the pseudo-first order model in the adsorption process, the 

values of ln (qe-qt) against adsorption time t were plotted in Figure 4-2, and k1, qe (exp.) 

and qe (cal.) obtained based on the pseudo-ýrst order equation were presented in Table 

4-1. It can be seen that the plot is roughly linear for alginate microbeads and combination 

particles, but the theoretical qe values, calculated from the intercept, do not agree with 
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experimental qe values. The plot of ln (qe-qt) versus time didnôt show any linear 

relationship for large calcium-alginate gel beads. The correlation coefficient is much 

lower than 0.9, showing poor fit to experimental data. Therefore, the pseudo-ýrst order 

kinetic model could not represent the adsorption process of copper ions on to alginate 

microbeads, combination particles and large calcium-alginate beads accurately. 

 

 

Figure 4-1. Cu
2+

 adsorbed onto calcium-alginate microbeads, combination particles and 

large calcium-alginate gel beads over time. 
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Figure 4-2. Linear pseudo-first order equation fit to adsorption data of calcium- alginate 

microbeads, combination particles and large calcium-alginate gel beads over time. 

 
Figure 4-3 exhibits the plot of t/qt against t, and the values of k2, qe(exp.) and qe(cal.) 

obtained from the pseudo-second order equation were presented in Table 4-1. Contrary to 

the pseudo-first order equation, the theoretical qe values for all types of particles, 

calculated from the slope, are very close to their experimental qe values. In addition, 

correlation coefficients are higher than 0.99, indicating that pseudo-second order kinetic 

model successfully predicts the adsorption behavior over the whole range of studies. It is 

confirmed that chemisorption mechanism is the rate controlling step in the adsorption 

process of copper ions onto alginate microbeads, combination particles and large 

calcium-alginate gel beads from copper sulfate solution in a batch system, and the 

chemisorption reaction is second order. 

 

Comparing the pseudo-second order rate constant k2 of alginate microbeads to that of 

chitosan/alginate combination particles shows that the adsorption of copper ions on to 
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combination particles was slightly faster than on to plain alginate microbeads. These 

results suggest that the chitosan nanoparticles have faster adsorption kinetics than the 

alginate microbeads due to their nanoscale size and high affinity to copper ions. In 

preliminary experiments, we did not have fine enough time resolution to capture the 

kinetics of adsorption on to chitosan nanoparticles alone. However, the amount of 

alginate is dominant in chitosan/alginate combination particles in order to avoid 

aggregation during synthesis. Hence, the adsorption acceleration causing by the existence 

of chitosan nanoparticles is not very obvious for combination particles.  

 

The adsorption of copper ions on to large calcium-alginate gel beads was much faster 

than on to alginate microbeads and combination particles, even though they have much 

larger size and smaller surface/volume ratio. This fact could be interpreted by considering 

the following two points. First, in a well-mixed batch system, the intra-particle diffusion 

resistance is negligible for alginate microbeads, confirmed by the excellent fitting to the 

pseudo-second order equation which has the assumption of chemical reaction being the 

rate limiting step. Also, most of the adsorption sites of large calcium-alginate gel beads 

are located on the outer layer, making copper ions easy to bind with. Hence, the relatively 

small surface/volume ratio will not significantly slow the adsorption process of copper 

ions on to large calcium-alginate gel beads. Second, for alginate microbeads and 

combination particles, even though they may have more adsorption sites exposed to 

copper ions in solution, the pore-blockage effect may occur due to their high affinity to 

copper ions, as discussed in Chapter 3. The copper ions adsorbed on the particlesô surface 

in the beginning may repel surrounding copper ions and slow down further adsorption 
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considerably. The pore blockage effect could be considered as an additional mass transfer 

resistance to copper ions, which explains the fact that the adsorption data fitting to the 

pseudo-second order equation of alginate microbeads and combination particles was not 

as perfect as that of large calcium-alginate gel beads. Therefore, the adsorption of copper 

ions on to alginate microbeads and combination particles was gradual, while the amount 

of copper loaded on to large calcium-alginate beads increased rapidly and sharply before 

reaching equilibrium.  

 

Meanwhile, large calcium-alginate gel beads had smaller equilibrium adsorption capacity 

than alginate microbeads and combination particles. As discussed in Chapter 3, the main 

reason causing relatively low adsorption capacity of large calcium-alginate gel beads was 

their low degree of cross-linking, compared to alginate microbeads. There are fewer 

adsorption sites on large calcium-alginate gel beads than on alginate microbeads, leading 

to smaller adsorption capacity at equilibrium. 

 

Compared with literature values[60, 62, 63] listed in Table 4-2, it was found that 

calcium-alginate microbeads and combination particles have comparable adsorption 

kinetics with other types of low-cost adsorbents, and large calcium-alginate beads have 

much faster adsorption kinetics than most of other adsorbents except chitosan 

microbeads.  Considering the fact that even though the value of the rate constant k2 of 

chitosan microbeads is slightly bigger than that of large calcium-alginate beads, alginate 

has greater maximum adsorption capacity than chitosan, proved in Chapter 3. Therefore, 
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the large calcium-alginate beads have great potential to be used as a biosorbent in water 

purification. 

 

  

Figure 4-3. Linear pseudo-second order equation fitted to adsorption data of calcium- 

alginate microbeads, combination particles and large calcium-alginate gel beads over 

time. 

 

Table 4-1. Parameters of adsorption kinetics models. 

Kinetic models Calcium-alginate 

microbeads 

Combination 

particles 

Large calcium-
alginate beads 

qe(exp.) (mg/g) 1.13 1.32 0.888 

Pseudo-first order 

equation 

   

qe(cal.) (mg/g) 0.587 0.567 0.039 

k1 (min-1) 0.0062 0.0046 0.003 

r2 0.932 0.975 0.580 

Pseudo-second 

order equation 

   

qe(cal.) (mg/g) 1.165 1.336 0.888 

k2 (g/mg min) 0.0214 0.0227 0.4356 

r2 0.996 0.996 1 
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Table 4-2. Literature values of pseudo-second order adsorption kinetics of copper ions on 

to various adsorbents compared with the results of this study. (The values of k2 of this 

study were recalculated based on dry mass) 

Source Adsorbents k2 X103 (g/mg min) pH 

Karagunduz et al., 
2006[63] 

Large calcium-alginate beads 1.23 4.0 

 
 
AydƤn et al., 2008[64] 

Shell of lentil 4.33 5.0 

wheat 18.4 6.0 

rice 3.19 6.0 

Ngah et al., 2010[62] Chitosan/TPP microbeads 46.6 4.5 

 
This study 

Calcium-alginate microbeads 1.29  
3.5 Combination particles 1.37 

Large calcium-alginate beads 32.7 

 

 

 

4.4 Summary 

 

In this chapter, the adsorption kinetics of copper ions on to calcium-alginate gel 

microbeads, chitosan/alginate combination particles and large calcium-alginate gel beads 

were studied. The results show that the pseudo-ýrst order kinetic model could not 

represent the adsorption process accurately, while the pseudo-second order kinetic model 

successfully predicted the adsorption behavior over the whole range of studies. It is 

confirmed that chemisorption mechanism is the rate controlling step in the adsorption 

process of copper ions on to alginate microbeads, combination particles and large 

calcium-alginate gel beads from copper sulfate solution in a batch system, and the 

chemisorption reaction is second order. 
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Moreover, the adsorption of copper ions on to alginate microbeads and combination 

particles was gradual, while the amount of copper loaded on to large calcium-alginate 

beads increased quickly and sharply before reaching equilibrium. In other words, the 

adsorption kinetics of large calcium-alginate gel beads was much faster than that of 

alginate microbeads and combination particles. The adsorption of copper ions on to 

combination particles was slightly faster than on to plain alginate microbeads, benefitting 

from the presence of chitosan on the combination particles. Last but not least, large 

calcium-alginate gel beads had smaller equilibrium adsorption capacity than alginate 

microbeads and combination particles due to their low degree of cross-linking compared 

to alginate microbeads. 
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Chapter 5 Copper Ion Removal by Fixed-Bed Columns 

 

 

5.1 Introduction 

 

Although much research has been done and many data have been obtained from different 

equilibrium adsorption systems, these data are difficult to apply to fixed-bed columns, 

which are extensively used in industry. The major problem in equilibrium studies is that 

they involve batch contact systems, whose isotherms cannot give accurate scale-up data 

in fixed-bed systems since a flow column is not at equilibrium; uneven flow patterns may 

occur in fixed-bed column systems. A model is needed in designing columns to study 

recycling and regeneration of adsorbents, and to predict how long they will last before 

regeneration or replacement becomes necessary. 

 

In this work, large calcium-alginate gel beads were chosen as the adsorbent packed into a 

fixed-bed column, since they have high adsorption capacity and fast adsorption kinetics 

compared to chitosan nanoparticles, alginate microbeads and chitosan/alginate 

combination particles. In addition, large calcium-alginate gel beads are easy to operate 

during packing, and unlikely to cause clogging or leaking of the fixed-bed columns. In 

order to study adsorption behavior of a fixed-bed column system, the Thomas model, 

Adam-Bohart model and Yoon-Nelson model were used to fit the experimental data.  
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5.2 Experimental Methods 

 

5.2.1 Preparation of large calcium-alginate gel beads 

 

Large calcium-alginate gel beads were synthesized by using the method presented in 

Chapter 3 (section 3.2.2). 

 

5.2.2 Fixed-bed column experimental procedures 

 

In this experiment, plastic tube connectors with equal size ends were used as the fixed-

bed columns. Since the wall of the tube connector is translucent, the color change of 

packed particles could be observed as copper was adsorbed.. After packing alginate gel 

beads into it, nylon meshes (Spectrum Laboratories, Inc. CA) were adhered by silicon 

glue on to both ends in order to trap particles inside. The pore size of the meshes is 300 

µm with 50% open area. And the thickness of the meshes is 200 µm. After 24 hours, the 

silicon glue was fully dried. To minimize possible wall and axial dispersion effects in the 

ýxed-bed column, the bed length-to-particle diameter ratio must be greater than 20[60]. 

Two sizes of the column were used in the experiment. The large column had an internal 

diameter of 1/2 inch (1.27 cm) and column height of 6.4 cm, and the small column had an 

internal diameter of 1/4 inch (0.635 cm) and column height of 4.8 cm. The diameter of 

the beads was around 1 mm. Therefore, the bed length-to-particle diameter ratio for both 

the large column and the small column was greater than 20.  
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A solution containing 1mM CuSO4 was pumped into the fixed-bed column by a syringe 

pump (New Era Pump Systems, Farmingdale, NY) with volumetric flow rate varied at 

0.1 mL/min, 0.25 mL/min and 1mL/min. The setup is shown in Figure 2. To be consistent 

with equilibrium experiments, the pH of the CuSO4 solution was fixed at 3.5. Adsorption 

experiments were carried out at room temperature. The outflow was sampled at 5 

minutes, 10 minutes, 20 minutes, 30 minutes, 40 minutes, 60 minutes, 80 minutes, 120 

minutes, 150 minutes, 180 minutes, 210 minutes, 240 minutes, 300 minutes, 360 minutes 

and 480 minutes. The copper ion concentration in collected liquid samples was tested by 

inductively coupled plasma mass spectrometry (ICP/MS), the method which was 

introduced in Chapter 3, 3.2.4. 

 

 

Figure 2-2. Schematic view of the fixed-bed column experiment. 
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5.3 Results and Discussion 

 

5.3.1 Fixed-bed column adsorption results 

 

To investigate the effect of flow rate on the adsorption behavior of fixed-bed columns, 

the solution containing 1mM CuSO4 was induced into the fixed-bed columns with 

volumetric flow rate varied at 0.1 mL/min, 0.25 mL/min and 1mL/min. For the large 

column, it was observed that when the flow rate was high, the inlet end of column 

appeared to be light blue at first, and then the color of the inlet part darkened while the 

entire body of column gradually turned blue. When the experiment was completed, the 

fixed-bed column exhibited even blue color. In the case of low flow rate, however, only 

the inlet part of column had significant color change during operation. As the copper 

sulfate solution was pumped in, the inlet end became faint blue at the beginning, and then 

the color darkened. After 480 minutes, the flow entrance region showed bright blue color, 

while the rest of the column remained colorless.  

 

In fact, the color change of columns provided visual evidence of the adsorption process 

inside the fixed-bed columns. When the flow rate was high, the copper/alginate contact 

time was short on each layer of adsorbent. Even though the copper ions adsorbed on to 

alginate beads near the inlet end first, there was still  a large amount of copper ions 

carried farther down the column by flow before the adsorption reaction occurred. 

Therefore, the adsorption was performed relatively uniformly in the fixed-bed column. In 

addition, since the volume of treated solution was large under high flow rate, the fixed-
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bed column might reach saturation at the end of the experiment. For the low flow rate 

case, there was a longer copper/alginate contact time for adsorption on each layer of 

adsorbent. As the solution passed through the fixed-bed column, the concentration of 

copper ions decreased significantly with axial position due to adsorption occurring along 

the way. Therefore, the adsorption rate became much lower at the outlet end of the 

column compared to that of the inlet end. Since the amount of solution passing through 

was not sufficient to saturate the entire fixed-bed column, adsorption mainly occurred 

near the inlet part of the column. 

 

The difference in color change caused by flow rate in small columns was not as obvious 

as that in large columns. Resulting from the limited amount of adsorbent in small 

columns, all of the small columns turned bright blue when the experiment finished, 

indicating that they were close to saturation. 

 

In order to study the breakthrough properties of fixed-bed columns, the values of 

concentration of the outflow C at different times were divided by the value of the initial 

concentration of copper sulfate solution C0, and plotted against operating time t when the 

flow rate was held constant at 0.1 mL/min, 0.25 mL/min or 1 mL/min, as presented in 

Figure 5-1 and Figure 5-2. In this study, the allowable breakthrough concentration was 

considered to be 5% of the initial concentration C0. 

 

Figure 5-1 shows the breakthrough curves of the large fixed-bed columns. It can be seen 

that the values of C/C0 increased gradually with operating time for all three columns 
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presented in Figure 5-1. The column adsorbing copper sulfate solution with 1 mL/min 

volumetric flow rate has the sharpest breakthrough curve among the three large columns 

and reached the breakthrough point after 25 minutes. The values of C/C0 for the other two 

columns increased very slowly. After 480 minutes, the column with 0.25 mL/min flow 

rate hit the breakthrough point, while the column with 0.1 mL/min flow rate was still 

below breakthrough when the adsorption experiments ended. None of the breakthrough 

curves exhibited a plateau during operation, indicating that the columns were not 

saturated after 480 minutes. Apparently, the column with 1 mL/min would have been 

saturated much sooner than the other two columns, if the operation had continued. 

 

 

Figure 5-1. Breakthrough curves of the large fixed-bed column when the flow rate was 

0.1 mL/min, 0.25 mL/min and 1 mL/min. 

 

Figure 5-2 presents the breakthrough curves of the small fixed-bed columns. in contrast 

to the large columns, whose breakthrough curves showed a linear increase, the 

breakthrough curves of two small columns, which had high flow rate, exhibited a linear 
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increase followed by a plateau shape. After 5 minutes of operation, the concentration of 

outflow from the column with 0.25 mL/min flow rate was already 20% of the inlet 

concentration, higher than the breakthrough concentration. For the highest flow rate 

column, the outflow concentration was more than 50% of the initial concentration at the 

very beginning of the experiment. These observations illustrated that 0.25 mL/min and 

higher volumetric flow rates were not suitable for small fixed-bed column operation. 

Since higher flow rate causes shorter residence time, when the feeding flow rate is higher 

than a critical value for certain fixed-bed columns, the alginate gel beads do not have 

sufficient time to bind with copper ions, resulting in inferior performance of the column. 

Comparing the breakthrough curves of the column with 0.25 mL/min and the one with 1 

mL/min, it is clear that the adsorption slowed down after 180 minutes for 0.25 mL/min 

column, while for the 1 mL/min column, not much adsorption occurred after 80 minutes. 

This difference indicates a shorter column active life at a higher þow rate. The column is 

saturated faster at a higher flow rate because of the larger amount of copper ions fed into 

the column while the operation time is fixed. The breakthrough curve of the small 

column with 0.1 mL/min flow rate has a linearly increasing trend similar to that of the 

large columns. It reached breakthrough after 30 minutes of being fed with copper sulfate 

solution, and the adsorption kept going at a constant rate over the duration of the 

experiment. 
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Figure 5-2. Breakthrough curves of the small fixed-bed column when the flow rate was 

0.1 mL/min, 0.25 mL/min and 1 mL/min. 

 

Figure 5-3, Figure 5-4 and Figure 5-5 plot the curves of C/C0 against the volume of 

treated solution at multiple flow rates. Figure 5-3 presents the breakthrough curves of the 

large column and small column at the flow rate of 0.1 mL/min. It can be seen that the 

small column reached breakthrough after treating 3 mL of copper sulfate solution, while 

the volume of treated solution before breakthrough was much greater for the large 

column. When the experiment was finished, the adsorption capacity of the large column 

was still sufficient. Figure 5-4 illustrates the breakthrough curves of the large column and 

small column at 0.25 mL/min flow rate. The large column successfully processed 120 mL 

of solution before breakthrough under this flow rate. However, 0.25 mL/min was too high 

for small column operation since the copper ion concentration was higher than the 

breakthrough concentration at the beginning of the experiment. Figure 5-5 has the 

breakthrough curves of large column and small column at the highest flow rate, 1 

mL/min. When the flow rate was increased to 1 mL/min, the concentration of the outflow 
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from the large column grew to breakthrough much faster than at low flow rate. The large 

fixed-bed column treated 25 mL of solution in total before breakthrough. Similar with 

Figure 5-4, the small column presented in Figure 5-5 did not perform as well as expected. 

In addition, Figure 5-3, Figure 5-4 and Figure 5-5 consistently show that the 

breakthrough time was much longer for the large column than for the small column at the 

same flow rate. The difference can be explained by the fact that a larger fixed-bed 

column has more adsorbent available for copper ion binding, and therefore, more solution 

could be treated and the breakthrough time is longer. 

 

 

Figure 5-3. Breakthrough curves of the large column and small column at the flow rate 

of 0.1 mL/min. 
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Figure 5-4. Breakthrough curves of the large column and small column at the flow rate 

of 0.25 mL/min. 

 

 

Figure 5-5. Breakthrough curves of the large column and small column at the flow rate 

of 1 mL/min. 

 

To compare the efficiency of fixed-bed columns, the number of bed volumes (BV) was 
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In addition, void ratio and residence time were calculated by following equations: 

   Void ratio= (Column volume-Particle volume)/Column volume               (5-2) 

Residence time=Column volume * Void ratio/flow rate                     (5-3) 

Table 5-1 summarized the number of bed volumes of all tested fixed-bed columns at 

breakthrough, and breakthrough time for each column. It shows that the large column 

with 0.25 mL/min flow rate has the highest BV number, which was able to treat 33.3 

times as much as its own bed volume of copper sulfate solution before breakthrough.  

When the flow rate was increased to 1 mL/min, the BV number decreased to 7.4 for the 

large column, indicating lower efficiency than 0.25 mL/min fixed-bed column. Although 

the experiment did not give out the exact BV number of the 0.1 mL/min large column, it 

could be predicted that the 0.1 mL/min large column has much higher BV number than 

other two large columns, since the copper ion concentration of outflow was only 0.04% 

of initial concentration, far below the breakthrough concentration, after treating 14 times 

as much volume as its own bed has. The BV number decreasing with flow rate could be 

interpreted by the fact that the copper ions are more efficiently and fully adsorbed on to 

alginate beds when the copper/alginate contacting time is longer for each layer of 

adsorbent.  

 

However, the BV number is not the only factor used to evaluate the fixed-bed column 

performance. Although the column operated at extremely low flow rate has a very high 

BV number, the breakthrough time will be very long, indicating low efficiency for 

treating the solution.  Therefore, both BV number and breakthrough time should be taken 

into consideration in a practical application. A column with high BV number at 
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breakthrough and moderate breakthrough time is believed to be well-performing. In this 

study, the best tested fixed-bed column is the large column at 0.25 mL/min flow rate. 

 

Comparing the BV number and breakthrough time of the small column at 0.1 mL/min, it 

was found that its performance resembled that of the large column which had 10 times as 

fast flow rate as the small column had. Considering that the small column contained 

roughly one tenth as many alginate particles as the large column contained, it is 

reasonable to deduce that the appropriate flow rate for certain fixed-bed column is 

proportional to the amount of adsorbent it contains. 

 

Table 5-1. Operation parameters of large columns and small columns at flow rates of 0.1 

mL/min, 0.25 mL/min and 1 mL/min. 

 Large column Small column 

Flow rate (mL/min)  0.1  0.25  1  0.1  0.25  1  

Particles volume (mL) 3.4 3.6 3.4 0.43 0.41 0.41 

Void ratio  0.58 0.56 0.58 0.71 0.73 0.73 

Residence time (min) 47 18 4.7 11 4.4 1.1 

BV at breakthrough >> 14 33.3 7.4 6.9 N/A N/A 

Breakthrough time 

(min) 

>> 480 480 25 30 N/A N/A 

 

 

5.3.2 Model comparison 

 

(1) Thomas model 

The Thomas model[56] is one of the most widely used models to evaluate column 

performances. The Thomas model was derived from the mass conservation equation in a 
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continuous flow system, which demands that the solute entering a layer dxof the fixed-

bed column in time td be accounted for as follows: 

( )
c c q

cu t c dx u t mdx t dx t
x t t

d d d d
µ µ µ

= + + +
µ µ µ

                            (5-4) 

in which c (mmol/mL) is the concentration of solution, u (mL/min) is the flow rate, x (g) 

is the mass of the adsorbent contained therein, indicating the distance from the input end 

of the fixed-bed column, q (mmol/mg) is the concentration of adsorbed material, and m 

(mL/g) is the free space or the pore volume of the adsorbent. Therefore, 

1
0

c m c q

x u t u t

µ µ µ
+ + =

µ µ µ
                                                  (5-5) 

For constant flow rate, the equation can be rewritten as, 

0
c c q

m
x V V

µ µ µ
+ + =

µ µ µ
                                                  (5-6) 

where V (mL) is the volume of the outflow.  

 

Assuming that adsorption rate is determined by the chemical reaction, i.e. the diffusion is 

not a rate-determining factor, and equilibrium adsorption follows the Langmuir isotherm, 

and the adsorption obeys pseudo second order reversible reaction kinetics, the expression 

of the Thomas model was obtained after a series of complicated derivation steps,  

0
0 0

1

1 exp ( )

t

Th
eff

C

kC
Q M C V

u

º
è ø

+ -
é ùê ú

                                    (5-7) 

where C0 (mg/L) is initial concentration of adsorbate, Ct (mg/L) is the concentration of 

adsorbate in the effluent at time t, kTh (mL/mg min) is the Thomas rate constant, u 

(mL/min) is the flow rate, Q0 (mg/g) is the equilibrium adsorbate uptake onto unit mass 
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of adsorbent, M (g) is the mass of adsorbent in fixed-bed column, and Veff (mL) is the 

volume of treated solution at time t. 

The Thomas model can be linearized to the following form:  

00 0ln( 1)
Th effTh

t

k C VC k Q M

C u u
- = -                                    (5-8) 

Plotting 0ln( 1)
t

C

C
-  against effV , kTh and Q0 can be assessed by the slope and intercept. 

The Thomas model is mainly used to predict the breakthough curve and estimate the 

maximum adsorption Q0. 

Figure 5-6, Figure 5-7 and Figure 5-8 show the plots of 

0ln( 1)
t

C

C
-

against the volume of 

effluent effV
in the large and small columns with 0.1 mL/min, 0.25 mL/min and 1 mL/min 

flow rate, respectively. Linear relationships between 

0ln( 1)
t

C

C
-

 and effV
 being observed 

with the values of R
2
 mostly close to unity suggests that the Thomas model is suitable to 

describe copper ion adsorption on to alginate beads in a continuous fixed-bed column 

system. The Thomas rate constant kTh and the maximum adsorption Q0 for each column 

were acquired from the slope and the intercept of the linear fitting and listed in Table 5-2. 

Because of the limited residence time in the small column with 1 mL/min flow rate, 

incomplete adsorption occurred in that column. Therefore, the Thomas model failed to 

evaluate its adsorption process. 

 

From the statistical data presented in Table 5-2, it can be seen that the Thomas rate 

constant kTh slightly increased with the increase of flow rate. However, regardless of the 
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column size and flow rate, the values of kTh varied within the same scale and averaged 

approximately at 0.09 mL/mg min. The insensitivity of the Thomas rate constant to the 

flow rate supports the assumption of the chemical reaction being the rate controlling step. 

In addition, it was found that the values of maximum adsorption capacity Q0 for all 

columns with varied flow rate were smaller than equilibrium data obtained in the batch 

adsorption experiment, indicating that the Thomas model yielded realistic values for the 

fit parameters, but may somewhat underestimate the maximum adsorption capacity in a 

continuous fixed-bed column of alginate beads.  

 

 
 

Figure 5-6. Linear Thomas model fit to adsorption data of the large column and small 

column at a flow rate of 0.1 mL/min. 
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Figure 5-7. Linear Thomas model fit to adsorption data of the large column and small 

column at a flow rate of 0.25 mL/min. 

 
 

 
 

Figure 5-8. Linear Thomas model fit to adsorption data of the  large column and small 

column at a flow rate of 1 mL/min. 
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Table 5-2. Statistical data of the Thomas model fit to large columns and small columns at 

the flow rates of 0.1 mL/min, 0.25 mL/min and 1 mL/min. 

  Q0 

(mg/g) 

kTh 

(mL/mg 

min) 

R
2 

Estimated 

Breakthrough 

Time (min) 

Experimental 

Breakthrough 

Time (min) 

Large 

Column 

0.1 

mL/min 

5.35 0.049 0.89 2050 >> 480 

0.25 

mL/min 

3.90 0.093 0.92 420 480 

1 

mL/min 

6.99 0.123 0.93 10 25 

Small 

Column 

0.1 

mL/min 

6.56 0.097 0.87 10 30 

0.25 

mL/min 

8.91 0.052 0.71 N/A N/A 

1 

mL/min 

N/A 0.113 0.92 N/A N/A 

 

 

The Thomas model is widely used to predict the breakthrough curve and the maximum 

solute uptake by the adsorbent. Figure 5-9 presents the predicted breakthrough curves of 

the large column with 0.1 mL/min, 0.25 mL/min and 1 mL/min flow rate, while Figure 

5-10 shows the predicted breakthrough curves of the small column with 0.1 mL/min and 

0.25 mL/min flow rate. By using the curves in Figure 5-9 and Figure 5-10, the volume of 

effluent when breakthrough occurred can be easily estimated. Assuming that the flow rate 

was constant, breakthrough time was calculated and listed in Table 5-2and was found to 

be a good agreement with the experimental breakthrough time. In addition, the 

breakthrough time for the 0.1 mL/min large column was predicted by the Thomas model, 

even though the experimental data was not sufficient to yield that value. 
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Figure 5-9. Predicted breakthrough curves of the large column at 0.1 mL/min, 0.25 

mL/min and 1 mL/min flow rate by the Thomas model. 

 
 

 
Figure 5-10. Predicted breakthrough curves of the small column at 0.1 mL/min, 0.25 

mL/min and 1 mL/min flow rate by the Thomas model. 
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(2) Adams-Bohart model 

The AdamsïBohart model[57] is another widely applied model for fixed-bed column 

adsorption. Adams and Bohart proposed a relationship between C/C0 and t in a 

continuous þow system for gas adsorption on carbon. The model assumes that the rate-

limiting step is chemical reaction on the surface, and the adsorption process follows 

pseudo-second order irreversible reaction. The adsorption reaction rate is ABk qc. 

 

Considering a selected portion of adsorbent, the residual adsorption capacity decreases at 

the rate given by following equation, 

ABc k
qc

x u

µ
=-

µ
                                                      (5-9) 

where q is residual adsorption capacity (mg/L), c is the solution concentration at time t 

and distance from inflow entrance x (m), u (m/min) is the superficial flow rate, and kAB 

(mL/mg min) is the Adams-Bohart rate constant. After integration, the linear form of the 

Adams-Bohart model can be written as: 

0 /0
0ln( 1) ln( 1)ABk Q Z u

AB

t

C
e k C t

C
- = - -                                  (5-10) 

where C0 (mg/L) is the initial concentration of adsorbate, Ct (mg/L) is the concentration 

of adsorbate in the effluent at time t, Q0 (mg/L) is the equilibrium adsorbate uptake onto 

unit volume of adsorbent, and Z (m) is the height of the fixed-bed column. The Adams-

Bohart model is mostly used to describe the initial part of the breakthrough curve in a 

fixed-bed column system. One advantage of the Adams-Bohart model is that it indicates 

the breakthrough time straightforwardly. 
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The breakthrough data from column studies for large and small columns with 0.1 

mL/min, 0.25 mL/min and 1 mL/min flow rate were fit to the Adams-Bohart model 

shown in Figure 5-11 and Figure 5-2. Since the prediction curves in Figure 5-11 and 

Figure 5-12 show that the large column with 1 mL/min flow rate and small columns with 

0.1 and 0.25 mL/min flow rate went far beyond the breakthrough point, only the initial 

period adsorption data (0 to 200 minutes) were adopted when using the Adams-Bohart 

model to evaluate those columns. The Adams-Bohart constant kAB and the equilibrium 

adsorbate uptake on to a unit volume of adsorbent Q0 (mg/L) were obtained from linear 

regression analysis, and the estimated breakthrough time was directly read from Figure 5-

11 and Figure 5-12. To compare with the Thomas model, Q0 (mg/L) was converted to the 

equilibrium adsorbate uptake on to a unit mass of adsorbent Q0 (mg/g) based on the 

density of alginate gel particles and presented in Table 5-3 with other parameters. The 

Adams-Bohart model exhibited fairly good agreement with experimental data. Compared 

with the Thomas model, the Adams-Bohart model predicted a more accurate 

breakthrough time than the Thomas model since it only used the initial period of the data 

set, where the concentration of the outflow changed significantly and the samples were 

taken densely. The estimated maximum adsorption capacity Q0 (mg/g) was lower than 

equilibrium experimental data, even more so than the values from the Thomas model.  
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Figure 5-11. Linear Adams-Bohart model fit to adsorption data of the large column at 

flow rates of 0.1 mL/min, 0.25 mL/min and 1 mL/min. 

 

 
 

Figure 5-12. Linear Adams-Bohart model fit to adsorption data of the small column at 

flow rates of 0.1 mL/min, 0.25 mL/min and 1 mL/min. 
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Table 5-3. Statistical data of the Adams-Bohart model fit to the large columns and small 

columns at the flow rates of 0.1 mL/min, 0.25 mL/min and 1 mL/min. 

  Q0 

(mg/g) 

kAB 

(mL/mg 

min) 

R
2 

Estimated 

Break-

through 

Time (min) 

Experimental 

Break-

through 

Time (min) 

Large 

Column 

0.1 

mL/min 

5.42 0.049 0.89 N/A >> 480 

0.25 

mL/min 

3.90 0.093 0.92 420 480 

1 mL/min 5.69 0.162 0.88 25 25 

Small 

Column 

0.1 

mL/min 

4.35 0.165 0.94 25 30 

0.25 

mL/min 

9.08 0.080 0.62 N/A N/A 

1 mL/min N/A 0.145 0.87 N/A N/A 

 

(3) Yoon-Nelson model 

Yoon and Nelson developed a simple model to describe the adsorption of adsorbate gases 

on to activated charcoal[58]. They denoted Q as the probability for adsorption and P as 

the probability for breakthrough. In other words, Q is the fraction of the inflow that gets 

adsorbed and P is the fraction of the inflow that flows out of the column. This model 

assumed that the rate of decrease in the probability of adsorption for each adsorbate 

molecule is proportional to Q and P, shown as: 

YN

dQ
k QP

dt
- =                                                         (5-11) 

Since P=1-Q, the following equation was obtained: 

1
YN

dQ dQ
k dt

Q Q
+ =-
-ñ ñ ñ                                           (5-12) 

After integration, the equation became: 

ln( ) ( )
1

YN

Q
k t

Q
t= -

-
                                              (5-13) 
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where YNk  (min
ī1

) is the rate constant and tis a constant. Note that when Q=0.5, t=t. 

Therefore, t is the time required for 50% adsorbate breakthrough. Plugging 
0

1 tC
Q

C

-
=

into the equation, the linear form of Yoon-Nelson model is expressed as: 

0

ln( )t
YN YN

t

C
k t k

C C
t= -

-
                                       (5-14) 

The Yoon-Nelson model is always used to predict 50% adsorbate breakthrough time. 

 

In Figure 5-13 and Figure 5-14, the values of ln(Ct/C0 īCt) from large and small columns 

were plotted against adsorption time t. The Yoon-Nelson constants kYN and t were 

estimated and listed in Table 5-4. The linear relationship between ln(Ct/C0 īCt) and t 

demonstrates that the Yoon-Nelson model is a suitable model to describe the continuous 

adsorption in a fixed-bed column system. In addition, the values of tshow good 

agreement with the experimental 50% breakthrough times. 

 
Figure 5-13. Linear Yoon-Nelson model fit to adsorption data of the large column at 

flow rates of 0.1 mL/min, 0.25 mL/min and 1 mL/min. 
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Figure 5-14. Linear Yoon-Nelson model fit to adsorption data of the small column at 

flow rates of 0.1 mL/min, 0.25 mL/min and 1 mL/min. 

 

Table 5-4. Statistical data of the Yoon-Nelson model fit to the large columns and small 

columns at the flow rates of 0.1 mL/min, 0.25 mL/min and 1 mL/min. 

  kYN (min
-1

) t (min) texp. (min) R
2 

Large 

Column 

0.1 mL/min 0.0033 2858 >> 480 0.90 

0.25 mL/min 0.0052 1049 >> 480 0.89 

1 mL/min 0.0066 461 ~430 0.89 

Small 

Column 

0.1 mL/min 0.0061 468 ~ 480 0.87 

0.25 mL/min 0.0033 242 ~ 300 0.71 

1 mL/min 0.0072 N/A < 5 0.92 

 

 

Comparing the Thomas model and the Adams-Bohart model, which have similar forms 

of model equations, both the Thomas model and the Adams-Bohart model are able to 

estimate the maximum adsorption capacity of the adsorbent. The Thomas model was 

derived from a general mass conservation equation with the assumption of Langmuir 

isotherm and pseudo-second order reversible reaction, while the Adams-Bohart model 

was simply deduced from pseudo-second order irreversible adsorption kinetics. 
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Therefore, the comprehensive factors included in the Thomas model makes it more 

accurate to fit the experimental data. Besides, it was found that the values of the 

maximum adsorption capacity and adsorption rate constant in the continuous fixed-bed 

column are not consistent with those in the batch system. The values of maximum 

adsorption capacity calculated by both the Thomas model and the Adams-Bohart model 

are smaller than that in the batch system. The smaller values fit from the continuous flow 

experiments are not necessarily an error from the models but instead may  indicate the 

existence of flow bypass in the fixed-bed experiment. Due to uneven flow patterns in the 

column, some large calcium-alginate beads may not have the chance to contact with the 

copper sulfate solution sufficiently, causing the underestimation of the maximum 

adsorption capacity by the Thomas model and the Adams-Bohart model. The bypass 

phenomenon may also lead to the underestimation of the pseudo-second order rate 

constant. In addition, since a continuous fixed-bed column is not a well-stirred system, 

the diffusion resistance may not be negligible. This idea conflicts with the assumption of 

chemisorption being the rate controlling step in the Thomas model and the Adams-Bohart 

model. This possible significance of diffusion resistance is supported by the fact that in 

spite of perfect data fitting to the pseudo-second order equation in a batch system, the 

values of the correlation coefficients of the experimental data fitting to the Thomas model 

and the Adams-Bohart model in continuous fixed-bed columns are only around 0.9. 

 

The Yoon-Nelson model is quite simple and straightforward. It assumes that the 

adsorption equilibrium occurs instantaneously, and that the adsorption in a fixed-bed 

column is homogeneous and uniform. Despite this defective assumption, the Yoon-
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Nelson model successfully gave relatively good fits to the adsorption data in this study. 

In fact, all three models are valuable and informative to the study of continuous fixed-bed 

column adsorption, since they provide prominent and unique characteristic features 

respectively, such as adsorption capacity (Thomas model, Adams-Bohart model), 

breakthrough curve without sufficient data (Thomas model), service time (Adams-Bohart 

model) and time for 50% breakthrough (YoonïNelson model).  

 

 

5.4 Summary 

 

In this chapter, the adsorption behavior of fixed-bed columns packed with large calcium-

alginate gel beads was studied by varying the column size and volumetric flow rate. The 

results show that when flow rate was high, the adsorption was performed relatively 

uniformly in the fixed-bed column, and the fixed-bed column might reach saturation at 

the end of experiment. For the low flow rate case, adsorption mainly occurred near the 

inlet region of the column. In the aspect of breaking through, a column had shorter active 

life at a higher þow rate, or a smaller size. 

 

There are two main factors to evaluate the efficiency of a fixed-bed column: BV number 

and breakthrough time. A column with high BV number at breakthrough and moderate 

breakthrough time is believed to be well-performing. Therefore, there is an optimal flow 

rate for a certain size of column. Below that, the breakthrough time would be too long 

and volume of treated solution would be deficient, while above it, the BV number would 
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be small and the adsorbent would not be used efficiently. In this study, the best tested 

fixed-bed column is the large column at 0.25 mL/min flow rate. 

 

Moreover, the Thomas model, the Adams-Bohart model and the Yoon-Nelson model 

were used to fit experimental data. All three models were proven to be suitable to 

describe the adsorption behavior of fixed-bed columns. They also provided unique 

characteristic features respectively, such as adsorption capacity (Thomas model, Adams-

Bohart model), breakthrough curve without sufficient data (Thomas model), service time 

(Adams-Bohart model) and time for 50% breakthrough (YoonïNelson model). 
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Chapter 6 Rheology of a Concentrated Bimodal Suspension 

Containing Rigid and Soft Particles 
 
 

 

6.1 Introduction 

 

Suspensions play an important role in industry and in our daily lives, from drug 

manufacturing to painting. The rheological properties, especially the relative viscosity of 

suspensions, have drawn much attention over the past century. There have been many 

investigations trying to predict and correlate the viscosities of various suspensions with 

the rigid particle volume fraction and maximum packing particle volume fraction by 

theoretical and experimental approaches [65-74].  

 

Two commonly used viscosity models are the Maron-Pierce-Kitano model [66, 71] and 

the Zarraga model [73]. The Maron-Pierce-Kitano model has a simple form to describe 

the relative viscosity rh  as a function of the volume fraction of particles f and the 

random close packing fraction rcpf  for monodisperse suspensions, shown in Equation (6-

1). 

2

0

(1 )r

rcp

h f
h
h f

-= = -                                                                            (6-1) 

The Zarraga model has a similar expression to the Maron-Pierce-Kitano model. It 

adjusted the power from Equation (6-1) and scaled it by 2.34e f-  as seen in Equation (6-2). 
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2.34

3(1 )
r

rcp

e f

h
f

f

-

=

-

                                                                            (6-2) 

 

The parameter rcpf  in Equations (6-1) and (6-2) was determined by fitting each equation 

to the experimental data or by measuring the value experimentally. The Maron-Pierce-

Kitano model, the very similar Krieger model[68] and the Zarraga model have shown 

good agreement to experimental data for monomodal suspensions. 

 

In fact, bimodal mixtures are more representative of practical particulate systems than 

monomodal dispersions. Bimodal suspensions are found in a variety of biological and 

industrial applications, such as blood flow through vessels, mineral transport through 

plant xylem and the manufacture of petrochemicals, polymers, ceramics, 

pharmaceuticals, flavors and many other products. The distinguishing feature of a 

bimodal suspension is that its relative viscosity depends on not only the bulk particle 

volume fraction and maximum packing volume fraction of the particles, but also the size 

ratio of the two types of particles and the relative volume fraction of the particles. 

Therefore, several parameters can be varied in order to enhance packing or tune the 

viscosity of a flow by adjusting the composition of a bimodal suspension.  

 

Some research has been reported on the rheological properties of bimodal suspensions. 

Chong et al.[75] identified the diameter ratio of large to small spheres ɚ and volume 

fraction of smaller particles ɝʟv as two important parameters to characterize a bimodal 

particle mixture. They found that when ɝ=0.25 and the bulk volume fraction ʟv was fixed, 
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the viscosity of concentrated suspensions decreased as the particle size ratio ɚ increased 

from 1.0 to 7.25, and there was no significant viscosity change when ɚ >10. The 

investigators believed that an optimum value of ɝ existed to minimize the suspension 

viscosity when ɚ and ʟ v were fixed. Storms et al.[76] measured the viscosity of bimodally 

distributed poly(methylmethacrylate) (PMMA) suspensions in silicone oil at low shear 

rate over a large range of particle volume fractions. They observed the concentration 

dependence of the relative viscosity and quantitatively predicted the effect of ɚ and ɝ on 

the viscosity of bimodal suspensions. Chang and Powell [77] found that, for a fixed bulk 

volume fraction of particles, the viscosities of bimodal suspensions were always less than 

the viscosities of monomodal suspensions. Moreover, they provided additional 

experimental data for highly concentrated suspensions (ʟv = 0.67) showing that the 

bimodal size distribution of particles could have an effect not only on the shear viscosity 

but also on the transient properties of filled suspension systems.  

Bimodal suspension systems are also known for particle size separation, owing to the 

action of shear-induced particle migration in a nonuniform shear flow. Larger particles 

tend to migrate more quickly to low stress regions, leaving behind the smaller particles. 

Size separation of otherwise identical particles has been observed in tube flow, concentric 

cylinder flow and free surface flow [78], channel flow [79], and torsional flow between 

parallel plates [80]. Shauly et al. [81] developed a model to describe the shear-induced 

particle migration in a polydisperse concentrated suspension, which was applicable to 

solve the flow patterns and the particle concentration distributions in bidisperse 

suspensions in various viscometric flows. They found that the total energy dissipation 

rate and, therefore, the power required to drive the flow were diminished considerably at 
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steady state. The drift velocity arising from shear-induced particle migration in a 

monomodal suspension is typically estimated as (a f ‎), where a is the particle radius, f 

the particle volume fraction and ‎ the shear rate  [82]. 

 

In addition to the experimental investigations on the rheological properties of bimodal 

suspensions, many studies have focused on the theoretical prediction of the relative 

viscosities of bidisperse suspensions. Farris [83] first proposed a model to estimate the 

viscosity of multi-modal systems in terms of the viscosity of its components, in which 

fine particles in suspension were viewed as a continuum and a maximum volume fraction 

parameter was not involved. Farrisôs model was further modified by DôHaene and Mewis 

[84] and also by Zaman and Moudgil [85, 86] to take particle interactions into account. 

Chong et al.[75] and Sudduth [87] suggested that the particle size distribution (the 

diameter ratio of large to small spheres), the volume fraction of small particles, and 

maximum packing fraction are important parameters to characterize a bimodal 

suspension. The value of the maximum packing fraction is an empirical quantity, and a 

wide range of values has been established [73, 75-77, 88-91]. In this paper, 0.62 was used 

as the maximum packing fraction for monomodal suspensions, consistent with Zarragaôs 

results. 

 

Recently, Qi and Tanner [92] developed a new model to estimate the maximum random 

close packing of a bidisperse system. In their model, they successfully related the value 

of the maximum packing fraction of bimodal system bmj  to that of monomodal system 

rcpj  by the following equation  
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(1 )bm rcp k rcp rcplj j xx j j= + -                                                      (6-3) 

 

where kx is a function of the relative volume fraction of small particles k and lx  is a 

function of the particle size ratio ɚ, which can be calculated by equations (6-4) and (6-5). 

1/3( 1)

61 e
l

lx
-

-

= -                                                                     (6-4) 

21
1 ( 0.27)

0.0729
k- -   0.27k¢  

kx=                                                                                                                         (6-5) 

41
1 ( 0.27)

0.284
k- -    0.27k>  

Once the value of bmj  is attained, Qi and Tanner assess the relative viscosity of bimodal 

system by using the Mendoza and Santamaria-Holek model [74], shown in equation (6-6) 

and (6-7).  

5

2(1 )
1

r
c

j
h

j

-

= -
-

                                                              (6-6) 

in which 

1 rcp

rcp

c
j

j

-
=                                                                        (6-7) 

and j is the volume fraction of particles. 

 

Then, the relative viscosity of a bimodal system is defined by equation (6-8), as a 

product of two functions 
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( / 0) ( / )
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r

l

H l H s l
h j j h j h j j

h
h h h j

= = =                                       (6-8) 

where ( , )l sh j j is the viscosity of the bimodal suspension, ( )lh j is the viscosity of a 

suspension containing only the large particle fraction, and 0h  is the viscosity of the 

suspending fluid. 

 

Each function can be computed by Mendoza and Santamaria-Holek model respectively 

from the following equations. 

5

2( / 0) (1 )
1

l

l l

H l
c

j

j

-

= -
-

                                                        (6-9) 

1 rcp

l

rcp

c
j

j

-
=                                                                  (6-10) 

5

2( / ) (1 )
1

s

s s

H s l
c

j

j

-

= -
-

                                                   (6-11) 

 

It is important to notice that ( / )H s l  is not the relative viscosity of the small particle 

fraction. In other words, the suspension ñmatrixò consists of suspending fluid and large 

particles instead of only suspending fluid by itself. Hence, the random close packing 

fraction of the small particles is no longer rcpj . It should be adjusted to ( )bm lj j-   

because of the presence of the large particles. 

1 ( )bm l
s

bm l

c
j j

j j

- -
=

-
                                                              (6-12) 

By substituting Equation (6-9), (6-10), (6-11) and (6-12) into Equation (6-8), the relative 

viscosity of a bimodal suspension is given by 
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- -ê ú
                                            (6-13) 

This new model developed by Qi and Tanner was compared to experimental data 

obtained by Chang and Powell [77], Chong et al.[75], and Poslinski et al.[89]. 

Reasonably good agreement was found and reported. 

 

Although many theoretical models have been derived and have provided good estimation 

of experimental data, most published studies have concentrated on bimodal suspensions 

of noncolloidal, rigid particles. Bimodal suspensions containing both rigid and soft 

particles have rarely been discussed, and almost always in the context of cell margination 

in blood flow [93-95]. Soft particles typically are porous or deformable and contain 

colloidal-scale structure. In contrast to rigid particle suspensions, when a suspension 

contains both rigid and soft particles, it can exhibit strongly shear-dependent properties 

even at moderate particle volume fraction, due to the deformability of the soft particles 

and the interaction between rigid and soft particles. Therefore, the relative viscosity and 

shear-dependence of rigid and soft particle suspensions are very sensitive to the bulk 

particle volume fraction and relative volume fraction of the rigid and soft particles.  

 

In this Chapter, the relative viscosity was measured for bimodal suspensions consisting of 

rigid, large PMMA particles and soft, small alginate gel beads with varied relative 

volume fraction and bulk concentration. The rheological properties of rigid/soft particle 

bimodal suspensions were discussed.  In order to quantitatively predict the relative 

viscosity of a rigid and soft particle bimodal suspension, a new version of the Qi and 
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Tanner model [92] adapted for such systems was developed and good agreement with 

experimental data was achieved.  

 

 

6.2 Experimental Methods 

 

6.2.1 Materials 

 

The bimodal suspension used for the rheology experiment was a mixture of 

poly(methylmethacrylate) (PMMA) rigid particles and alginate gel beads of varying 

volume ratios with a Newtonian liquid.  

 

To make alginate beads, three solutions were prepared: i) aqueous 2 wt% alginate 

solution; ii) an oil solution consisting of 69.5% (v/v) isooctane 29.5%(v/v) 1,6 

dibromohexane and 1 wt% Span-80 surfactant; iii) calcium chloride solution with 

concentrations of 0.1M calcium chloride and 0.5 M sucrose in water. An emulsion was 

formed by blending equal weight amounts of the alginate solution with the oil solution at 

20,000 rpm for 10 minutes (Ultra-Turrax T-25 blender, IKA Works, Staufen, Germany). 

The flask containing solutions was immersed in ice water during blending to prevent 

overheating of the mixture. The calcium chloride solution was added slowly immediately 

afterward to cross-link the alginate beads under magnetic stirring conditions. The 

emulsions were then separated in a separatory funnel with acetone washing. The alginate 
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suspension was extracted and centrifuged at 6000 rpm at 4°C. The supernatant was 

removed and the resulting pellets were collected as alginate beads. They were stored in 

deionized water until sieving was performed. The alginate beads used in the experiments 

were smaller than 38 mm in diameter. 

 

The PMMA particles (Lucite 41, Lucite International, Cordova, TN) used in the 

experiments have an approximate density of 1.18 g/cm
3
, and an average diameter of 

approximately 90-125 µm. Since alginate beads are gel particles, their density is 

considered to be similar to that of any suspending fluid. To match PMMA particlesô 

density and preclude buoyancy effects, a mixture of glycerin (73 wt%) and water (27 

wt%) was used as the suspending þuid, which is a Newtonian fluid with viscosity 

ɖ0=0.025 Pa s  at 25ºC. All the samples were degassed in a vacuum oven until the visible 

air bubbles disappeared prior to the rheology experiments, in order to eliminate the 

bubblesô unwanted effects on the þow rheology.  

 

A PMMA (25 vv% ) and alginate (25 vv% ) bimodal suspension was analyzed using a 

Beckman-Coulter LS-13 320 Laser Diffraction apparatus. The sample was run for 

combined obscuration and polarization intensity differential scattering (PIDS) analysis. A 

refractive index of 1.37 was input for alginate, based on measurements of the refractive 

index of alginate slabs. The unit was thoroughly rinsed between samples; acetone or 

isopropyl alcohol was used if cleaning was required. The sample was stored in glass vials 

and sonicated before processing and analyzed immediately after processing. The result 

presented in Figure 6-1 shows that the average diameter of alginate beads is around 30 
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mm, while that of PMMA particles is about 90 mm, yielding a diameter ratio of large to 

small particles of approximately 3. 

 
Figure 6-1. Size distribution of PMMA (25 vv% ) and alginate (25 vv% ) bimodal 

suspension measured by laser diffraction spectroscopy. 

 

6.2.2 Rheological test 

 

Testing was performed on a Kinexus Rheometer (KNX2100, Malvern Instruments). 40 

mm diameter parallel plates (PL40/PU40) with a 2 mm gap were used for all samples, 

providing a sufficient (20:1) ratio between the sample height and the average PMMA 

particle diameter. Suspensions were spread evenly on the entire lower plate before 

contacting with upper plate, in order to avoid particle migration caused by squeezing flow 

[96]. The temperature was maintained at 25 °C in the testing chamber. The samplesô 

viscosity was measured under a series of logarithmically varied shear rates ranging from 

5 to 200 s
-1

. Reynolds numbers of the bimodal suspensions during the experiments ranged 

from 0.013 to 4.34 (Re < 1 in most cases), and the parallel plate radius to gap ratio was 

20. Therefore, the viscosity measurement of bimodal suspensions was unlikely to be 
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affected by secondary flow [97]. The particle Reynolds number ranged from 0.00236 to 

0.0944, so the inertial effect could be neglected. Two separate scans were performed on 

each sample. One covered the range from low to high shear rate and the other from high 

to low. Each sample was pre-sheared at 20 s
-1
 for 30 seconds in order to break the 

microstructure formed during sample loading. The results were averaged in an attempt to 

avoid result sensitivity to shear history. The standard deviation of all the results ranged 

from 5% to 15%. 

 

 

6.3 Results and Discussion 

 

6.3.1 Monomodal suspension 

 

Figure 6-2 presents the relative viscosity of PMMA particle suspensions as a function of 

shear rate ranging from 5 to 200 s
-1

. The data are the average of those obtained from 

increasing and decreasing shear rate experiments, in order to eliminate sensitivity of the 

results to shear history. In Figure 6-2, the PMMA suspensions exhibit quasi-Newtonian 

fluid behavior. The viscosities of the PMMA suspensions with the bulk particle volume 

fraction of 10%, 20%, 30%, and 40% are nearly independent of the shear rate over the 

range 5 to 200 s
-1

. The concentrated PMMA suspension, which has a bulk  particle 

volume fraction of 50%, shows slightly shear thinning behavior under the measurement 

shear range, probably caused by complex interparticle interactions[98]. When the volume 
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fraction of PMMA suspension is high, the average interparticle distance is small. It is 

possible that particles may attract each other by London-van der Waals forces, and weak 

flocculation will form. Such complex microstructures would break down under shear, 

causing shear thinning behavior [99]. In addition, Blanc et al. [100] measured the pair 

distribution function in monomodal suspensions and found an increased probability 

of finding another particle nearby in the flow direction at high concentration (when bulk 

concentration is above 45%). Therefore, the alignment of PMMA particles along the flow 

direction may form at high concentration and lead to the shear thinning trend. 

 

 

Figure 6-2. Relative viscosity of PMMA monomodal suspensions with particle volume 

fraction varying from 10% to 50%, and shear rate ranging from 5 s
-1

 to 200 s
-1

. 

 

Figure 6-3 plots the viscosities of alginate particle suspensions measured under the same 

conditions as the PMMA suspensions shown in Figure 6-2. Similar to the PMMA 

suspensions, alginate suspensions exhibit essentially Newtonian behavior. A slight shear 

thinning behavior was observed at high shear rate due to the porosity or deformability of 
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alginate beads. In contrast to rigid particles, when the shear rate increases, the suspending 

fluid may slip at the surface or flow through the pores of alginate beads, with a 

corresponding decrease observed in the relative viscosity. 

 

 

Figure 6-3. Relative viscosity of alginate monomodal suspensions with particle volume 

fraction varying from 10% to 50% and shear rate ranging from 5 s
-1

 to 200 s
-1

. 

 

The relative viscosity data of PMMA suspensions and alginate suspensions averaged over 

the range of shear rates are shown in Figure 6-4. It can be seen that the viscosities of both 

PMMA and alginate particle suspensions increase with an increase involume fraction. In 

addition, the PMMA suspensions are more viscous than alginate suspensions at the same 

volume fraction, resulting from the porous and flexible structure of alginate beads, and 

the viscosities of PMMA suspensions increase more significantly at high volume fraction 

compared to those of alginate suspensions.  
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Figure 6-4. Average relative viscosity data of PMMA suspensions and alginate 

suspensions with particle volume fraction varying from 10% to 50%. 

 

6.3.2 Bimodal suspension 

 

Monomodal suspensions of either rigid PMMA particles or soft alginate beads proved to 

be quasi-Newtonian. These two types of particles were then mixed at various relative 

particle volume fractions and total bulk concentrations in the same suspending fluid, and 

measured under shear rates ranging from 5 to 200 s
-1

. The data presented are the average 

of those obtained from increasing and decreasing shear rates in order to eliminate the 

sensitivity of the results to shear history.  

 

Figure 6-5 shows the change of relative viscosity of PMMA/alginate bimodal 

suspensions with increasing shear rate. The bulk particle volume fraction was fixed at 

50%, and each curve represents a constant relative particle volume fraction. Despite the 
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effect of shear rate, the average viscosity of bimodal suspensions increases when the 

volume fraction of small particles (alginate beads) decreases at fixed bulk concentration. 

The plain PMMA and alginate monomodal suspensions exhibit negligible shear thinning 

and could be considered quasi-Newtonian suspensions. Once they are mixed, shear 

thinning can become significant and intense in the bimodal suspensions. Comparing the 

shear dependence of bimodal suspensions with varying volume fractions of small 

particles at fixed bulk particle volume fraction of 50%, the viscosity of bimodal 

suspensions with low small particle volume fraction (the volume fraction ratio of PMMA 

to alginate equals 45/5 and 40/10) decreased severely with increasing shear rate. When 

the volume fraction of small particles is high and close to 50%, the shear dependence 

becomes minimal and the viscosity of bimodal suspensions is approximately constant in 

the low shear rate region. 

 

The shear thinning phenomenon is not included in any reported bimodal suspension 

viscosity models, since none of those models took the interaction between rigid and soft 

particles into consideration. In contrast to a bimodal suspension consisting only of rigid 

particles, shear thinning may occur in this system because the large, rigid PMMA 

particles tend to deform the small, soft alginate beads at high shear rate. The intensity of 

deformation would be expected to increase with increasing shear rate, thus providing 

extra moving space for the large, rigid particles. Effectively, the deforming soft particles 

are lowering the volume fraction of rigid particles, which leads to shear thinning behavior 

of rigid/soft bimodal suspensions. Another possible mechanism, following Blanc et al.ôs 

research [100], is that the soft, small alginate beads may help PMMA particles to align 
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along the flow direction when the bulk concentration is high. In polymeric materials and 

suspensions of rods, shear thinning is often associated with alignment along the flow 

direction. The small, soft alginate beads may provide slip or lubrication to PMMA 

particles, and therefore promote the formation of layers of PMMA particles aligned with 

the flow direction, which can cause the significant shear thinning observed in bimodal 

suspensions. When the volume fraction of small particles is high, with fixed bulk 

concentration, the interaction between the two types of particles weakens at low shear 

rate resulting from the size difference of rigid and soft particles. The small alginate beads 

tend to act as an additional component of the ñcontinuous phase,ò with the large PMMA 

particles acting as the discrete phase [79]. In addition, ordering of the rigid PMMA 

particles is not expected for PMMA particle volume fractions below 0.45 [100]. For these 

suspensions, the deformation of soft small alginate particles is only noteworthy under 

high shear rate, demonstrated by the 15/35, 25/25, and 30/20 curves in Figure 6-5, which 

present shear independence at low shear rates and shear thinning at high shear rates.  

 

It is noticeable that the shear dependence of the bimodal suspension is similar to that of 

PMMA monomodal suspension when the volume fraction of alginate beads is extremely 

low (volume fraction ratio of PMMA/alginate equals 48/2). It can be explained by the 

fact that below a certain volume fraction, the small soft particles can easily migrate 

through the interstices of large, rigid particles, so that the interaction between small and 

large particles is negligible. Hence, the rheological behavior of the bimodal sample is 

dominated by that of the large, rigid PMMA particles. 
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Figure 6-5. Relative viscosity of PMMA/alginate bimodal suspensions where the bulk 

particle volume fraction was fixed at 50% and the shear rate varied from 5 s
-1

 to 200 s
-1

. 

 

Next, the relative viscosity of rigid PMMA/soft alginate particle bimodal suspensions 

was measured with a fixed particle volume fraction of large, rigid PMMA particles, and a 

varying volume fraction of small, soft alginate beads (and therefore a varying total bulk 

concentration). Viscosity data points acquired at shear s ranging from 5 s
-1

 to 200 s
-1

 were 

measured and plotted in Figure 6-6 and Figure 6-7. 

 

In Figure 6-6, the volume fraction of PMMA particles was fixed at 40%, and the volume 

fraction of alginate beads was varied from 0 % (monomodal suspension) to 15%. The 

data show that the 40% PMMA suspension is only very slightly shear dependent because 

of nearby particle interactions. Once the alginate beads were added into the suspension, 

the shear thinning behavior becomes significant. Both the viscosity curves of the 40/5 

(40% PMMA and 5% alginate) sample and the 40/10 (40% PMMA and 10% alginate) 

sample exhibit a strong shear thinning trend, and the 40/10 bimodal suspension is more 

intensely shear thinning than 40/5 bimodal suspension. When more alginate beads were 
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added into suspension, making the bulk concentration higher than 50%, the shape of the 

viscosity curve changed. A plateau appears at low shear rate, connected by a continuous 

viscosity decrease at high shear rate, as shown in the 40/15 (40% PMMA and 15% 

alginate) viscosity curve. 

 

Figure 6-7 presents the viscosity data of rigid/soft bimodal suspensions when the volume 

fraction of PMMA particles was increased to 45%, while the variation of alginate volume 

fraction maintained the same with the experiment shown in Figure 6-7. It can be seen that 

the change in the viscosity curves of the rigid/soft bimodal suspensions with the increase 

in shear rate displays a similar trend with the data points in Figure 6-6. The 45% PMMA 

monomodal suspension reveals very slight shear thinning behavior, and the shear 

thinning tendency significantly intensified when a small amount of soft alginate beads 

were present in the suspension, as exemplified by the data points of the 45/5 (45% 

PMMA and 5% alginate) sample. When the bimodal suspension is concentrated and the 

bulk concentration is higher than 50%, the shear thinning behavior becomes minimal at 

low shear rate, and remains intense at high shear rate, confirmed by the curves of the 

45/10 (45% PMMA and 10% alginate) and 45/15 (45% PMMA and 15% alginate) 

bimodal suspensions. 
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Figure 6-6. Relative viscosity of PMMA/alginate bimodal suspensions where the volume 

fraction of PMMA was fixed at 40%, and the shear rate varied from 5 s
-1

 to 200 s
-1

. 

 

 

 

Figure 6-7. Relative viscosity of PMMA/alginate bimodal suspensions where the volume 

fraction of PMMA was fixed at 45%, and the shear rate varied from 5 s
-1

 to 200 s
-1

. 

 

By analyzing the experimental data presented in Figure 6-6 and Figure 6-7, it can be 

speculated that the bulk concentration can affect the rheological properties of 

concentrated rigid/soft particle bimodal suspensions, in addition to the relative particle 
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volume fraction. Therefore, a series of experiments were performed to study the 

sensitivity of shear dependency of rigid/soft particle bimodal suspensions to the bulk 

concentration. In order to rule out the effect of the volume fraction of small particles on 

the relative viscosity, the volume fraction of PMMA particles was altered slightly while 

the volume fraction of alginate beads was fixed at 10% to vary the bulk concentration. 

The samplesô viscosity was measured under shear rates ranging from 5 s
-1

 to 200 s
-1

 and 

plotted in Figure 6-8. The viscosity curve of 40/10 (40% PMMA and 10% alginate) 

continuously decreases with the increase of shear rate, while the curves of 41/10 (41% 

PMMA and 10% alginate), 42/10 (42% PMMA and 10% alginate) and 45/10 (45% 

PMMA and 10% alginate) reveal an evolving shape, which has a plateau at low shear rate 

and then a decrease at high shear rate. The plateau and decreasing turning points shift to 

higher shear rate when the bulk concentration is increased from 51% to 55%. This 

experiment demonstrates that the viscosity of bimodal suspensions is very sensitive to the 

change of bulk concentration when it is around 50%, and the rigid/soft particle bimodal 

suspensions possess distinctive shear properties once the bulk concentration of bimodal 

suspensions is higher than 50%, consistent with the viscosity data of 40/15 (45% PMMA 

and 15% alginate) in Figure 6-5, 45/10 (45% PMMA and 10% alginate) and 45/15 (45% 

PMMA and 15% alginate) in Figure 6-6.  

 

The effect of bulk concentration on the relative viscosity can be interpreted by the 

particle interaction of concentrated suspensions. At low shear rate, the collisions between 

PMMA and alginate particles are not strong, and alginate particles tend to act as 

undeformed spheres. Therefore, the viscosity of bimodal suspensions exhibits similar 
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quasi-Newtonian behavior to monomodal suspensions. At high shear rate, collisions 

among the rigid and soft particles become intense, and cause the deformation of soft 

particles. The deformed alginate particles may be able to slide into the interstices of the 

large, rigid PMMA particles, and act as lubrication, helping the PMMA particles to form 

aligned layers along the flow direction. The more concentrated the bimodal suspension is, 

the higher shear rate it requires to produce enough deformation of alginate beads so that 

they are able to squeeze between the neighboring PMMA particles and help to rearrange 

them. Hence, the shear thinning only occurs at high shear rate for very concentrated 

suspensions, and the starting point shifts to higher shear rates when the bulk 

concentration increases. 

 

 

Figure 6-8. Relative viscosity of PMMA/alginate bimodal suspensions where the particle 

volume fraction of alginate beads was fixed at 10%, and the shear rate varied from 5 s
-1

 to 

200 s
-1

. 

 

In the low shear rate range (5-30 s
-1

), only the viscosity curves of 40/5 (40% PMMA and 

5% alginate), 40/10 (40% PMMA and 10% alginate) and 45/5 (45% PMMA and 5% 
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alginate) had a shear thinning trend, while in high shear rate range (30-200 s
-1

), all of the 

bimodal suspensions exhibited a shear thinning tendency. To compare the intensity of the 

shear thinning behavior, the slope of each viscosity curve in the high shear rate range 

shown in Figure 6-5, Figure 6-6, Figure 6-7 and Figure 6-8 was calculated and plotted 

against the relative volume fraction of small particles k. The data points from suspensions 

with several total bulk particle volume fractions roughly fall on a single curve, which 

exhibits a distinct minimum value in Figure 6-9. The slope (a negative value) of the 

viscosity curve initially decreases with an increase in k, and then increases until back to a 

value of zero. When k is around 0.27, the slope reaches the lowest point and maximum 

magnitude, indicating that the shear thinning behavior is most intense when the relative 

volume fraction of small particles equals 0.27. The only data point that is displaced from 

the main curve is the one that corresponds to 45% PMMA and 15% alginate beads. This 

observation suggests that when the bulk concentration is close to the maximum packing 

fraction, the limited free moving space becomes an obstacle to the ordering of PMMA 

particles, and therefore weakens the shear thinning behavior.  

 

It appears that there is an optimal small particle volume fraction causing the rigid/soft 

bimodal suspension to have the most severe shear dependence when the large particle 

volume fraction is fixed. Below the optimal volume fraction, small, soft particles can 

easily migrate through the interstices of large, rigid particles and are not present in a large 

enough number to provide slip or lubrication to large, rigid particles under high shear 

rate, so that the shear thinning trend is not intense. Meanwhile, above the optimal volume 

fraction, the extra small soft particles may break the alignment of PMMA, resulting in 
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less shear thinning behavior at low shear rate. This phenomenon provides the possibility 

of tuning rheological properties of rigid/soft bimodal suspensions by adjusting the 

volume fraction of components and shear rate, so that a higher loading or ordered 

packing can be achieved. 

 

 

Figure 6-9. Intensity of shear dependence of PMMA/alginate bimodal suspensions with 

varied bulk concentration ◖ and relative volume fraction of small particles k. ƶ:  ʟ=45%, 

ǅ:  ʟ=50%, ƺ:  ʟ=51%, ǒ:  ʟ=52%, Ǐ: =ʟ55%, *: ʟ =60%. 

 

Averaging the shearing data of suspensions when the bulk concentration =ʟ0.5, and 

comparing them with Qi and Tannerôs model [92] (assuming 0.6rcpj = ), it shows that 

although Qi and Tannerôs model successfully described many relative viscosity data sets 

of rigid bimodal suspensions, it is not in a good agreement with our experimental data, as 

shown in Figure 6-10. The model predicts the trend of relative viscosities of 

PMMA/alginate bimodal suspensions with varied volume fraction of small particles k, 
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k=0 or k=1, the bidisperse system becomes monodisperse, and Qi and Tannerôs model 

reduces to Mendoza and Santamaria-Holekôs model. Apparently, Mendoza and 

Santamaria-Holekôs model failed to assess the relative viscosities of concentrated 

monomodal suspensions, which may result from the fact that Mendoza and Santamaria-

Holekôs model does not consider the rigid particle interactions at high concentration. 

When k=0, the suspension only contains PMMA particles, and it is likely that the PMMA 

particles come into direct contact when the bulk concentration is high and therefore 

frictional and surface roughness effects may further increase the viscosity. Moreover, 

Mendoza and Santamaria-Holekôs model does not apply to gel particle suspensions 

because of the porous morphology of the particles. For k=1, the suspension contains pure 

alginate gel beads. The suspending fluid is able to flow through the pores in the particles, 

so that the relative viscosity would be much lower than expected. 

 

 

Figure 6-10. Estimated relative viscosity of PMMA/alginate bimodal suspensions by 

Qiôs model vs. experimental data where the bulk concentration  ʟwas fixed at 50% and 

the relative volume fraction of small particles k was varied. 
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6.3.3 Model design 

 

To improve the model for a better description of a rigid/soft particle bidisperse system, 

Equation (6-8) was modified to the following form,  

0 0

( , ) ( ) ( , )
( / 0) ( / )

( )

l s s l s
r

s

H s H l s
h j j h j h j j

h
h h h j

= = =                                 (6-14) 

( / 0)H s  is the relative viscosity of soft particle suspensions. We found that the Maron-

Pierce-Kitano model could be used to assess the rheological behavior of alginate gel 

particle suspensions when the power was scaled to -0.72, as seen in equation (6-15). The 

modified Maron-Pierce-Kitano model is proves to capture the relative viscosities of 

alginate monomodal suspensions, as shown in Figure 6-11. 

0.72( / 0) (1 )
rcp

H s
f

f

-= -                                                                  (6-15) 

 

Figure 6-11. Estimated relative viscosity of alginate monomodal suspensions by 

modified Maron-Pierce-Kitano model vs. experimental data. 
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( / )H l s  is the relative viscosity of large rigid particles embedded in the ñcontinuous 

phaseò mixture of suspending fluid and small soft particles. The Zarraga model was used 

to describe the rheological behavior of rigid PMMA particle suspensions (Zarraga et al., 

2000). Since the matrix consisted of both suspending fluid and alginate beads, rcpf was 

replaced by bm sf f-  as shown in the Equation (6-16). bmf  can be calculated by Equations 

(3), (4), (5) taken from the original Qi and Tanner model. 

2.34

3

( / )

(1 )l

bm s

e
H l s

f

f

f f

-

=

-
-

                                                              (6-16) 

Therefore,  

2.34
0.72

3

(1 )

(1 )
r

lrcp

bm s

e ff
h

ff

f f

-
-= -

-
-

                                                     (6-17) 

 

The estimated relative viscosities of rigid/soft bimodal systems were computed and 

plotted in Figure 6-12, which shows good agreement to experimental data. The only odd 

point is the one that has 50% plain PMMA particles. Similar to the Mendoza and 

Santamaria-Holek model, the Zarraga model failed to predict the fact that PMMA 

particles may cause extremely large increases in the relative viscosity at high bulk 

concentration. Compared with Qiôs model, the modified model exhibits a significant 

improvement in characterizing the rheological behavior of soft/rigid particle suspensions, 

presented in Figure 6-13. 
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Figure 6-12. Estimated relative viscosity of PMMA/alginate bimodal suspensions by 

new model vs experimental data when bulk concentration  ʟwas fixed at 50% and relative 

volume fraction of small particles k was varied. 

 

 

 

Figure 6-13. Comparison of estimated relative viscosity of PMMA/alginate bimodal 

suspensions by Qiôs model, new model and experimental data when bulk concentration  ʟ

was fixed at 50% and relative volume fraction of small particles k was varied. 
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6.3 Summary 

 

The relative viscosity of bimodal suspensions consisting of rigid, large PMMA particles 

and soft, small alginate beads with varied volume fraction and bulk concentration were 

measured in a parallel plate viscometer. The rheological properties of rigid/soft particle 

bimodal suspensions have been discussed and a recent model has been adapted for such 

systems in this paper.  

 

Both PMMA particle suspensions and alginate gel particle monomodal suspensions 

exhibit approximately shear-independent behavior. Once they are mixed, a strong shear 

thinning tendency occurs in the bimodal suspensions. One possible explanation of the 

enhanced shear thinning is that soft small alginate beads may provide slip or lubrication 

to PMMA particles, and help PMMA particles to align along the flow direction when the 

bulk concentration is high, which causes significant shear thinning of bimodal 

suspensions. However, if the volume fraction of small alginate gel beads is extremely 

low, the viscosity of a bimodal suspension is dominated by the large, rigid PMMA 

particles, because the small soft particles can easily migrate through the interstices of the 

large, rigid particles, so that the interaction between small and large particles is 

negligible.  

 

Despite the effect of shear rate, the average relative viscosity of bimodal suspensions 

increases when the volume fraction of small gel alginate beads decreases at fixed total 

bulk concentration. Below a certain bulk concentration of about f ~55-60%, there is an 
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optimal relative volume fraction of small particles for causing the rigid/soft bimodal 

suspension to display the most severe shear dependence. In the high shear rate range, the 

intensity of shear dependence at first increases with the increase of the relative volume 

fraction of alginate gel particles, and then decreases until it reduces to the quasi-

Newtonian behavior of a monomodal suspension. When the bulk concentration is close to 

the maximum packing fraction, the limited free moving space becomes an obstacle to the 

ordering and alignment of PMMA particles, and therefore weakens the shear thinning 

behavior. 

 

A new model for the relative viscosity of rigid/soft particle bimodal suspensions has been 

developed. The model is based on the Zarraga model and the Maron-Pierce-Kitano 

model, and adopts Qi's method to calculate the maximum packing particle volume 

fraction for bimodal suspensions. The estimation of the relative viscosity for several 

bimodal suspensions is compared to experimental data, and good agreement is observed. 

 

 

  



136 
 

 

Chapter 7 Conclusion and Future Work  

 

 

7.1 Conclusion 

 

Chitosan and alginate are highly abundant, edible and biocompatible natural carbohydrate 

materials used to remove heavy metal ions from aqueous solutions. In this research, we 

use chitosan and alginate at various size scales as biosorbents, to seek enhanced 

understanding of the process and mechanisms of metal ion adsorption, with the aim of 

guiding the next generation of water purification system design.  

 

First, equilibrium adsorption properties of chitosan gel nanoparticles, calcium-alginate 

gel microbeads, chitosan/alginate combination particles and large calcium-alginate gel 

beads were investigated in order to optimize bisorbent choice. Particles were synthesized 

and characterized by TEM and zetasizing. The equilibrium adsorption capability of the 

chitosan gel nanoparticles, calcium-alginate gel microbeads, chitosan/alginate 

combination particles and large calcium-alginate gel beads to adsorb copper ions from 

copper sulfate solution at fixed pH has been explored. It was found that equilibrium 

adsorption properties of chitosan nanoparticles have similar trends to those of calcium-

alginate gel microbeads and large calcium-alginate gel beads, and the adsorption capacity 

varies with the synthesis concentration of chitosan nanoparticles. Adsorption for both 

chitosan nanoparticles and alginate microbeads occurs differently in a low concentration 

(0.5-50 mM) copper sulfate solution and a high concentration solution (50mM-1 M). The 
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Langmuir isotherm fits the low concentration region well. In contrast, approximately 

linearly increasing adsorption was observed at high solution concentrations.  

 

To explore the adsorption mechanism, the adsorption properties of several types of 

chitosan nanoparticles for copper ions were compared, which suggests that the phosphate 

groups in the cross-linker TPP can provide additional adsorption sites that have lower 

affinity than amine groups for copper ions. In addition, exceptionally high affinity 

between copper ions and chitosan nanoparticles may result in the pore blockage 

phenomenon, where the interior of the particle becomes inaccessible, and consequently 

limits the adsorption capacity of particles.  

 

From a comparison between the experimental data and approximate calculations 

estimating the maximum adsorption capacity of the materials, the most probable 

adsorption mechanisms could be identified. The ñbridge modelò can be considered a 

reasonable description of the chitosan/metal ion binding pattern. Also, adsorption sites of 

alginate are most likely to be formed by only one mannuronate or guluronate block, in 

contrast to the four guluronate subunits required by the ñegg-boxò model. Comparing the 

two biopolymers, in both the low and high concentration ranges, calcium-alginate gel 

microbeads have a higher maximum adsorption capacity than that of chitosan 

nanoparticles, likely due to the higher estimated density of adsorption sites present in 

alginate compared to chitosan with the properties of the experimental system. 
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Alginate-chitosan combination particles were also observed, which have an intermediate 

value of the maximum adsorption capacity Qmax, and identical value of the affinity 

coefficient Ks to that of alginate microbeads in part because of structural similarity to 

alginate beads. The adsorption capabilities of combination particles can be predicted by 

the weight ratio of calcium-alginate gel microbeads and chitosan gel nanoparticles. 

Benefitting from the rapid kinetics of chitosan nanoparticles and the high adsorption 

capacity of alginate, alginate-chitosan combination particles are likely to perform 

effectively and efficiently in multi-ion systems as a novel, environmentally friendly 

biosorbent. 

 

Next, the adsorption kinetics of copper ions on to calcium-alginate gel microbeads, 

chitosan/alginate combination particles and large calcium-alginate gel beads were 

investigated in addition to the equilibrium study, since the kinetics affect the efficiency 

and in-service life of a water purification system directly. It was observed that the 

adsorption of copper ions on to alginate microbeads and combination particles was 

gradual, while the amount of copper loaded onto large calcium-alginate beads increased 

rapidly and sharply before reaching equilibrium. In other words, the adsorption kinetics 

of large calcium-alginate gel beads was much faster than that of alginate microbeads and 

combination particles, likely resulting from the pore blockage occuring on the surface of 

microbeads and combination particles. The adsorption of copper ions on to combination 

particles was slightly faster than on to plain alginate microbeads, benefitting from the 

existence of chitosan on combination particles. Large calcium-alginate gel beads had 
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smaller equilibrium adsorption capacity than alginate microbeads and combination 

particles due to their low degree of cross-linking compared to alginate microbeads. 

 

Comparing experimental data to kinetics models, the result shows that the pseudo-ýrst 

order kinetic model could not represent the adsorption process accurately, while the 

pseudo-second order kinetic model successfully predicted the adsorption behavior over 

the whole range of studies. It is confirmed that the chemisorption mechanism is the rate 

controlling step in the adsorption process of copper ions on to alginate microbeads, 

combination particles and large calcium-alginate gel beads from copper sulfate solution 

in a batch system, and the chemisorption reaction is second order.  

 

After optimizing biosorbent choice by analyzing equilibrium adsorption data and 

adsorption kinetics of particles, an adsorption study in a continuous system was 

performed. Large calcium-alginate gel beads were chosen as the adsorbent and packed 

into a fixed-bed column, since they have high adsorption capacity and fast adsorption 

kinetics compared to chitosan nanoparticles, alginate microbeads and chitosan/alginate 

combination particles, and are unlikely to cause clogging or leaking in the fixed-bed 

columns. The adsorption behavior of fixed-bed columns packed with large calcium-

alginate gel beads was studied by varying the column size and volumetric flow rate. The 

results show that when flow rate was high, the adsorption was performed relatively 

uniformly in the fixed-bed column, and the fixed-bed column might reach saturation at 

the end of experiment. For the low flow rate case, adsorption mainly occurred near the 
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inlet part of column. In the aspect of breaking through, a column had shorter active life at 

a higher þow rate, or having a smaller size. 

 

There are two main factors in evaluating the efficiency of a fixed-bed column: BV 

number, and breakthrough time. A column with high BV number at breakthrough and 

moderate breakthrough time is believed to be performing well. Therefore, there is an 

optimal flow rate range for a certain size of column. Below that, the breakthrough time 

would be too long and volume of treated solution would be deficient, while above it, the 

BV number would be small and the adsorbent would not be used efficiently. In this study, 

the best tested fixed-bed column is the large column at 0.25 mL/min flow rate. 

 

The Thomas model, Adams-Bohart model and Yoon-Nelson model were used to fit 

experimental data. All three models proved to be suitable for describing the adsorption 

behavior of fixed-bed columns. They also provided unique characteristic features, 

respectively, such as adsorption capacity (Thomas model, Adams-Bohart model), 

breakthrough curve without sufficient data (Thomas model), service time (Adams-Bohart 

model) and time for 50% breakthrough (YoonïNelson model). 

 

Finally, the rheology of PMMA/alginate concentrated bimodal suspensions was studied, 

which can provide insight into particle migration and separation in complex flow 

observed in previous work, and therefore aids the further design of fixed-bed columns. 

The relative viscosity of bimodal suspensions consisting of rigid, large PMMA particles 

and soft, small alginate beads with varied volume fraction and bulk concentration were 
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measured in a parallel plate viscometer. Both PMMA and alginate gel monomodal 

particle suspensions exhibited nearly shear-independent behavior. Once they were mixed, 

a strong tendency toward shear thinning occurs in the bimodal suspensions. The 

enhanced shear thinning could be explained by the fact that soft, small alginate beads 

may provide slip or lubrication to PMMA particles, and help PMMA particles to align 

along the flow direction when the bulk concentration is high, which can cause significant 

shear thinning of bimodal suspensions. However, if the volume fraction of small alginate 

gel beads is extremely low, the viscosity of a bimodal suspension is dominated by the 

large, rigid PMMA particles, because the small, soft particles can easily migrate through 

the interstices of the large, rigid particles, so that the interaction between small and large 

particles is negligible.  

 

Despite the effect of shear rate, the average relative viscosity of bimodal suspensions 

increases when the volume fraction of small gel alginate beads decreases at fixed total 

bulk concentration. Below a certain bulk concentration of about 55-60%, there is an 

optimal small particle volume fraction causing the rigid/soft bimodal suspension to have 

the most dramatic shear dependence. In the high shear rate range, the intensity of shear 

dependence initially increases with the increase of the relative volume fraction of alginate 

gel particles, and then decreases until it reduces to the quasi-Newtonian behavior of 

monomodal suspension. Where the bulk concentration is close to the maximum packing 

fraction, the limited free moving space becomes an obstacle to the ordering and 

alignment of PMMA particles, and therefore weakens the shear thinning behavior. 
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A recent model for the relative viscosity of bimodal suspensions has been adapted to 

rigid/soft particle systems. The new model was built based on the Zarraga model and the 

Maron-Pierce-Kitano model, and adopted Qi and Tanner's method to calculate the 

maximum packing fraction for bimodal suspensions. The estimation of the relative 

viscosity for several bimodal suspensions was compared to experimental data, and  good 

agreement was observed. 

 

 

7.2 Future work 

 

There are many opportunities for future work to extend this project. First of all, work 

should continue on the adsorption behavior of a continuous fixed-bed column. Variations 

on the operation parameters of a fixed-bed column such as the concentration of the initial 

solution, flow rate and adsorption time provide potential areas for research. Adsorption 

time could be prolonged until the concentration of the outflow equals the initial 

concentration of solution, in order to collect a complete data set that is able to describe 

the entire adsorption process and therefore get more accurate model fitting. The 

relationship between column size and its corresponding optimal flow rate should be 

explored. Since the shape of the column may affect the flow pattern inside the column, 

the effect of the column geometry could be studied by comparing the adsorption 

capacities of fixed-bed columns with different cross section area/length ratio when other 

parameters are fixed.  
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Besides, it would be interesting to locate the active adsorbing part inside a column. From 

the results presented in this study, it was shown that the equilibrium adsorption capacity 

of a biosorbent in a continuous fixed-bed column was lower than that in a batch system, 

indicating that the flow pattern was uneven and there were flow bypasses existing in the 

column. NMR imaging could be used in an investigation, by which the uneven flow 

pattern and mass transfer inside the column could be observed visually. And it would 

provide valuable information to generate better packing of the biosorbent, and therefore 

improve the adsorption efficiency of fixed-bed column and lower the cost.  

 

Finally, the biosorbent packed into fixed-bed columns could be further optimized. In the 

study of equilibrium adsorption capacity and adsorption kinetics of particles, it was found 

that alginate/chitosan combination particles are likely to perform effectively and 

efficiently, benefitting from the rapid kinetics of chitosan nanoparticles and the high 

adsorption capacity of alginate. More importantly, they could be used in multi-ion 

systems since chitosan nanoparticles are able to adsorb not only cations but also anions. 

The only problem of using them in the study of fixed-bed column is that they may clog 

the column and cause severe leaking. If there is some method to solve that problem, for 

example, encapsulating them inside the large calcium-alginate gel beads (or only 

encapsulating chitosan nanoparticles if it wonôt lead to aggregation), alginate/chitosan 

combination particles would have great potential to serve as a novel, environmentally 

friendly biosorbent. 
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