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ABSTRACT OF THE DISSERTATION
Copper ion adsorption by chitosan gel nanoparticlesalutimalginate 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 lowst natural carbohydrate materials used for

the removal of heavy metal ions from aqueous solutions. The objective of thishesear

to enhance understanding of the process and mechanisms of copper ion adsorption by
these biopolymer gel particleg multiple size scalg with the aim of guiding the next

generation of biosorbent design for water purification application

First, the equilibrium adsorption capability of copper ions from copper sulfate solution
onto chitosan gel nanoparticles, calctiatginate 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



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 calcialginate gel microbeads,
chitosan/alginate combination particles and large alginate gel beads were investigated. It
was observed that thesorption kinetis 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 tonplain alginate microbead#
pseudesecond ader 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 fixedd ®lumns packed with large alginate gel

beads was studied by varying the column size and volumetric flow rate. The column had
shorter active | i fata snaaller seeTleilrhprhas modd,Adams at e,
Bohart model and YooeNelson model succesdfiy 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 cond&fater purification is emerging

as a critical need as resources become increasingly linG@amon toxic waterborne
contaminants include bacteria, viruses, organieesdbs and eavy metal ionswhich are

often found in industrial chemical waste streaiifse presence of heavy metals in water
hasled to a serious environmental problem. For example, copper is one of the most
widely used metals, which often appears in fbte ar i n g i ndustri al
humans, copper is an essential element and the body can regulate its level

homeostatically, but large, acute doses can be harmful pgedacingfatal effects.

Conventional methods to remove heavy metal ions from trdu®ffluents include
adsorption, precipitation, filtration, and electrochemical treatment. Most of these methods
are expensive and incapable of removing trace levels of heavy met@l, i@ps
Adsorption is an effective and economical separation processahdite employed in
water puification. In recent years, oth active researcthas been performed onovel
adsorbents and hasxplored various configuratiors of adsorbentso maximize their

adsorptive capacityput few of them incorporate nanotechnology



Recent EPA (Environmental Protection Agency) publications highlight the potential of
nanomaterials], which possess very high surface area to mass ratios, to contribute to the
development of costffective and environmentally benign water purification
technologies. Improvements in the ceipa and speed of removing heavy metal ions
from industrial wastewater can potentially offer huge besmefit water supply and
recycling, as well as improving industrial efficiency and lowering costs. Typical
equilibrium adsorption times for metal ions 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 nanatarials, 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 namaterials for water purification systems. In this
research, weuse chitosan and alginate, whiclare highly abundant, edible and
biocompatible, as nano/micro scale biosorbents, to seek ewhanderstanding of the
process and mechanisms of metal ion gusmm, 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, andbixied
column adsorption experiment. In Chaptee@uilibrium adsorption of copper ions onto

chitosan gel nanoparticles, calmalginate gel microbeads,chitosan/alginate



combination particlesand large alginate gel beads was investigated. Particles were
synthesized ancchaacterized by TEM and zetasizinghe amount of copper ions
adsorbedrom copper sulfate solution do different types of particles waseasured at

fixed pH by ICP/MS Langmuir isotherm andFreundlichisotherm models were fit to
experimetal ad®rption data, inordertas sess particlesd adsorpti
of adsorptive sitesto copper ions Adsorption mechanisms were discussed, and

adsorption capacities of different particles were compared.

In Chapter 4, in order to exploaslsorption kineticshie amount of copper ions adsorbed
from copper sulfate solutioon to calciumalginate gel microbeagdghitosan/alginate
combination particles and large gel alginate beadsr different time periodswas
obtained Experimental data were compared fgeeudefirst order and pseudsecond
order kinetic models, by which pseudo rate constavdreestimated andhe potentid

rate-controlling step waslarified.

After optimizing biosorbent choiceby analyzing equilibrium adsorption data and
adsorption kinetics of particles, this wonkasthen extended to Chapter 5, in which the
adsorption study ira continuous system was performed. Copper sulfate solution was
pumped into two sizes of fixdoed coumns at varied volumetric flow rat€opper ion
concentration inthe effluent was measuredat multiple time points Continuous
adsorption data were fitith the Thomas model, AdarBohart model and Yoehelson

model, and iked-bed column operation breakthugh curvesand d sor pti on coef"



were obtained.The adsorption performancef fixed-bed columnswas investigatedin

orderto provide specific information for novelater purification system design

Chapter Gocuses on theheology of a concentratdlimodal suspension containing rigid
and soft particlesThis 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 therefaidsthe further desigrand loadingof fixed-bed
columns. In this studyhe relative viscos#s of bimodal suspensions consisting of rigid
large PMMA particles and softsmall alginategel beads with variedelative particle
volume fraction andtotal bulk concemation were measured in a parallel plate
viscometer. The rheological properties of rigid/soft particle bimodal suspensions were
discussed and recent model for bimodal suspension viscosity was adapted for rigid/soft
bimodal suspensions. Finallin Chapte 7, conclusions and pential future work are

listed

1.2 Background

1.2.1 Chitosan and alginate

Natural carbohydratéiopolymers such as chitosan and alginate are receiving increasing

attention due to theiextraordinary affinity toheavy metal ionsParticularly in gel



particle form, the uptake is comparable to or even beyond that of commercial ion
exchange resins. In additionhet materials are abundant, biocompatible and
environmentally friendly, makingthem potential biosorbentsorf the removal of

pollutants from wastewat¢4-14].

Chitosan has been studied extensively over the last decade due to its unique properties in
adsorbing heavy metal ions from industrial chemical wasearsis. It is a promising
biopolymer obtained cosffectively by the derivation of chitin, which is a natural
material found widely in crustacean shells. Chitosan is composed of {isf)B-
aminc2-deoxyD-glucopyranose, and the chenlis&ructure is shwn 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 metalsueh as chromiund-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 deliverjd 5], flocculation[16] and antimicrobial treatmeil7,

1g].

CH,OH
O
* H
H
o o ™
H *
r
H NHg* CH,OH

Figure 1-1. Chemical structure of chitosan, showing glucosamine subunits and
protonated amine group$9



Chitosan contains several reactive groups which interact with metal ions through various
mechanisms depending on the itre pH, and solution compositi¢R0, 21]. The amine

groups of the chitosan are generally recognized as the main active sites for metal ion
adsorption, while hydroxyl groups (especially in the3 @osition) may contribute to
adsorption as we[R1]. 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 chelatlmpitrogeratomsin amine

groups 6 chitosan carcreatedative cowalent bonds with the copper ionsre hydroxyl

groups malso release protons to and participatéhe coordinabn. Therefore, rings of
association are formed involving the nitroggoms ofmonprotonated amingroups ad

the oxygematoms ofthe hydroxyl groups of chitosdR21, 22]. Protonation and chelation

of aminegroupscompete during adsorption aqueous solutions (pH&5). Chelation of

met al i ons by chitosan is either classifie
depending on the binding pattern as showkigurel-2.1 n t he A bd i dgtealmod
ions are bound witktwo amine groups from the same chain or from different chains, via

inter- or intramolecular complexatiof23-26], as opposed to Pheda nfipen
which the metal ion is bound tinly oneamine group in a pendant fashi@md hydroxyl

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

coordination27-31].
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Figure1-22For mati on of <chitosan chelates with c
Apendan[Bl] model o

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 crdsking are used to great effeétccording to Hsen

and Rorrer{32], an increase in the adsowuti capacity of chitosan aftercrosslinking
process is explained by the increase in space among chitosan chains, which is responsible
for an improvement in the accessibility of the aengroups tothe metallic ions by
lowering the crystallinity and thugeeing 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) isrentoxic 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 ionidirtkess
networks[19, 34], which can prevent the dissolution of chitosan when metal adsorption is

performed in acidic solutions as showrFigure1-3.
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Figure 1-3. Crosslinking of chitosan with tripolyphosphate (THP9].

Alginate is a lineacopolymerformed frommannuroic acid (M) and guluroic acid (G)

subunits as presentedhingure 1-4, and isproducedwidely in algae and certain bacteria.

Al gi nates ar e us e dthepharmademtiealiralestfdp, 6] ahdthe s u c h
food industry[37], as well as for biomedical purposes such as drug deli@8fyenzyme
encapsulation for sensinf@9] and contrast agent development for diagnostic imaging

[40]. Alginatesare also proueto be excellent matermlifor water purification. Mich

research has demonstrated that calealgmate gel beadsanremove heavy metafsom

industrial wastewater.


http://en.wikipedia.org/wiki/Copolymer

Figure 1-4. Chemical structure of alginate showing mannuronic acid (M) and guluronic
acid (G)subunitqd 37].

The main binding meclnism of metal ionsto calciumalginategel beads consists of
sorption and ion exchangén 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
carboxy groups become deprotonated except at very lowIpHhe gelation process,
calcium cations cooperatively interact with blocks of G and M residues to form ionic
crosslinks between different polymer chains. élbalcium cationscan be replaced by
ionic aderbates such aead[41], zinc [41, 42], mercury[42], cadmium[42], copper
[43], manganesd43] and chromium[44]. Four guluronic acid(G) blocks packng
togetherwith the cations strongly coordinated iavities between the chains the
commonly kmoxwa&a M degdlginatecrosslinking. In addition tothat
recent studiehaveexplored new hypotheses of cation binding and algio@tsslinking
[46-48] which involve only one or two G and M blocks forming a bindsitg. Rodrigues

and Lagoasuggest that the binding mechanism #émelnumber of binding sites depend

on the cation availability in the soluti¢49].
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1.2.2 Equilibrium adsorption isotherms

It is important to correlate equilibriudsorptiondata between metal ions and particles

in order to assesthe particles' capacity fometal adsorption The effectiveness of
adsorbents is often evaluated by fitting experimental adsorption data with the Langmuir
andFreundlichisotherm equations, which rela@(mg/g),the quanty of metal asorbed

per unitmass of adsorbent, ©(mg/L), the equilibrium metal ion concentration the

solution after adsorption.

The Langmuir model[50] is the best known and most widebpplied adsaption
isotherm. It hasexcellentagreement with a wide varietyf experimental data and is
represented as follows:

Q KC

Q: max” s e

The linear form of the Langmuir isotheicanbe describeds:

C._ C 1
—€ = [
Q Qu QuuK (1-2)

where Qmax (Mg/g) is the maximum adsorption capacitf adsorbentat monolayer

coverage andKs (L/mg) is the Langmuir adsorption equilibrium constegifited to the

af yni tagsorptivé sites for adsorbate at dilute concentratioifthis constant
corresponds to the initial slope of the isotherm curve. The Langmuir isotherm assumes
that the adsorptionlayer is a monolayerand t h e adsorption occur

homogeneous adsorption sitesultingin an identicalenery of adsorptionat each site



11

It is also assumed that thetermolecular attractivéorce decreases rapidly with the

distancefrom the adsorptiosites.

The Freundlich isothernj51] predicts that theadsorption capacityf the adsorbent
increasess a power lawvith anincreasan adsorbate concentratioh is usuallyapplied
to multilayer adsorption and assesian exponentiallydecaying distribution of the

energy of adorption #es. TheFreundlich isotherns an empirical equatiopresente@s:

Q=K.C, (1-3)

The linear fom of the Freundlich equation can é&epressed as:

logQ = 1 logC, HogK:
n (1-4)

where Kg and n are Freundlich constant3he value of I indicates the adsorption
intensity. Moreover, adsorptiositesbecome more éterogeneous on the surface as the

value of 1h approaches zero.

1.2.3 Adsorption kinetics

In the design of water purification system, the study tbie adsorption kinetics ofhe
adsorbent is essential sintee kineticsaffect the efficiency and iservice life of the
system directly. In addition, the adsorption kineticaofidsorbent caprovidea better
understanding othe adsorption mechanisandinsight into thepotental rate controlling
steps such as mass transpamd chemical reaction processes. To achieve those goals,

kinetic models have been used to analgxperimental datdt is worthy to notice that the
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complete kinetics model needs to consider not only tHesthn equationsput also

boundary conditions, includinghe adsorption isotherm quation that controls the
equiibrium at the solidliquid interface and the reacti&metic equatiog21]. Therefore,

the system of equations is taomplexto solve ands i mpl e ki neti c- model s
or seconebrder rate equatiorare rot applicable. © simplify the solutionmethod, only

the rate controlling step is considered to contribute to the kinetic rate. In-anixed

batch system, ttlarsferiresigancs meglgible Chemalsresaction is

most likely to be th@otential rate controlling stef his hypothesigsanbe confirmed by

fitting a pseudoy r-arder equation oa pseudesecondorder equatiorto experimental

data

The chemical reaction of alginate and copper ions may be described as following
equatiof52]:

CaA+ CJd* - CuA+C3a’ (1-5)
If the reaction has a firgirder mechanism,

d[CaA,
dt

= ¥[Ca4, (1-6)
where[CaA, is the number of unreacted adsorption sites on calcium alginate at, time

that can be substitutdaly the total number of sitd€aA, subtracted by the number of

occupied sites on calcium algingtéaA, at timet, then

AEAB: _i(cad, 1cam (1-7)
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Since the number of reacted adsorption sites on calcium algmnpteportional tathe
amount of copper loaded on alginate, assuming all sites are occupied at equilibeium,
equation becomes to the pseudiost order chemisorption kinetic rate equatiof

Lagergref53], expressed as:

d&: -
L=k -0 o

in which ge (mg/g) is the amount of copper ions adsorbed onib mass oparticles at
equilibrium, andg; (mg/g) is the amounts of copper ions adsorbed omib mass of

particles at time, andk; is the rate constant tfiepseudey r st or der ki neti c

1).

After integrating fromt = O tot =t andg = 0 to g = q: and applying boundary
conditions, the equation becomes:
q=q( -e*) (1-9)
This equatiorcanbe transformed talinear form:
In(q.- a) “(q) Kkt (1-10)
where g. can be obtained from experimental data. The straligiet plots ofIn (ge-qy)

against were used to determine the rate conskant

The equation applicable to experi rogdert al re

equation in two way$4):
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a. The parametar.-g; does not represent the number of available ,ssiesege depends

on the solution concentrationn other words, the assumption of full occupation of
adsorption sites at equilibrium is illegitimate.

b. The parametdn (ge) is an adjustable parameter which is often not found equal to the
intercept of a plot ofn (ge-q;) againstt, whereas in a trug r -grder adsorption reaction

In(ge) should be equal to the intercept of a ploingfle-g;) against.

The pseudg r-arder kinetic model has been used extensively to describe the

adsorption of metal ions onto adsorbents.

Similar to the pseudbrst order equation, the pseudecond order chemisorption kinetic

rate equation is expressed as:

dq )
1t —k -
k(@ -a) w1

wherege (mg/g) is the amount of copper ions adsorbedaoa unit mass ofarticles at
equilibrium, andg; (mg/g) is the amounts of copper ions adsorbedocaunit mass of
particles at timd, andk; is the rate constant alie pseudesecond order kinetic model

(g/mg min).

After integrating fromt = Otot =t andg: = 0 to g = g; and applying boundary

conditions, the integrated form is:

1 :i -|k2t
-4 @ (1-12)

which can be rearranged to obtain a linear form:
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:i -lit
kd

If pseudesecond order kinetics is applicable, the plot/qfagainst will present a linear

(1-13)

relationship,and equilibrium capacitye and rate constark could be determined by the
slope and intercept. The pseuskErond order kinetic model has been the most widely
used model for the adsorption of metal ions from wastej#erand is in agreement

with a chemisorption mechanism being the rate controlling step.

1.2.4Fixed-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-fgddcolumns,

which are extensively used in industry. The major problem in equilibrium studiestis

they are batch contact systems, whose isotherms cannot give accuratg staie in
fixed-bed systems since a flow column is not at equilibrium; uneven flow patteams

occur in fixedbedscolumn systemA model is needed in designing columnsstody
recycling and regeneration of adsorbemisd topredict how long they will last before

regeneration or replacement becomes necessary.

The Thomasmode[56] is one of themost widely used maas to evaluate doimn
performancs. The Thomasmodel was derived from the mass conservation equation in a
continuous flow system, which demands that the solute entering adagéthe fixed

bed column in timest be accounted for dellows:
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cudt=(c < dyud mdxt o dxF (1-14)
X p ty

in which ¢ (mmol/mL) is the concentration of solutiam(mL/min) is the flow rate x (g)
is the mass of the adsorbent contained therein, indicating the distance from the input end
of thefixed-bed columng (mmol/mg) is the concentration of adsorbed material, rand

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

He
X

m
+—
u

BLNCR N (1-15)
fLou ty

For constant flowate, the equation could be rewritten as,

Kim P Hg (1-16)
X MM

whereV (mL) is the volume of the outflow.

Assuming thatdsorption rate is determined by the chemical reaction, i.e. the diffissi
not a ratedetermining factor, and equilibrium adsorption follotve Langmuir isotherm,
and the adsorption obeys psetsdwondorder reversible reaction kinetics, the expression
of theThomas model was obtained after a series of complicated deng&tps

So ! (1-17)

CO 1+ engkTh QOM 'Coveff )
u

whereCy, (mg/L) is theinitial concentration of adsorbat€; (mg/L) is the concentration
of adsorbate in the effluent at timekr, (ML/mg min) is the Thomas rate constamt,

(mL/min) is the flow rateQ), (mg/g) is the equilibrium adsorbate uptaketoa unit mass
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of adsorbentM (g) is the mass of adsorbent in fixedd column, an®/es (ML) is the

volume of treated solution at time

The Thomas model could be linearizexthefollowing form:

In(%- 1) —kTh%M Koo Co Ve (1-18)

3 u

Plotting In(%- 1) againstV,, , krn and Qo canbe assessed by the slope and intercept.
t

The Thomas model is mainly used to predict the breakthough curvéoaxiimate the

maximum adsorptioQy.

The Adamg Bohart moddb7] is another widely applied model for fixdskd column
adsorption Adams and Bohart proposeda relationship betweel€C/C, and t in a
conti nuous p ogas adsgrptisnyos ¢adah assumes that the ralieniting
step isa chemical reaction on theudace, and the adsorption process follawsseudo

secondrder irreversible reaction. The adsorption reaction rddg .

Considering aelectedoortion of adsorbent, thesidualadsorption capacitgecreaseat

arate given byollowing equation,

= ﬁqc (1-19)
u

®I5

whereq is residualadsorption capacity (mg/L}; is the solution concentration at timhe
andthe distance from inflow entrance (m), u (m/min) is he superficial flow rate, and

kag (ML/mg min) is the Adam8ohart rate constant.
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After integration, the lina form ofthe AdamsBohart model can be written as:

In(%-l) InES?Y 1) ke Gt (1-20)

t
whereCy (mg/L) is initial concentration of adsorbaté, (mg/L) is the concentration of
adsorbate in the effluent at timeQp (mg/L) is the equilibrium adsorbate uptaketora
unit volume of adsorbent, arfi(m) is the height of the fixeded columnThe Adams
Bohart model igmostly used to describe the initial part of the bteadugh curvein a
fixed-bed column systenDne advantage dhe AdamsBohart model is that indicates

the breakthrough time straightforwardly.

In addition tothe Thomas model andhe AdamsBohart model,Yoon and Nelson
developed a simple model to describe the adsorption of adsorbateogdeesctivated
charcoalin 198458]. They denotedQ as the probability of adsorption and® as the
probability of breakthrough. In other wordS) is the concentration percentage of the
inflow that ges adsorbed an@ is the concentration percentage of the inflow that flows
out of the columnThis modelassumedhat the rate of decrease in the probability of

adsorption for each adsorbate molecule is proportior@landP, shown as:
d
22 %,Qp (1-21)

SinceP=1-Q, the following equation was obtained:

LAQ, dQ 1-22
n5+1n5 Ko (1-22)

After integration, the equation became:
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m(%) =kt D (1-23)

wherek,, (min'Y) is the rate constamind 7 is a constant. Noting that whéy=0.5, ¢ =t.

Therefore,z is the time required for 50% adsorbate breakthroédinggingQ = 1'CCt
0
into theequation, the linear form othe Yoon-Nelson model is expressed as:
In( Ct ) = kYNt -1 kYN (1_24)
G- G

The YoonNelson 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 chitosa(CAS #901276-4) and sodiumtripolyphosphate (TPP)
(CAS #775829-4, technical gradewere both purchased from Sigmddrich (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 hadaosity of 185 cP (for a
concentration of 1 w/w in 1 w/w acetic acid solution) (all data provided by supplier).
99%+ Copper (ll) sulfate pentahydrate was obtained from Acros Organics#CAS

99-8). Water used for all experimentasacquired from a Mii-Q water system.

Sodium alginatgalginic acid, sodium salCAS #900538-3) 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 byypsier). Furthermore,

the sodium alginate contained -85% guluronic acid(G) subunits and 285%
mannuronic acidM) subunits.Calcium chloride thydrate FCC/USP (CA81003504-

8), sodium chloride (CAS #764%4-5) and sooctane (CAS/540-84-1) were obained

from Fisher Scientifi¢Pittsburgh, PA)1,6 dbromohexane (CA%62903-8) and Span

80 (CAS#133843-8) were purchaseftom SigmaAldrich (St. Louis, MO).
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2.1.2 Preparation of chitosan nanoparticles

The method ofonic gelation, wherehitosanwasionically crosslinked with TPP, was

used tosynthesizehe nanoparticles dilute solution.Chitosan was dissolved in water
with acetic acid 1.75 times the mass of chitogambtain 0.1wt% (1 mg/m) chitosan
solution, 0.2wt% (2 mg/mL) chitosan solutin, or 0.4 wt% (4 mgiL) chitosan solution

for nanoparticle synthesi3PP was dissolved in water to a concentration o4, 0.2

wt%, and0.4 wt%. In general, 1 mL off PP was added dropwise %anL of the chitosan
solutionof equal concentrationndermagnetic stirring tareatea mixture of 5:1 volume

ratio chitosan:TPP. The mixture was stirred further for 30 minutes before sitting
additional24 hours to reach equilibrium. It was then centrifuged for 30 minutes at 48,400
g (20,000 rpm) (Avanti-E, Beckman Coulter, Brea, CAThe wet mass of theollected

particlesproduced from one batch rangedm 0.15g to 0.35g.

A smaller concentration of TPP was also used in the experiments for chitosan
nanoparticlesynthesized from th& mgimL solution 0.7 nL of TPP solutionand 0.3

mL DI waterwereadded tdb mL of chitosan solutiorfollowing the5:1 volume ratio of
chitosan:TPRolutions described abovEheseT PRIleanparticles wergroduced in order

to observe the effect of the degree of ciladsng onthe properties of the nanoparticles

and the resulting adsorption capability.
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2.1.3 Preparation of calciumalginate gel microbeads

Three solutionsvere prepared i) aqueous2 wt% alginate solutignii) an oil solution
consisting of 69.5% (v/v) isooctane 29.5%(vivp dibromohexanend1 wt% SparB0
surfactant iif) calcium chloride solution with concentrations 0.1M calcium chloride
and 0.5 M sucrose in water. An emulsieas formed by blending equaleight amounts
of the algirate solution withthe oil solution at 20,000 rpm for 10 minut@sltra-Turrax
T-25 blender, IKA Works, Staufen, Germanyjhe flask containing solutionwas
immersed in ice wateduring blendingto prevent overheatingf the mixture The
calcium chloridesolution wa added slowly immediately afterward to crtisk the
alginate beads under magnetic stirring conditions. The emulsierethen separated in a
separatoryfunnel with acetonewashing The alginatesuspensionwvas extrated and
centrifuged at 6000 rprat 4C. The supernatantvas removedand the resulting pellets
are collected asalginate beads. Thewere stored in DI water until sieng was
performed The alginate beads used in the experiments werallerthan 38nmm 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 mgiL was selected as the chitossynthesisconcentration.The mass
ratio of calciumalginate gel microbeads to chitosan nanoparticles was 1:0.4mal\

amount <2mL of chitosannanoparticle suspension in DI wateas mixed with the
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corresponding weight of alginate beads in a vial on a stir plate. When the nvixsire
equilibrated, the combination particle®re centrifuged a#8,400 gfor 20 minutes and

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

2.1.5 Preparation of large calciumalginate gel beads

Sodium alginatevas dissolved in water at eoncentration of 2 wt%Sodium chloride
was added into the 2 wt% alginate solution to m@k& M concentratiorin order to
promote tle formation of homogenous befslg. A bath of 0.1 M CaGlwas prepared,
and NaCl was also added to the bath to yie@0&5 M concentratianUsing a syringe
pump equippedvith a 5 ccsyringe and a 30G 1/2 needle angled downwiel alginate
solution was dropped into the bath of Ca&itd NaCl solution from a height of 12 cm at
a Vv ol umerdterof @10 mldmnThe setups shown inFigure 2-1. The bathwas
stirred manually and thieeads were allowed to etjbrate for a minimum of 15 mito
allow the crosdinking to complete.A vacuum pump was used to collect completed

alginate gel beadSubsequentlyheadswvere stored in deionized water until being used.

30 G 2 needle

: bent to angle
5
( cc syringe ((3;\ down %

. droplet S
syringe cross-linked © 3
RUMP beads

N
‘\\‘k CacCl; bath
ab U U v

Figure 2-1. Schematic view of syringe pump, needle, and cliokgng bathfor bead
production[40]
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2.2 Particle characterization

2.2.1 Zetasizing

Thesize and zeta potentidistributionsof the chitosannanoparticlesvere characterized.
After the first centrifugation, the solids were suspendedater followed by sonication
(Misonix 3000, Qsonica, Newtown, CThhe size analysis provide¢he size distribution

of the nanopatrticles. Dynamic light scattering was performed by a Maketasizer
model Nano Z0 (Malvern Instruments Ltd., Malvern, UK) to measure the size. Phase
analysis light scattering was used taccomplish the zeta analysis. (From
www.malvern.com Zeta potentialindicates the strength of electrostatiterparticle
interactions. High zeta potentials confer stabilityhere the suspensionresiss

aggregation.

2.2.2 TEM imaging

The chitosannanoparticlesand chitosan/alginate combination particleeye 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 patrticle pellet after centrifugation. The nanoparticles
were sonicated to uniformity and soaked in copper sulfate solution for several days under
magnetic stirring until equilibriunwvas reached and then were placed on to imaging grids

(Cat. #FCF30aCU from Electron Microscopy Sciences, Hatfield, PA). The grids were


http://www.malvern.com/
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subjected to glow discharge treatment befeaenple loadingn order to increase the

hydrophilicity of the grid surface.

2.2.3 Laser diffraction

Alginate microbead suspensions were analyzed using a BeeRmater LS13 320
Laser Diffractionapparatus. Samples veerun for combined obscuration and polarization
intensity differential scattering (PIDS) analysisréractive indexof 1.37 wasinput for
alginate, based on measurements of the refractive index of alginateT$iabsnit was
thoroughly rinsed between samples; acetone or isopropyl alcaslised if cleaning
was required. Samples weséoredin glass vialsand sonicated before processiagd

analyzed immediately after processing

2.2.4Microscope imaging

The large calciuralginate gel beadwere observed under an optical microseopsing
the Zeiss Axio Lab.A1The image wagecordedwith AxioVision softwae under 5x

magnification.
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2.3 Equilibrium adsorption experiment

To obtain chitosan nanopatrticles loaddth copper ions, 3nL of copper sulfate solution

(an excess amount used to favor adsorption) was added weetipellet obtained from
centrifugation of the synthesized nanopartichescording to the study by Schmuéi al,

[4] the pH of the copper sulfate solution does not affect the adsorption capacity of
chitosan naoparticles 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 wasicated to uniformityn the

sane centrifuge tube andas left under magnetic stirring for one week. Thtre
particleswere centifuged once again at 48,400(80,000 rpm)for 20-30 minutes. The
resulting solid was then weighed amesuspended inL mL of water, to aidin its
dissoluton for theinductively coupled plasma mass spectrom@teP/MS) experiments
described belowFor calciumalginate gel microbeads and combination particles, the
process was the same except that a lower centrifuge speed of 10,000 rpm was used. For
large calciumalginate gel beads, the sonication and centrifuging steps could be skipped.
After stirring for one week, the supernatant solution wasred outand 1 mL of DI

water was added intthe samples.

The massf copper ions adsorbed to the chitosemoparticles and alginate beads was
measured byinductively coupled plasma mass spectrometry (ICPYMBhe solids
weighed between 8 and 300 mg and were digested ml50onical (VWR Scientifi¢

Radnor, PA centrifugetubes. To each tub2 mL of concentrated nitric acid were added



27

(EMD OmniTrace Ultra High Purity, VWR ScientifiRadnor, PAand the saples 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 pwer program was applieddble2-1).

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 tmI50
using DI water (MilliQ Ultrapure Déonized, 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 afyzed for Cu using an X5 (Thermo Electron, MA) inductively coupled
plasma mass spectrometer (ICP/MS). An matio of 65 was used for quantitation and

no isobaric interferences were observé@dP/MS precision is determined by many
factors including isobpic abundance that determines sensitivity, spectral background
(molecular isobars), isobaric interémce from concomitant elemenésd instrument
drift. Taking into account all factors, when instrument drift is reasonablenitertainty
estimate for tase samples analyzed for copper is roughl28 RSD. For elements
suchasAg 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% fo 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 kineticsexperiment

Calciumalginate gel microbeads, chitosan/alginate combination particles and large
calciumalginate gel beads were put into 15 mL test tulygslding 12 tubeswith
calciumalginate gel microbeads, 12 tubegh chitosan/alginate combination rpiales,

and 12 tubesvith large calciurmalginate gel beads. Each tube contained around 0.2 g
(wet mass) of particles. For calciusginate gel microbeads and chitosan/alginate
combination particles3 mL of 1 mM copper sulfate solution wasldedinto eah tube,

and thenthe samples wersonicated to uniformyt in the same tube ani@éft under
magnetic stirring forl0, 20, 30, 40, 50, 70, 90, 120, 240, 360, 480 and 1440 minutes,
respectively. Afterward, theampleswere centrifuged at 48,400 g for Ifinutes. After
removing thesupernatant fluidpellets werecollected 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 suspandetmly in the
centrifuge tubes. For large calcitetginate gel beads, there was no need to centrifuge
samples. After adding mL of 1 mM copper sulfate solution into each tube, the samples
were stirred on a magnetic stirring plébe 10, 20, 30, 40, 5070, 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 recorbledarifount of copper
ions adsorbedn to the alcium-alginate gel microbeagghitosan/alginate combination
particles and large calciualginate gel beads were measureditguctively coupled

plasma mass spectrometry (ICP/M#beach time point

2.5 Fixedbed column experiment

In this experiment, tube connecters with the same ends were used as the fitest
columns. Since the wall of tube connecterdramslucent the color change of packed
particles could be observed. After packing alginate gel beads into it, nylon meshes
(Spectrum Laboratories, Inc. CA) were adheredsitigon glue onto both ends to trap
particles inside. The pore size of the meshes is 300 um with 50% openaadethe
thickness of the meshes is 200 pm. It took 24 hours timikilicon glue was fully dried.

To minimize possible wall andxial disperss n e f f e ¢ t $edicalumn, thdded y x e d
lengthto-particle diameter rationust begreater than J@0]. Two sizes of the column

were used in the experiment. The large columnamasternal diameteof 1/2 inch(1.27
cm)and column height of 6.4 cm, and the small columnimasnal diameteof 1/4 inch
(0.635 cm)and column height of 4.8 cmh& diameter ofthe alginatebeads was around

1 mm Therefore, thebed lengthto-particle diameter ratio foboth large column and

small column was greater than.20
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The solution containing 1mM CuQ@as pumped into the fixelded column by a syringe
pump (New Era Pum@Bystems, Farmingdale, NYvith volumetricflow rate varied at
0.1 mL/min, 0.25 mL/min and InL/min. The setup was shown ifigure 2-2. To be
consistent with equilibrium experiments, the pH of CuwS@lution was fixed at 3.5.
Adsorption experiments were cadieut at room temperature. The outflow was sampled
at 5 minutes, 10 minute20 minutes30 minutes40 minutes,60 minutes80 minutes,
120 minutes150 minutes,180 minutes210 minutes240 minutes 300 minutes360
minutes and#80 minutes. The coppeon concentration in collectdajuid samples was

tested bynductivelycoupled plasma mass spectrometry (ICP/MS)

Large -|—
alginate gel

beads Z

CuSO0a | 5 cc syringe
u
Co
syringe
pump

Figure 2-2. Schematic view ofixed-bed column experiment.



31

Chapter 3 Equilibrium Study of Copper lon Adsorption by
Chitosan Nanoparticles, CalciumAlginate 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 met@l, i@ps
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 condideaecent years, much

active research has been performed on novel adsorbents and has explored various
configurations of adsorkents to maximize their adsorptive capacity particularly
incorporating nanparticles The uniqueadvantagesf nanoparticlesretheir small size,

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

adsorption capacity for nanoparticle adsoré@ts

Natural carbohydrate biopolymers such as chitoand 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 adeundant, biocompatible and



32

environmentally friendly, making them potential biosorbents for the removal of

pollutants from wastewat¢4-14].

In this chapterchitosan gel nanoparticlesalciumalginategel beads, chitosan/alginate
combination particles and large calchaiginate gel beadswere formed and
charaterized by zetasizing, TEM and microscope imagihige equilibrium adsorption
capability of chitosan nanoparticlesalciumalginate gel beads, hitosan/alginate
combination particles and large calciaiginate gel bead®r Cu#* from copper sulfate
solutions at fixed pH has been explored. Experimental data were fitted tangmuir
isotherm and Freundlich isotherm equations, and the binding amisans were

discussed.

3.2 Experimental methods

3.2.1 Materials

Low molecular weight chitosafCAS #901276-4) and sodiumtripolyphosphate (TPP)
(CAS #775829-4, technical gradewere both purchased from Sigmddrich (St. Louis,

MO). The chitosan had 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 (llsulfate pentahydrate was obtained from Acros Organics @EASS

99-8). Water used for all experimentasacquired from a MilHQ water system.

Sodium alginatgalginic acid, sodium salCAS #900538-3) was obtained from Acros
Organics (Morris Plaind\J). 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 -85% guluronic acid(G) subunits and 285%
mannuronic acidM) subunits.Calcium chloride thydrate FCC/USP (CA81003504-

8), sodium chloride (CAS #764%4-5) and sooctane (CAS/540-84-1) were obtained
from Fisher Scientifi¢Pittsburgh, PA)1,6 dbromohexane (CA%62903-8) and Span

80 (CAS#133843-8) were purchaseftom SigmaAldrich (St. Louis, MO).

3.2.2 Preparation of particles

(1) Chitosan nanoparticles

The method ofonic gelation, wherehitosanwas ionically crosdéinked with TPP, was
used tosynthesizehe nanoparticleg dilute solution.Chitosan was dissolved in water
with acetic acid 1.75 times the mass of chitogaobtain 0.1wt% (1 mgimL) chitosan
solution, 0.2wt% (2 mg/mL) chitosan solutiongr 0.4 wt% (4 mgimL) chitosan solution
for nanoparticle synthesi$PP was dissolved in watto a concentration of Ovitt%, 0.2
wt%, and0.4 wt%. In general, 1 mL o PP was added dropwise %anL of the chitosan
solutionof equal concentrationnder magnetic stirring toreatea mixture of 5:1 volume

ratio chitosan:TPP. The mixture was stirreather for 30 minutes before sittingn
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additional24 hours to reach equilibrium. It was then centrifuged for 30 minutes at 48,400
g (20,000 rpm) (Avanti-E, Beckman Coulter, Brea, CAyhe wet mass of theollected

particlesproduced from one batch gedfrom 0.15g to 0.35g.

A smaller concentration of TPP was also used in the experiments for chitosan
nanoparticlesynthesized from th& mgmMmL solution 0.7 mL of TPP solutionand 0.3

mL DI waterwereadded tob mL of chitosan solutiorfollowing the 5:1 volume ratio of
chitosan: TPRolutions described abovEheselPRleanparticles wergroduced in order

to observe the effect of the degree of ciligsng on the properties of the nanoparticles

and the resulting adsorption capability.

(2) Calciumalginate gel microbeads

Before synthesizing calcinalginate gel microbeadshree solutionsvere prepared i)
agueou wt% alginate solutignii) an oil solution consisting of 69.5% (v/v) isooctane
29.5%(v/v) 1,6 dibromohexaneand 1 wt% Spar80 surfactantiii) calcium chloride
solution with concentrationsf 0.1M calcium chloride and 0.5 M sucrose in water. An
emulsionwas formed by blending equal weight amountshef algirate solution withthe

oil solution at 20,000 rpm for 10 minutéBlltra-Turrax T-25 Hender, IKA Works,
Staufen, Germany)The flask containing solutionsas immersed in ice wateduring
blendingto prevent overheatingf the mixture The calcium chloridsolution wa added
slowly immediately afterward to cro$isk the alginate beads undenagnetic stirring
conditions. The emulsionwere then separated in a separatdwynel with acetone

washing The alginatesuspensionvas extracted and centrifuged at 6000 rgMC. The
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supernatantvas removedand the resulting pellets acellected asalginate beads. They
were stored in DI water until sieng was performedThe alginate beads used in the

experiments wersmallerthan 38mm in diameter

(3) Chitosan/alginate combination particles

To make chitosan/alginate combination particlesifosan and alginate particles were
prepared as mentioned previously. For the experiments, glmgas selected as the
chitosansynthesisconcentrationThe mass ratio of calcinalginate gel microbeads to
chitosan nanoparticles was 1:0.45.sfall amouh <2 mL of chitosannanoparticle
suspension in DI watewas mixed with the corresponding weight of alginate beads in a
vial on a stir plate. When the mixtuveas equilibrated, the combination particlesre
centrifuged a#8,400 gfor 20 minutes and then were ready to be used for adsorption

experiments once the supernatant was removed.

(4) Large calciurralginate gel beads

When making large calciwalginate gel beadspdium alginatevasdissolved in water at
aconcentration of 2vt%. Sodium chloride was added into the 2 wt% alginate solution to
make0.2 M concentratioin order to promote # formation ofhomogenous beald)].

A bath of 0.1 M CaGlwas prepared, and NaCl was also added to the bath to yield a
0.075 M concentratiariJsing a syringe pump equippeath a 5 cc syringe and a 30G 1/2
needle angled downwarthe alginate solution was dropped into the bath of ga6d
NaCl solution from a hei grate of 6.10 mL/@dinThen a't

setupis shown inFigure2-1. The bath was stirred manually and beads were allowed
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to equlibrate for a minimum of 15 mito allow the crosdinking to completeVacuum
pump was used to collect completed alginate lgedds. Andbeadswere stored in

deionized water until being used.

30 G 2 needle

: bent to angle
5
( cc syringe @ down

O droplet

>

wa Zl

syringe cross-linked
pump beads

CaCl; bath
OO O v

Figure 2-1. Schematic view of syringe pump, needle, and eliokég bath for bead
production[4Q]

3.2.3 Particle characterization

Thesize and zeta potentidistributionsof the chitosannanoparticlesvere characterized.
After the first centrifugation, the solids were suspended in water followed by sonication
(Misonix 3000, Qsonica, Newtown, CTJhe size analysis provide¢he size distribution

of the nanoparticles. Dynamic light scattering was performed by a Maketasizer
model Nano ZS0 (Malvern Instruments Ltd., Malvern, UK) to measure the size. Phase
analysis light scattering was used taccomplish the zeta analysis. (From

www.malvern.com Zeta potentialindicates the strength of electrostatiterpaticle


http://www.malvern.com/
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interactions. High zeta potentials confer stabilityhere the suspensionresiss

aggregation.

The chitosannanoparticlesand chitosan/alginate combination particlesre 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 equilibum was reached and then were placed on to imaging grids
(Cat. #FCF304CU from Electron Microscopy Sciences, Hatfield, PA). The grids were
subjected to glow discharge treatment befeaenple loadingn order to increase the

hydrophilicity of the grid surfae

Alginate microbead suspensions were analyzed using a BeeRmdter LS13 320
Laser Diffractionapparatus. Samples veerun for combined obscuration and polarization
intensity differential scattering (PIDS) analysisréractive indexof 1.37 wasinput for
alginate, based on measurements of the refractive index of alginateT$labsnit was
thoroughly rinsed between samples; acetone or isopropyl alcaslised if cleaning
was required. Samples weséoredin glass vialsand sonicated before prosesy and

analyzed immediately after processing

The large calciumalginate gel beadwere observed under an optical microscope using
the Zeiss Axio Lab.Al. Images were taken with AxioVision software under 5x

magnification.
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3.2.4 Equilibrium adsorption experiment

To obtain chitosan nanopatrticles loadgth copper ions, 3nL of copper sulfate solution

(an excess amount used to favor adsorption) was added weetipellet obtained from
centrifugation of the synthesized nanopartichescording to the study by Schmuéi al,

[4] the pH of the copper sulfate solution does not affect the adsorption capacity of
chitosan nanoparticles when it is above 3.0. Thereforegxperimental 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 wanicated to uniformityn the

same centrifuge tube andas left under magneticising for one week. Thenthe
particleswere centifuged once again at 48,400(80,000 rpm)for 20-30 minutes. The
resulting solid was then weighed amesuspended inL mL of water, to aidin its
dissolution for thenductively coupled plasma mass spenteter(ICP/MS) experiments
described belowFor alginate beads, the process was the same except that a lower
centrifuge speed of 10,000 rpm was usgdr large calciurralginate gel beads, the
sonication and centrifuging steps could be skipped. After stirring for one week, the

supernatant solution wa®ured outand 1 mL of DI water was added into samples.

The masf copper ions adsorbed to the chitosenoparticles and alginate beads was
measured byinductively coupled plasma mass spectrometry (ICP/MB)e solids
weighed between 8 and 300 mg and were digested ml50onical (VWR Scientifi¢
Radnor, PA centrifugetubes. To each tub2 mL of concetrated nitric acid were added

(EMD OmniTrace Ultra High Purity, VWR ScientifiRadnor, PAand 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 dig€é§iEeM Corp.,

Mathews NC). A 300W pwer program was applieddble2-1).

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 tmI50
using DI water (MilliQ Ultrapure Déonized, Millipore Corp., Billerica, MA) was made.
To measure these samples in the optimum analytical concentration range they-were re

diluted by a faair 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 matio of 65 was used for quantitation and

no isobaric interferences were obsatvICP/MS precision is determined by many
factors including isotopic abundance that determines sensitivity, spectral background
(molecular isobars), isobaric interémce from concomitant elemenésd instrument
drift. Taking into account all factors,h&n instrument drift is reasonable tnecertainty
estimate for these samples analyzed for copper is roughR2@B RSD. For elements
suchasAg with few molecular isobars and no concomitant elemental interferences, the

precision can be as low as 0.5% feplicate 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 ovettakeproducibility of the measurement.

3.3 Results and discussion

3.3.1 Particle Characterization

(1) Size

The size of chitosan nanoparticles, as represented by theetage diameter, was
measured bylynamic light scatteringnd is shown irFigure 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 gsmno 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

increaseslightly with the amount of TPadded.
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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 CoulteB-13 32Q. Figure 3-2 shows the size distribatn of

the microbeads, measured by laser diffraction spectroscopy. For the majority of the
alginate microbeads, the diameter ranges from 32 pm, with an average diameter of
23 + 13 m. According to optical microscope images we acquired, roakiuntalginate

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 zetpotential while 1 mg/mL chitosan nanopatrticles 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,hand t

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 dapémels
synthesis solution concentration. It is believed thasé results arise frothfferencesn

the crosdinking reaction rate and degree of crdis&ing as the concentration is varied.
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TPP(mL)

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 anspherical shape of the chitosan nanoparticldsm

images were acquired in this research.

Figure3-4,

Figure3-5 and
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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 ameirtdiameter 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, thevalues are smaller than theaXerage diameters obtained by
zetasizing. The difference is attributed to the presence of nanoparticle aggregates
suspended in the samples fagtasizing but flowing off of the TEM grids without

adhesion.

100 nm
2 mg/mL
+0.25mL. TPP

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 28226 nm.
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Table 3-1. Number weighted diameter, volume weighted diameter, intensity weighted
diameter and ZAverage 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.

Number Volume Intensity

Concentration weighted ~ Weighted Weighted ZAverage
) . . Diameter
Diameter Diameter Diameter
2 mg/mL (0.25mLTPP) 72.9 149.2 195.5 245
2 mg/mL (0.7mLTPP) 80.5 163.6 223.7 252.1
2 mg/mL (1.OmLTPP) 85.6 148.9 209.5 272.3

Figure 3-7 exhibits TEM images of calciwalginate gel microbeads coated with 2
mg/mL chitosan nanoparticles prepared with 0.7 mL TPP. The mass ratio of ealcium
alginate gel microbeads to chitosan oparticles is 1:0.45. The approximate diameter of

the calciumalginate gel microbead shown in the images is measured at 9 um. The
images show that the chitosan nanoparticles attached to the calgmmate gel
microbeads evenly but did not fully coveetkntire 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 microlsastudied here are too large for zeta potential
measurements to be obtained by zetasizing instruments, alginate nanoparticles typically

exhibit values of approximatehg0 mV[61].
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Figure 3-7. TEM images of calciuralginate 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 calcialginate gel microbeads to chitosan
nanoparticles i4:0.45.

Figure 3-8 exhibits a microscope image of a large calcialginate gel bead under 5x
magnification. From the image it can be seen that the large cadgimate gel bead has
a spherical shape, and the approximate diameter of the large calgiunate gel bead

shown in the image is around 1 mm.

IZOO pm

Figure 3-8. Microscope image of a large calcitaiginate gel beadt 5x magnification.
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3.3.2Particle adsorption capability

It is important to correlate equilibriudsorptiondata between metal ions and particles

in order to assesthe particles' capacity for metadsorption The effectiveness of
adsorbents is often evaluated by fitting experimental adsorption data with the Langmuir
and Freundlich isotherm equations, which re@i@ng/g),the quanty of metal asorbed

per unitmass of adsorbent, ©(mg/L), the equilibrium netal ion concentratiom the

solution after adsorption.

The Langmuir model[50] is the best known and most widely appliedsarption
isotherm. It hasexcellentagreement with a wide varietyf experimental data and is

represented as follows:

K.C
Q: Qmax s—e
1+K.C, (3-1)
The linear form of the Langmuir isotheganbe described as:
C,_ C, 1
—€ = S
Q Qu Qi (3-2)

where Qmax (Mg/g) is the maximum adsorption capacitf adsorbentat monolayer

coverage andKs (L/mg) is the Langmuir adsorption equilibrium constegifited to the

af yni tagsorptivé sites for adsorbate at dilute concentratioifhis constat
corresponds to the initial slope of the isotherm curve. The Langmuir isotherm assumes
that the adsorptionlayer is a monolayerand t h e adsorption occur

homogeneous adsorption sitesulting in an identicaénergy of adsorptionat each site
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It is also assumed that thetermolecular attractivéorce decreases rapidly with the

distancefrom the adsorptiosites.

The Freundlich isothernj51] predicts that theadsorption capacityf the adsorbent
increasess a power lawvith anincreasan adsorbate concentratioh is usuallyapplied
to multilayer adsorption and assesian exponentiallydecaying distribution of the

energy of adorption #es. TheFreundlich isotherns an empirical equatiopresente@s:

° (3-3)

The linear fom of the Freundlich equation can é&epressed as:

logQ = 1 logC, HogK:
n (3-4)

where Kg and n are Freundlich constant3he value of I indicates the adsorption
intensity. Moreover, adsorptiositesbecome more éterogeneous on the surface as the

value of 1h approaches zero.

The equilibrium adsorptive capability of chitosan nanoparticles and cakdgimate gel
microbeads foiCU?* from copper sulfate solutisnwas investigated through adsorption
isotherms whos@arameters includ® (mg/g), the quantiy of Cu?* adsorbed per unit
mass of adsorbent, ai(mg/L), the equilibriumCl?* concentratiorin the solution after

adsorption.

The experimental dat@ andC, 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



50

the low Cd* concentration region (0-50 mM) are plotted iffigure3-9. It was observed

that the adsorption capabilities of all of the chitosan nanoparticles increase rapidly when
the equilibrium solution concentration of €us dilute and then reach maximumlues.

The Langmuir coefficients fit from the experental data are shown irable 32, 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 calcivatginate microbeaddid not indicate theotal

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 mothed aifsorption behavior for

all of the chitosan nanoparticles in the low concentration region.
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Figure 3-9. Adsorption isotherms of chitosan nanoparticles prepared with 2 mg/mL
chitosan solution and 1.0 milPP or 0.7 mL TPP, and chitosan nanoparticles prepared
with 4 mg/mL chitosan solution and 1.0 mL TPP in the lovf*@oncentration region
(0.550 mM).
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The adsorption capability of calciuaiginate gel microbeads and large calcialginate

gel beads wereompared with that of chitosan nanoparticlefigure3-10 andTable 3

2. The high caorelation coefficient inTable 32 confirms that the Langmumdsorption
eqguation can be applied to adsorption isotherms for calaigmate gel microbeads and
large calciumalginate gel beads in the low concentration region as well. The figure and
table illustrate that the adsorption isotherms of caleagmate gel microbeads and large
calciumalginate gel beads have a similar trend to those of chitosan nanlesaricd

both calciumalginate gel microbeads and large calcialginate gel beads have a
significantly greater maximum adsorption capability value than all types of chitosan
nanoparticles examined, and calckafginate gel microbeads have higher maximum

adsorption capability value than large calchaihginate gel beads.
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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,
calciumalginate gel microbeads and large calcialginate gel beads in the low €u
concentration ragn (0.550 mM).
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In addition, the experimental da@ and C, are plotted as specific adsorptioG. (Q)

against the equilibrium concentratiolCe) 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, calchaihginate gel microbeads and large calcium
alginate gel beads may affect the valu&gf, the maxinum quantity of C&" adsorbed

per unit mass of adsorbe®@axis calculated based on both wet mass and dry mass and
presented inmable 32. Ks and correlation coefficientae independent of the adsorbent
mass and are also shown Table 32. All of the cdculated Qmax (wet) values are

consistent with the experimental maximum adsorption capability data.
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Figure 3-11. Linear adsorption isotherms of chitosan nanoparticles prepared with 2
mg/mL chitosarsolution and 1.0 mL TPP or 0.7 mL TPP, chitosan nanoparticles
prepared with 4 mg/mL chitosan solution and 1.0 mL TPP, caleigmate gel
microbeads and large calciuaiginate gel beads in the low €wwoncentration region
(0.550 mM). The lines shown ateangmuir equation fits to the data.
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Table 3-2. Swelling ratio, Qax (calculated based on both wet mass and dry masapK
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, calchiaihginate gel microbeads and large calcium
alginate gel beads in the low €oncentration region (0:50 mM).

Swelling QmaxWet  Qmaxdry Ks R

ratio (mg/qg) (mg/g) (L/mg)
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 1653 182  303.03 0.0063 0.9967
microbeads
large calcium
alginate beads

13.33 12.17 162.27 0.0048 0.9775

According to the experimental data, the maximuisaaption capacitfmax varies with

the synthesis concentration of chitosan nanoparti@esig/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 regtom fact that 2
mg/mL chitosan nanoparticles prepared with Ol TPP hae smaller adsorption
capacity than th@anoparticlesith more crosdinkingisi | | umi nat ed by Nga
which identified a potential new site in chitosan crosised with TPP forthe adsorption

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

on the TPP,according to infrared spectroscopyeasuremenisThe presence of m
additional adsorption site on the TRBuld mean that crodsking, which attaches on

the functional amine groupwould notreducethe uptake of copper as significantly as

initially expected

Another noticeablerénd among the values ifable 32 is the correlation of higher

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



54

nanoparticles. The value &% increases by a factor of three or four when only 0.7 mL
TPP is added to the 2 mg/mL chitosan solution duringhegis instead of 1 mL TPRg
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 adisedo 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 associatibmding affinity with a lower
proportion of TPP suggests that the amine groups on the chitosan have higher affinity for
the Cd* ions and are the preferred adsorption sites compared with the phosphate groups

on the TPP.

Moreover, although 4 mg/mL chitosaanoparticlehy ave t he hi ghféiat af yn
very dilute concentratiomamong allchitosan nanoparticles and alginate gel beads, they

also have the lowest adsorptioapacity. Thignterestingphenomenortanbe explained

byt h eoreblgckag® mechanismwhich suggests thatetal ionswith a high affinity

for adsorption sites doot completely penetrate the particlBarrer and Hsien described

a situation where cadmium ions adsorb on or near the surface of the nanoparticle but
were not able tofully penetrate the nanoparticle interip82]. The cadmium ions

occuped the amine sites on the surface doldcked further penetration into the particle

due to the accumulation of metal icatsthe surfacen this case, it is likely thaEu?* ions

are adsorbed on tdhe surface of4 mgmL chitosan nanagrticles in the low

concentration region very quickly because of their strong binding affinity, and then the
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diffusion of CU** slows down significantly due to the large diameter of the nanoparticles
and the repulsion from other adsorbed ions. When Q&€ adsorption approaches
equilibrium, adsorption sites inside the 4 mg/mL chitosan nanoparticles may not be fully

occupied.

In addition, the experimental data indicates that calalgmate microbeads hawggher

maximum asorption capacitgnda f y n i Gy in feoy dilute concentration than large
calciumalginate beads. Thbseratiorikely arises frontheir differentdegrees o€ross

linking. Comparing the synthesis procesdhe calciurmalginate microbeads were made

from an emulsion, so that the gihatewas dispersed welinside a dropleand reacted

with calcium chloridecrosslinker sufficiently during slow, dropwise additionyhile the

large calciurpalginate beads were synthesized by droghdisg into acalcium chloride
bath,whereonly thesurface otthe droplets contacted with calcium chloride dirediyd
crosslinking was rapid Once crosdinking occurred, the outer layer tife largealginate

beads becama gel network and increased diffusion resistance to calcium chloride.
Thereforethe overall cros$inking degree of large calcinalginate gel beads is lower

than that of alginate microbeads, leading to relatively smaller amount of adsorption sites
compared to alginate microbeadsice the copper ion adsorption mechanism for alginate

is ion exchangeMoreovey t he adsorption sites exgposed
higher fraction of all the sitethan the siteenthelarge calciuma | gi nat e beads
because of their micrscale siz€high surface to volume ratiojesultng in the fact that

the calciumalginate gel microbeads have higherf y ni tCy?" ifi ery dilute

concentration than large calcieamginate gel beads.



56

Compared with literature valu¢8-10] listed in Table 3-3, chitosan nanoparticles cress
linked with TPParefound to be comparabkndcompetitivewith other forms of chitosan
particles and microparticles includintpose synthesized fronchemically modified
chitosan It was initially assumed that the nanopartillesge surface areaould allow

an increasecequilibrium adsorption capacity for metal ionBased orthe Qnmax values
obtained fromthe Langmuir isotherm, nanoparticles exhibitn@nor increase in
equilibrium adsorption capacitgver the previously mentioned chitosan derivatives.
Instead, the adsorption kinetics may be the property most affected by the nanoscale

dimensions of the particles, and thdependent measurements are currently uvaler

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

Qmax (dry) pH

Source Form Size
(mg/g)
Findonet al., 1993[§] Raw flakes 38.4 4.2
Nget al., 2002[9] Raw flakes 77.6 3.5
Ngahet al., 2002[10] Crosslinked beads 59.7 6 <250 um
2 mg/mL(0.7mL
TPP) 78.1
This study 2 mg/mL(1.0mL 3.5 ~ 200 nm
TPP) 112.4
4 mg/mL 58.5

In the high concentration regiorbmM-1M), adsorption isotherms of both chitosan
nanoparticles and calciualginate gel microbeads present similar linearly increasing
behavior, as presentedkiigure3-12, which is very different fronthe trends observed

dilute copper sulfate solutipand cannot be described by the Langmuir rhode



57

0 ° &

60 . N
g >0 ® @ 41 mg/ml
£ ° A 02 me/ml
¢ 30 ° ﬁ Srdmg/ml

20 e ® a ®zlginate beads

10 g

o]
0 10000 20000 30000 40000 50000 60000 70000
Ce [mg/L)

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 caleiginate gel
microbeads in the high Guconcentration region (50 miIM). The lines represent linear
curve fits to the data.

However, the Freundlich model fits the adsorption isotherms of lohikbsan
nanoparticles and calciualginate gel microbeads the high concentration regime very
well, with all correlation coefficientslose to 0.99Figure3-13 illustrates the linear form

of the Freundlich isothermKg, 1/ and correlation coefficientsare catulated and
exhibited inTable3-4. The values of indicate that the adsorption intensity of chitosan
nanoparticles, especially of 1 mg/mL chitosan nanoparticles, is stronger than that of
calciumalginate gel microbeads. In addition, the adsorption sies chitosan
nanoparticles are relatively more homogeneous than on castginate gel microbeads

in the high concentration region. Bothitosan nanoparticles and calchatginate gel
microbeadsexhibit unusual adsorption behavior in the high concentratgion, 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 bin@xsting complexes or there

may be mild precipitation on the chitosde high concentrationegime is not studied
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asoften as the low concentration regime, and therefore the adsorption behavior is not as

well established.

01 mg/mi
42 mg/ml +1.0 ml TPP
A4 mg/mi

® alginate beads

3 3.5 4 4.5
log Ce

5

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 cakigimate
gel microbeads in the high €wconcentration region (50 miiM). The lines shown are

Freundlich equation fits to the data.

Table 3-4. K¢, 1/n and correlation coefficients of linear Freundlich adsorption isotherms
for 1 mg/mL, 2 mg/mL, 4ng/mL chitosan nanoparticles and calctafginate gel
microbeads in the high Guconcentration region (50 miM).

Ke[ma/g
(mg/L)"] 1/n

R

1 mg/mL 0.0017  0.9568
2 mg/mL 0.012  0.7717
4 mg/mL 0.0115 0.7828
alginate beads 0.3063  0.4876

0.979D
0.988
0.9929
0.9800

The adsorption isotherms of all the chitosan nanoparticles and ceaddgimate gel

microbeads showed similar behavimrer a wide range ofoncentration othe copper

sulfate solution.
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In both the low and high concentration ranges, calealgmate 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 tveeenthe copperons and chitosaj?1], while the bonds
betweencopper ions andilginate are formed by electrostatic attracteord chemical
bonding on the carboxylate groups according to Séwl [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:

adsorptior{ mg Q]:ML 3 d F000 md (3-5)
subunit
whereMgypunit( 9/ mol ) i s the mol ar we iNgshthe nwonbert he p
of subunits needed to form an adsorption site. Forinsthhee2 i n t he Abr i dge
andN=1 in the fApendant model . 0 Therefore, t

the binding sitesMc, (g/mol) is the molar weight of copper. The paramdtisrthe active

fraction of the polymer. For chitosahjs the degree of deacetylation, while, for alginate,

dis the fraction of potential skeubunits in alginate. Forexample i n t he tr adi t i
boxo as distp fractiomofguluronic acid G) present, since only G blocks are
involved in thboxormatesn whiiegfowd=1t he mo
because both G and M residues contribute to theirfgnsites. Since large calcium

alginate gel beads are insufficiently créis&ed, 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 déstlkere.

Comparing the experimental data with approximate calculations based on binding
models, as presentedTable3-5, t he fAbri dge modelnegroupghi ch i
in every complexN=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 calailgmate gelmicrobeads, in
contrast to the four ®Hoblonintosdet eq uAicrceod dip y
calculations, calciuralginate 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.

Estimated data Experimental data

Blndlng model Qhmax (mg/g) Qmax (mg/g)
Chitosan Bridge model 180

Pendant model 361 78-112
Alginate N=1 366

N=2 183 303

brn &@EZID 64

The adsorption isotherm of alginathitosan combination particles exhibits similar
behavior to that of chitosan nanoparticles and alginate microbeads in the low
concentrabn region, as shown iRigure3-14. It displays linear behavior and follows the
Langmuir model very wellsiexpected. PresentedTiable3-6, the combination particles

have an intermediatealue of the maximum adsorption capadily.x and avalue of the
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affinity coefficientKssimilar to that ofalginate beaddikely due to the fact that calcium

alginate gel microbeads are dominant inabmbination particles.
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Figure 3-14. Adsorption isotherms of alginatditosan combination particles, calcium
alginate gel microbeads and chitosan nanoparticles (prepared with 2 mg/mL chitosan
solution and 0.7 mL TPP) in the low €woncentration region (0:50 mM).

Table 3-6. Adsorption capacity and affinity of chitosan nanopatrticles (prepared with 2
mg/mL chitosan solution and 0.7 mL TPP), calcialginate gel microbeads and
alginatechitosan combination particles in the low*Cooncentratia region (0.550

mM).

(mg/g)  (L/mg)
Chitosannanoparticles 4.24 0.0088 0.9966
Alginate micrdeads 18.2 0.0063 0.9967
CombinationParticles 12.63 0.0061 0.9779

Based on the alginatshitosan weight ratio and singparticle data, theadsorption
capabilities of combination particles are estimated and compared with experimental data

from canbination particles irfFigure 3-15. The comparison shows thhe 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 naimdearattached 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 alginab#osan combination particles with a

specific weight ratio.
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Figure 3-15. Estimated vs. measured adsorption capability of combination particles.

From the equilibrium adsorption capability studyoth chitosan nanoparticles and
calciumalginate microbeadsave demonstrated efficacy in the removal of heavy metal
ions from aqueous solutionOur preliminary ongoing work shows that chitosan
nanoparticles may have faster kinetics than calalgmate microbads. Benefitting

from the rapid kinetics of chitosan nanoparticles and the high adsorption capacity of
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alginate, alginatehitosan combination particles can be considered a promising
biosorbent that will perform effectively and efficiently in mutin circumstancesThe
resuls of this studycan potentiallycontribute to the development of castective and

environmentally benign water purification technologies.

3.4 Summary

Chitosan gel nanoparticles were synthesifzedh three solution concentratioby ionic
crosslinking with TPP andwvere characgerized by zetasizing and TEMhe equilibrium
adsorption capability athe chitosan nanoparticlesalciumalginate gel microbeacdsnd

large calciummalginate gel beads to swkb copper ions from copper sulfate solution at
fixed pH has been explored. Equilibrium adsorption properties of chitosan nanoparticles
have similar trends to those chilciumalginate gel microbeadsand large calcium
alginate gel beadsind the adsorptiocapacity varies with the synthesis concentration of

chitosan nanopatrticles.

Adsorption for both chitosan nanoparticles and alginate microledssdifferently in

a low concentration(0.550 mM) copper sulfate solution and 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 typeshibdsan
nanoparticles for copper ions suggest that thesphate groups ithe crosdinker TPP

can provide additional adsption sitesthat have lower affinity than amine groups for
copperions. Exceptionally Igh affinity between copper ions and chénsnanoparticles

may result in thepore blockage phenomenonhere the interior of the particle becomes
inaccessibleand consequentlylimits the adsorption capacity of particlet addition,
calciumalginate microbeads haveghermaximum asorptioncapacityanda f yni ty f or
CU?* in very dilute concentration than large calciafginate beads due to their higher

crosslinking degree.

From a comparison between the experimental data and approximate calculations
estimating the maximum adsorption capacitly tbe materials, the most probable
adsorption mechani s ms ridge mddeb cab lee cangideredtai f i e d .
reasonablelescription ofthe chitosan/metal ion binding patternlsa, adsoption sitesof

alginateare most likely to be formed by onlyne mannuronater guluronateblock, in
contrast to the four gul ulrooxnda t.r@ompaiiythei t s r
two biopolymers, in both the low and high concentration ranges, cahlgimate gel
microbeads have a higher maximum adsorptiapacity 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.

Alginatechitosancombination particles weraso observé, which have an intermediate

value of the maximum adsorption capac®na, and identicalvalue of the affinity
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coefficient K to that ofalginate microbeads part because of structural similarity to
alginate beadsThe adsorption capabilities of combination particles can be predicted by
the weight ratio of calciumalginate gel microbeads and chitosan gel nanoparticles.
Benefitting from the rapid kinetics of chitosan nanoparticles and the high adsorption
capacity of alginate, alginatehitosan combination particles are likely to perform
effectively and efficiently in multion systems as a novel, environmentally friendly

biosorbent.
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Chapter 4 Kinetics Study of Copper lon Adsorption by
Calcium-Alginate Gel Microbeads, Large Gilcium-Alginate
Gel Beads and Chitosan/Alginate Combination Particles

4.1 Introduction

In the design of water purification system, the study thie adsorption kinetics ofhe
adsorbent is essential since it affects the efficiency arsmkmvice life & the system
directly. In addition,knowledge ofthe adsorption kinetics of adsorbent gamovide a
better understanding dhe adsorption mechanisrand insight into thepotential rate
controlling stepssuch as mass transp@mnd chemical reactioprocesses. To achieve
those goalskinetics models have been used to analgzperimental datdt is worthy to
notice that the complete kinetics model needs to consider not only the diffusion
equationsput also boundary conditions, includitige adsorpton isotherm quation that
controls the eqlibrium at the solidliquid interface and the reactiokinetic
equatiorg[21]. Therefore, the system of equations is tmonplexto solve andsimple
kinetic modelss u c h  a or seganebrtler rate equationare not applicable. a
simplify the solutionmethod, only the rate contraily step is considered to contribute to
the kineticrate. Inawelhi x ed bat ch syst e nransféresstande puenc e
negligible. Chemical reaction is mostly likely to be tha&tential rate controlling step
This hypothesiscan be confirmed by fittingpseudoy r-erder equation anghseude

secondorder equatiomo experimental data
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In the previous study, it was found that the adsorption process of copper idns on
chitosan gel nanoparticles was toapid to be capturel by our Imited experimental
methods, resulting from their nanoscale size and high affinity to copper ions. Therefore,
in this chapter, only the adsorption kinetics of copper iongoocelciumalginate gel
microbeadschitosan/alginate combination particles angeacalciurmalginate gel beads

from the last chaptelare discussed. Besides, sintee adsorption rate increases with the
increase of initial concentration of the adsorbate, several concentration of copper sulfate
solution was tested in preliminary expeents. 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 tiney higher initial concentratienof solutions. The
amount of copper ions adsorbedto calciumalginate gel microbeagdshitosan/alginate
combination particles and large calchalginate gel beadsver variougime periods was
measured by ICP/MS. Experental data werdétted to pseuddirst order and pseudo
second order kinetic models, by mh pseudo rate constants westimated and potentia

rate-controlling steps werelarified.

4.2 Experimental Methods

4.2.1Particle synthesis

Calciumralginate gel microbeads, chitosan/alginate combination particles and large
calciumalginate gel beadsvere synthesized by using the method presentethen

previouschapter(section3.2.2.
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4.2.2 Adsorption experiment

Calciumalginate gel microbeaqd chitosan/alginate combination particles and large
calciumalginate gel beads were put into 15 mL test tulygslding 12 tubeswith
calciumalginate gel microbeads, 12 tubegh chitosan/alginate combination particles,
and 12 tubesvith large calciurralginate gel beads. Each tube contained ardu@dg

(wet mass) of particlesFor calciumalginate gel microbeads and chitosan/alginate
combination particles3 mL o 1 mM copper sulfate solution wasldedinto each tube,

and thenthe samples wersonicated to uniformyt in the same tube aniéft under
magnetic stirring forl0, 20, 30, 40, 50, 70, 90, 120, 240, 360, 480 and 1440 minutes,
respectively. Afterward, theampleswere centrifuged at 48,400 g for Ifinutes.After
removing thesupernatantiuid, pellets werecollected 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. Fdarge calciurmalginate gel beads, there was no need to centrifuge
samples. After addind mL of 1 mM copper sulfate solution into each tube, the samples
were stirred on a magnetic stirring plébe 10, 20, 30, 40, 50, 70, 90, 120, 240, 360, 480
and 1440minutes respectively. Then the solution was poured out. The large beads were
transferred t@ big centrifuge tubes and their mass was recordied.amourd of copper

ions adsorbed to ¢ alciumalginate gel microbeadshitosan/alginate combination
particles and large calcinalginate gel beads were measureditguctively coupled

plasma mass spectrometry (ICP/M#beach time point
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The procedure aiCP/MS was presented the previousChapter(section3.2.4).

4.3 Results and Discussion

It I's often incorrect to apalseconesrdempate e ki n
equations to an adsorption system with solid surfaces that are rarely homogeneous,
because the effects of transport phenomena and chemical reactions are often
experimetally inseparable. Therefore, several adsorption kinetic models such as-pseudo
yr st anstcomdordan 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 duringadsorption process.

The chemical reaction of alginate and copper ions may be destyb#te following
equatiof52]:

CaA+ CJd* - CuA+C3a’ 4-1)
If the reaction has a firgirder mechanism,

d[Ca4,

. K [CaA, (4-2)

where[CaA, is the number of unreacted adsorption sites on calcium alginate at, time

that can be substituted by the total number of $@e#j, minusthe number of occupied

sites on calcium alginat€ad, at timet, then
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e~ qcas, 1 cap) *3)

Since the number of reacted adsorption sites on calcium alginpteportional tathe
amount of copper loaded on alginate, assuming all sites are occupied at equilibeium,
equation becomes the pseudiost order chemisorption Kkineti rate equation of

Lagergref53], expressed as:

QA _yiq -
L=k(a -w) ws

wherege (Mmg/g) is the amount of copper ions adsorbedooa unit mass ofparticles at
equilibrium It is important to notice that the value of depends on the initial
concentration of solutionn contrast tothe constantmaximum equilibrium adsorption
capaciy Qmax G (mg/g) is the amount of copper ions adsorbedtaa unit mass of

particles at time, andk; is the rate constant tfiepseudey r st or der (mkni net i c

1).

After integrating fromt = O tot =t andqg: = 0 to g = q: and applyingboundary
conditions, the equation becomes:
4 =q(l -e*) (4-5)
This equatiorcanbe transformed talinear form:
In(G.- @) #n(aq) Kkt (4-6)
where ge can be obtained from experimental data. The straligiat plots ofIn (ge-q)

against were used to determine the rate conskant
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The equation applicable to experiwodert al
equation in two wag{54]:

a. The parametar.-g; does not represent the number of available ,ssiesege depends

on the solution concentratiom other words, the assumption of full occupation of
adsorption sites at equilibrium is illegitimate.

b. The parametdn (ge) is an adjustable parameter which is often not found equal to the
intercept of a plot ofn (ge-q;) againstt, whereas in a trug r -grder adsorption reaction

In(ge) should be equal to the intercept of a ploingdfle-q;) against.

The pseudg r-arder kinetic model has been used extensively to describe the adsorption

of metal ions onto adsorbents.

Similar to the pseudbrst order equation, the pseudecond order chemisorption kinetic

rate equation is expressed as:

dﬁ:k - 2
L=k -0 wn

wherege (mg/g) is the amount of copper ions adsorbedaooa unit mass ofaricles at
equilibrium, andg; (mg/g) is the amount of copper ions adsorbedaa unit mass of
particles at timd, andk; is the rate constant alfie pseudesecond order kinetic model

(g/mg min).

After integrating fromt = Otot =t andg: = 0 to g = g; and applying boundary

conditions, the integrated form is:

r



72

1 1
= -||(2'[
-G G (4-8)

(4-9)

If pseudesecond order kinetics is applicable, the plot/qfagainst will present a linear
relationship,and equilibrium capacitg. and rate constar, canbe determined by the
slope and intercept. The psewskrond ordekinetic model has been the most widely
used model for the adsorptio mmetal ions from wastewa{&5], and is in agreement

with a chemisorption mechanism being the rate controlling step.

Figure 4-1 shows the increasen the amount of copper ions adrbed onto alginate
microbeadscombination particlesind large calciuralginate gel beadsver time. The
adsorption occurrerapidly within the first 50 to 70 minutes for both alginate microbeads
and combination particles, and then slowed down and gradually reached a plateau afte
threehours, indicating the approach ttee equilibrium stateFor large calciuralginate

gel beads, theapid adsorption process happened within the first 40 minuwdes,

afterward it slowed down significantly and approagaquilibrium after 70 minutes.

To test the applicability ofthe pseudefirst order model in the adsorption procetise

values ofln (ge-g;) against adsorption timewere plotted in Figure4-2, andk, ge (exp.)

andge (cal.) obtained basedhdhe pseudey r s t or der presne inialden wer e
4-1. It can be seen th#he plot is roughly lineafor alginate microbeads and combination

particles,but the theoreticalge values, caktulated from the intercept, dwot agree with
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experimentalge values. The plot ofIn (Q-gt) ver sus ti me didnot s h
relationship for large calciuralginate gel beads.hE correlation coefficient isnuch

lower than 0.9showing poor fit to experimental data. Therefore, the psgudos t or der
kinetic model could notepresenthe adsorpbn process of copper ions do alginate

microbeadscombination particleand large calciuralginate beadaccurately.
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Figure 4-1. Ci?* adsorbed onto calcialginate microbeads, combination particles and
large calciumalginate gel beads over time.
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Figure 4-2. Linear pseuddirst order equation fit to adsorption data of calciwalginate
microbeads, combination particles and large calealgimate gel beads over time.

Figure 4-3 exhibits the plot oft/q; againstt, and the values Oy, Oeexp.) and Oecal)
obtained fronthe pseudesecond order equatiomerepresented inTable4-1. Contrary to

the pseuddirst order equation, the theoreticgl values for all types of particles,
calculated from the slope, awery close totheir experimentalge values In addition,
correlation coefficiers arehigher than 0.99, indicating that pseeskrond 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 iadgwption
process of copper ions onto alginate microbeaasnbination particlesand large
calciumalginate gel beadérom copper sulfate solutiom a batch system, and the

chemisorption reaction is second order.

Comparing the pseudsecond orderate constantk; of alginatemicrobeads to that of

chitosaralginate combination particleshows that the adsorption of copper ionston
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combination particles was slightly faster than tonplain alginatemicrobeads.These

results suggedhat the chitosan nanoparticles havaster adsorptionkinetics than the

alginate microbeadslue totheir nanoscale size and higiffinity to copper ionsin
preliminary experimeniswe did not have fine enough time resolution to capture the
kinetics of adsorptioron to chitosan nanoparticles alondowever, 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 nanoparticlas not very obvious for combination particles.

The adsorption of copper ions ém large calciurmalginate gel beads was much faster
than onto alginate microbeads and combination particles, even though they have much
largersize and smaller surface/vahe ratio. This fact could be interpreteddmnsidering

the following twopoints First, in a welmixed batch system, the intparticle diffusion
resistance is negligible for alginat@crobeadsconfirmed by theexcellentfitting to the
pseudesecond ader equatiorwhich hasthe assumption of chemical reaction being the
rate limiting stepAlso, most of theadsorptionsites of large calciurmalginate gel beads

are located on the outer layer, making copper ions easy to bind with. Hence, the relatively
smal surface/volume ratio will not significantly slow the adsorption process of copper
ions on to large calciuralginate gel beads. Second, for alginate microbeads and
combination particles, even though theay have more adsorption sites exposed to
copper ims in solution, the porblockageeffect may occur due to their high affinity to
copper ionsas discussed in Chapter3 The copper i1 ons adsorbed

in the beginning may repel surrounding copper ions and slow down further adsorption
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considerably. The pore blockag#ectcould be considered as additionamass transfer
resistance to copper ions, which explains the fact that the adsorption data fittivey to
pseudesecond order equation of alginate microbeads and combination geantéas not

as perfect as that of large calckhaiginate gel beads. Therefore, the adsorption of copper
ions onto alginate microbeads and combination particles was gradual, while the amount
of copper loaded oto large calciurralginate beads increasegpidly and sharply before

reaching equilibrium.

Meanwhile large calciurralginate gel beads had smaller equilibrium adsorption capacity
than alginate microbeads and combination particles. As discussed in Chapter 3, the main
reason causing relatively low amtption capacity of large calciuaiginate gel beads was

their low degree ofcrosslinking, compared to alginate microbeads. fEhare fewer
adsorption sites on large calcitatginate gel beads than on alginate microbeads, leading

to smaller adsorption capacity at equilibrium.

Compared with literature valu@®, 62, 63] listed in Table 4-2, it was found that
calciumalginate microbeads and combination particles have comparable adsorption
kinetics with other types of lowost adsorbents, and large calcialginate beads have
mud faster adsorption kinetics than most of other adsorbents except chitosan
microbeads. Considering the fact that even though the value of the rate copstnt k
chitosan microbeads is slightly bigger than that of large calalginate beads, alginate

has greatermaximum adsorption capacity than chitosan, proved in Chapire3efore,
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the large calciuralginate beads have great potential to be usedbassorbent in water

purification.
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Figure 4-3. Linear pseudesecond order equation fitted to adsorption data of calcium
alginate microbeads, combination particles and large calalgmate gel beads over
time.

Table 4-1. Parameters of adsorptitimetics models.

Kinetic models Calciumalginate Combination Large calcium
microbeads particles alginate beads
Je(exp)(MY/Q) 1.13 1.32 0.888
Pseudafirst order
equation
Oe(cal)(MA/Q) 0.587 0.567 0.039
kymin™) 0.0062 0.0046 0.003
r? 0.932 0.975 0.580
Pseudesecond
order equation
Oe(cal)(MA/Q) 1.165 1.336 0.888
ko (g/mg min) 0.0214 0.0227 0.4356
2

r 0.996 0.996 1
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Table 4-2. Literature values of pseuekecond order adsorption kinetics of copper ions on
to variousadsorbents compared with the results of this study. (The valkegsfahis
study were recalculatebased on dry mass)

Source Adsorbent koX10°(g/mg min)  pH
Karagunduzt al., Large calciuralginate beads 1.23 4.0
2004963]

Shell of lentil 4.33 5.0

Aydm et al., 200964] wheat 18.4 6.0

rice 3.19 6.0

Ngahet al., 2010[62] Chitosan/TPP microbeads 46.6 4.5
Calciumalginate microbeads 1.29

This study Combination particles 1.37 3.5
Large calciunalginate beads 32.7

4.4 Summary

In this chapter,the adsorption kinetics of copper ioms to calciumalginate gel
microbeadschitosan/alginate combination particles and large calalgimate gel beads
were studied. The resalishow thatthe pseudey r s t order kinetic
representhe adsorption process accurgiethile thepsaudo-second order kinetic model
successfully predied 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 oto alginate microbeagdsonbination particlesand large
calciumalginate gel beadérom copper sulfate solutiom a batch system, and the

chemisorption reaction is second order
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Moreover, the adsorption of copper ions tnalginate microbeads and combination
particles was gradualyhile the amount of copper loaded tmlarge calciurralginate
beads increaseduickly and sharply before reaching equilibrium. In other words, the
adsorption kinetis of large calciurmalginate gel beads was much faster than that of
alginate microbeads dncombination particles. e adsorption of copper ions da
combination particles was slightly faster thantomplain alginatenicrobeads, benefitting
from the presenceof chitosan onthe combination particlesLast but not least, large
calciumalginate gel beads had smaller equilibrium adsorption capacity than alginate
microbeads and combination particles due to theirdegree otcrosslinking compared

to alginate microbeads.
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Chapter 5 Copper lon Removal byFixed-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-Bgddcolumns,

which are extensively used in industry. The major problem in equilibrium studiestis
theyinvolve batch contact systems, whose isotherms cannot give accuratezcide

in fixed-bed systems since a flow column is not at equilibrium; uneven flow patteys

occur in fixedbed column syste®m A model is needed in designing columnsstady
recycling and regeneration of adsorbemisd topredict how long they will last before

regeneration or replacement becomes necessary.

In this work, large calciuralginate gel beads were chosen as the hdsbipacked inta
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 calchaitginate gel beads ereasy to operate
during packing, and unlikely to cause clogging or lealohghe fixedbed columns. In

order to study adsorption behavior afixed-bed column systenthe Thomas model,

Adam-Bohart model and YooeNelson model were used to fite experimental data.
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5.2 Experimental Methods

5.2.1 Prepaation of large calciumralginate gel beads

Large calciurmalginate gel beadwere synthesized by usingethmethod presented in

Chapter 3 (sectioB.2.2.

5.2.2 Fixedbed column experimenal procedures

In this experimentplastictube connectorswith equalsize ends were used as the fixed
bed columns. Since the wall tfie tube connecto is translucent the color change of
packed particles could be obsenasicopper was adsorbedfter packing alginatgel
beads into it, nylon meshes (Spectrum Laboratories, Inc. CA) were adhered by silicon
glue onto both endsn orderto trap particles inside. The pore size of the meshes is 300
pm with 50% open area. And the thickness of the meshes is 20@\fter. 24 hours the
silicon glue was fully driedTo minimize possible wall anaial dispersion effects in the
yxed-bed column, théed lengtkto-particle diameter rationust begreater than J60].

Two sizes of the column were used in the experiment. The large columamiaternal
diameterof 1/2 inch(1.27 cm)and column height of 6.4 cm, and the small colunthdra
internal diameteof 1/4 inch(0.635 cm)and column height of 4.8 cmh& diameter of
thebeads was around 1 mmherefore, thded lengtho-particle diameter ratio for both

thelarge column anthesmall column was greater than. 20
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A solution containing 1ImM CuSQwvas pumped into the fixelded column by a syringe
pump (New Era Pum@Bystems, Faningdale, NYj with volumetricflow rate varied at

0.1 mL/min, 0.25 mL/min and 1mL/min. The setgghown in Figure 2. To be consistent
with equilibrium experiments, the pH tfe CuSQ solution was fixed at 3.5. Adsorption
experiments were carried out edom temperature. The outflow was sampled at 5
minutes, 10 minute£0 minutes30 minutes40 minutes,60 minutes80 minutes120
minutes,150 minutes180 minutes210 minutes240 minutes300 minutes360 minutes
and480 minutes. The copper ion conttion in collectediquid samples was tested by
inductively coupled plasma mass spectrometry (ICP/MS), the method which was

introduced in Chapter 3, 3.2.4

Large
alginate gel
beads

o Iw
Co

syringe
pump

Ct

c ¥

Figure 2-2. Schematic view ofhefixed-bed column experiment.
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5.3 Results and Discussion

5.3.1 Fixedbed column adsorption results

To investigate the effect of flow rate on the adsorption behavior of-beedcolumns,

the solution containing 1mM CuQQwvas induced into the fixeded columns with
volumetric flow rate varied at 0.1 mL/min, 0.2®mL/min and 1mL/min. Fothe large
column, it was observed that when the flow rate Wwag, the inlet end of column
appeared to be light blu first, and then the color dheinlet part darkened while the
entire body of colummyraduallyturned blue. Wan 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 operafis the copper
sulfate solution was pumped in, the inlet &edame faint blue d@he beginning, and then

the colordarkenedAfter 480 minutes, the flow entranoegionshowed bright blue color,

while therestof the column remained colorless.

In fact, the color change of columns provided visual evideidbe adsorption process
inside the fixeebed columns. Whethe flow rate was high, the copper/alginate contact
time was short on each layer of adsorbent. Even though the copper ions adsaxed on
alginate beads near the inlet end first, thees still a large amount of copper ions
carried farther down thecolumn by flow before the adsorption reaction occurred
Therefore, the adsorption was performed relatively uniformly in the4dezticolumn. In

addition, since the volume of treated solution Veage underhigh flow rate, the fixed
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bed column might reach saturation at the enthefexperiment.For thelow flow rate
case, there waa longercopper/alginate contact time fadsorption on each layef
adsorbent. As the solutigpassedthroughthe fixed-bed olumn, the concentration of
copper ios decreased significanthyith axial position due tadsorptionoccurring along
the way Therefore, the adsorption rate became much |latehe outlet end of the
column compared to thaif theinlet end Since the ammt of solutionpassing through
was not sufficient to saturatée entire fixedbed column, adsorption mainly occurred

near the inlet part dhecolumn.

The differencan color change caused by flow rate in small columns was not as obvious
as that in lage columns.Resultingfrom the limited amountof adsorbent in small
columns, allof the small columns turned bright blue when the experiment finished,

indicating that they were close saturation

In order to study the breakthrough properties of fiked columns, the values of
concentration of the outflow C at different tiswere divided by the value dfeinitial
concentration of copper sulfate solutiog @nd plotted against operating time t when the
flow rate was held constardt 0.1 mL/min, 0.25 mL/miror 1 mL/min, as presented in
Figure5-1 and Figure 52. In this study the allowable breakthrough concentration was

consideed to be 5% ofheinitial concentration @

Figure5-1 shows the breakthrough curves of the large fized columns. It can be seen

that the values o€/C, increasd graduallywith operating itne for all three columns
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presentedn Figure 5-1. The columnadsorbingcopper sulfate solution with 1 mL/min
volumetric flow rate has the sharpest breakthrough curve among the three large columns
and reachethebreakthough point after 25 minutes. The value<o€, for the other two
columns increased very slowly. After 480 minutes, the column with 0.25 mL/min flow
rate hitthe breakthrough point, while theolumnwith 0.1 mL/min flow rate was still

below breakthrough when the adsorption experiments ended. None of the breakthrough
curves exhibiteda plateau duringoperation indicating that the columnsvere not
saturated after 480 minutes. Apparently, the columm WitmL/minwould have been

saturated much sooner than the other two columns, if the opdnatioczontinued

large column
0.7
0.6 A
0.5
9 04 A
8 A 0.1 ml/min
0.3
Aa [J0.25 ml/min
0.2 A _
A A A1 ml/min

0.1 A
téw;ww—Q—Q ~
0 X 2
0 100 200 300 400 500 600

time (min)

Figure 5-1. Breakthrough curves of the large fixedd column when the flow rate was
0.1 mL/min, 0.25 mL/min and thL/min.

Figure5-2 presents the breakthrough curves of the small fbexdi columnsin contrast
to the large columns, whose breakthrough curves showetinear increase, the

breakthrough curves of two small columns, which had high flow rate, exhibltedar
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increase folbbwed bya plateau shape. After 5 minutes ageration the concentration of
outflow from the column with 0.25 mL/min flow rate was already 20% of the inlet
concentration, higher thathe breakthrough concentratiofor the highest flow rate
column,the outflow concentratiorwasmore than 50% of the initial concentration at the
very beginning of the experimenthese observationiustrated that 0.25 mL/min and
higher volumetric flow ratewere not suitable for small fixelsed column operation.
Since higheflow rate causes shorter residence time, when the feeding flow rate is higher
than a critical value for certain fixdeed colums, the alginate gel bead® not have
sufficient time to bind with copper ions, resultingimfierior 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 clearthat the adsorption slowed down after 180 minutes for 0.25 mL/min
column, while forthe 1 mL/min column, not much adsorption occurred after 80 minutes
This differenceindicates a shortercolumed i ve | i fe at a hiiggher
saturated fasteat ahigher flow rate because of the larger amount of copper ions fed into
the column while the operation time is fixed. The breakthrough curvethaef small
column with0.1 mL/min flow rate has linealy increasingtrend similar to that ofthe

large columns. Iteachedoreakthrough after 30 minute$ being fed with copper sulfate
solution, and the adsorption kept going at a constant aade the duration of the

experiment.
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Figure 5-2. Breakthrough curves of the small fixedd column when the flow rate was

0.1 mL/min, 0.25 mL/min and taL/min.

Figure 5-3, Figure 5-4 and Figure 5-5 plot the curves ofC/Cy against the volume of

treated solutiorat multiple flow rates. Figure5-3 presents the breakthrough curveshef

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 3ofntopper sulfate solution, while

the volume of treated solution before breakthrough was nguehterfor the large

column. When the experiment whsished the adsorption capacity tfe large colunm

was still sufficientFigure5-4 illustrates the breakthrough curvestiogélarge column and

small column at 0.25 mL/min flow rat&he largecolumn 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 wderhipanthe

breakthrough concentration at thegmning of the experiment.Figure 5-5 has the

breakthrough curves of large column and small column at the highestrdle, 1

mL/min. When the flow rate was increased to 1 mL/min, the concentratite ofitflow
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from thelarge column grew to breakthrough much faster than at low flow rate. The large
fixed-bed column treated 25 maf solution in total before bekthrough Similar with
Figure5-4, the small column presentedfigure5-5 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 tbelarge column than fathe small column at the
same flow rateThe differencecan be explained by the fact thatlaager fixed-bed
column has moradsorbent available faopper ion bindingandtherefore more solution

could betreated and the breakthrough time is longer.

0.1 ml/min

0.45
0.4 O
0.35
0.3 O
O
0.25 00

0.2 O & large column
0.15 oo

Osmall column
0.1
0.05

0 000000006 ¢ o ¢
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Treated volume(ml)
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Figure 5-3. Breakthrough curves dlielarge column and small column at tihe@w rate
of 0.1 mL/min.
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Figure 5-4. Breakthrough curves dhelarge column and small column at the flow rate
of 0.25 mL/min.
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Figure 5-5. Breakthrough curves dlfielarge column and small column at the flow rate
of 1 mL/min.

To compare the efficiency of fixeded columns, the number of bed volumes (BV) was
introduced and defined as:

BV=Volume of solution treated/Volume of adsorbent (5-1)
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In addition, void ratio and residence time were calculated by following equations:

Void ratio= (Column wlumeParticle volumé/Column wlume (5-2)

Residence time=Column volumé&/éid ratio/flow rate (5-3)

Table 5-1 summarized the number of bed volumes of all tested fpesti columns at
breakthrough, and breakthrough time for each column. It shioatstiie large column
with 0.25 mL/min flow rate has the highest BV number, which was able to treat 33.3
times asmuch as its own bed volume of copper sulfate solution before breakthrough.
When the flow rate was increased to 1 mL/min, the BV number decr¢as/.4 foithe
large column, indicating lower efficiency than 0.25 mL/min fitestl column. Although
the experimendid notgive out the exact BV number tfe 0.1 mL/min large column, it
could be predicted that the 0.1 mL/min large column has rhigher BV number than
other two large columns, since the copper ion concentration of outflow was only 0.04%
of initial concentration, far belowhe breakthrough concentration, after treating 14 times
asmuchvolume as its own bed has. The BV number decreasing with flow rate could be
interpreted by the fact that the copper iansmore efficiently and fully adsorbed da
alginate beds when the copper/alginate contacting time is longer for each layer of

adsorlent.

However,the BV number is not the only factarsedto evaluate the fixetbed column
performance. Although the column operated at exthehogv flow rate hasa very high
BV number, the breakthrough time will be very long, indicating low efficiefary
treaing thesolution. Therefore, both BV number and breakthrough time should be taken

into consideration ina practical application. A column witthigh BV number at
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breakthrough and moderate breakthrough time is believed to b@eviElming In this

study, the best tested fix¢xd column is the large column at 0.25 mL/min flow rate.

Comparing the BV number and breakthrough timéhefsmall column at 0.1 mL/min, it

was found that its performance resembiteat ofthe large column which had 10 tisvas

fast flow rate as the small column had. Considetimgf 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 certaindfececcolumn is

proportional to the amount of adsorbent it contains.

Table 5-1. Operation parameters of large columns and small columns at floswfaiel
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 >> 480 480 25 30 N/A N/A

(min)

5.3.2 Model comparison

(1) Thomas model
The Thomasmode[56] is one of themost widely used maas to evaluate doimn

performancs. The Thomasmodel was derived from the mass conservation equation in a
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continuous flow system, which demands that the solute entering adagéthe fixed

bed column in timegt be accounted for as follows:

curt=(c = dyud mdxE o axr (5-4)
X [ tu

in which ¢ (mmol/mL) is the concentration of solutiom (mL/min) is the flow ratex (g)
is the mass of the adsorbent contained therein, indicating the distance from the input end
of the fixedbed columng (mmol/mg) is the concentration of adsorbed material, rand

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

Ie,mp 1l g 55
IX U f u tp

For constant flow rate, the equaticanbe rewritten as,

Kin B He (5-6)
kX MW

whereV (mL) is the volume of the outflow.

Assuming thatdsorption rate is determined by the chemical reaction, i.e. the diffusion is
not a ratedetermining factor, and equilibrium adsorption falkthe Langmuir isotherm,

and the adsorption obeys psewsguondorder reversible reaction kinetics, the expression
of theThomas model was obtained after a series of complicated derigétios

& 0 K 1 (5-7)
Co 1+ engTh QM -GV )
u

whereCy (mg/L) is initial concentration of adsorbatg, (mg/L) is the concentration of
adsorbate in the effluent at timte kry (ML/mg min) is the Thomas rate constaut,

(mL/min) is the flow rateQo, (mg/g) is the equilibrium adsorbate uptake onto unit mass
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of adsorbentM (g) is the mass of adsorbent in fixedd column, an®/es (ML) is the
volume of treated solution at tinbe

TheThomas modetanbe linearized tdhe following form:

k., GV,
In(%- 1) —"fh%'\" mCoVer (5-8)

: u

Plotting In(%- 1) againstV,, , krn and Qo canbe assessed by the slope and intercept.
t

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

maximum adsorptioQ.

e - 1)
Figure5-6, Figure 57 and Figure 8 show the plots of ™t against the volume of

efﬂuentvEﬁ in the large and small columns with 0.1 mL/min, 0.25 mL/min and 1 mL/min

In(&- 1)
flow rate, respectively. Linear relationships between™ and "¢ being observed

with the values of Rmostly close to unity suggests tlihe Thomas model is suitable to
describe copper ion adsorption tmalginate beads in a continuous fixeedd column
system.The Thomas rate constakt, and the maximum adsorptidp, for each column
were acquired from the slope and the intercept of tharifiing and listed inmable5-2.
Because of the limited residence timetire small column with 1 mL/min flow rate,
incompleteadsorption occurred in that columnherefore,the Thomas model failed to

evaluate its adsorption process.

From the stastical data presented iftable 5-2, it can be seen that the Thomas rate

constantkry slightly increased with the increase of flow rate. However, regardless of the
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column size and flow rate, the valueskgf varied within thesame scale and averaged
approximately at 0.09 mL/mg min. The insensitivitiythe Thomasrate constanto the
flow ratesupportghe assumptionf the chemical reaction being the rate controlling step.
In addition, it was found that the values of maximum adsorption cap@gifgr all
columns with varied flow rate were smaller than equilibrium data obtaindeeinatch
adsorption experiment, incAtingthatthe Thomas modalielded realistic values for the
fit parameters, but may somewhatderestimatéhe maximum adsorption capacity &

continuous fixeebed column of alginate beads.
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Figure 5-6. Linear Thomas model fit to adsorption datdh@large column and small
column ataflow rate of 0.1 mL/min.
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Figure 5-7. Linear Thomas model fit to adsorption datdhalarge column and small
column ataflow rate of 0.25 mL/min.

1 ml/min

%00 600 & large column

In(CO/G1)

Osmall column

Volume (ml)

Figure 5-8. Linear Thomas model fit to adsorption dafghe large column and small
column ataflow rate of 1 mL/min.



96

Table 5-2. Statisti@l data ofthe Thomas model fit tdarge columns and small columns at
the flow rats of 0.1 mL/min, 0.25 mL/min and 1 mL/min.

Qo KTh R° Estimated Experimental
(mg/g) (mL/mg Breakthrough Breakthrough
min) Time (min) Time (min)
Large 0.1 5.35 0.049 0.89 2050 >> 480
Column mL/min
0.25 3.90 0.093 0.92 420 480
mL/min
1 6.99 0.123 0.93 10 25
mL/min
Small 0.1 6.56 0.097 0.87 10 30
Column mL/min
0.25 8.91 0.052 0.71 N/A N/A
mL/min
1 N/A 0.113 0.92 N/A N/A
mL/min

The Thomas model is widely used to predict the breakthrough curve and the maximum
solute uptake by the adsorbeRigure5-9 presents theredictedbreakthrough curves of

the large column with 0.1 mL/min, 0.25 mL/min and 1 mL/min flow rate, whilgure

5-10 shows thepredictedbreakthrough curves aie small column with 0.1 mL/min and

0.25 mL/min flow rate. By usinthe curves inFigure5-9 andFigure5-10, the volume of
effluent when breakthrough occurrean be easily estimatedssuming that the flow rate

was constant, breakthrough time wadculated and listed ifiable 5-2and wasound to

be a good agreement witthe experimental brakthrough time In addition, the
breakthrough time fothe 0.1 mL/min large column wagredicted by th&homas model,

even though the experimental data wassodiicientto yield thatvalue
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Figure 5-9. Predicted breakthrough curvestbélarge column at 0.1 mL/min, 0.25
mL/min and 1 mL/min flow rate bthe Thomas model.
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Figure 5-10. Predicted breaktlbugh curves othesmallcolumn at 0.1 mL/min, 0.25
mL/min and 1 mL/min flow rate bthe Thomas model.
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(2) AdamsBohart model

The Adamg Bohart moddb7] is another widely applied model for fixdskd column

adsorption Adams and Bohart proposeda relationship betweel€C/C, and t in a

conti nuous [gasvadsarptientoe carbdhle modelassumes that the rate

limiting step is chemical reaction on the surface, and tl®raton process follows

pseudesecondorderirreversible reaction. The adsorption reaction rskegqc.

Considering aelectedoortion of adsorbent, thesidualadsorption capacitgecreaseat

the rate given by following equation,

& = &qc (5_9)
X u

whereq is residualadsorption capacity (mg/L}; is the solution concentration at tinhe
and distance from inflow entrangg(m), u (m/min) is the superficial flow rate, andg
(mL/mg min) is the Adam8ohart rate constant. After integration, the &inform of the

AdamsBohart model can be written as:

In(%-l) AnEe*=%?" 1) kGt (5-10)

t
whereCy (mg/L) is theinitial concentration of adsorbat€; (mg/L) is the concentration
of adsorbate in the effluent at timeQ, (mg/L) is the equilibrium adsorbate uptake onto
unit volume of adsorbent, artl(m) is the height of the fixeded columnThe Adams
Bohart model isnostly used to describe the initipart of the breakrough curven a
fixed-bed column systenDne advantage dhe AdamsBohart model is that 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, 0.25mL/min and 1 mL/min flow rate were fit to th@damsBohart model
shown inFigure 511 and Figure £&. Since the prediction curves in Figurelb and
Figure 512 show that the large column with 1 mL/min flow rate and small columns with
0.1 and 0.25 mL/minléw rate went far beyonthe breakthrough point, only the initial
period adsorption data (0 to 200 mirs)tevere adopted when usirige AdamsBohart
model to evaluate those columrii$ie AdamsBohart constankag and the equilibrium
adsorbate uptake do a unit volume of adsorber®, (mg/L) were obtained from linear
regression analysis, atite estimated breakthrough time wdisectly read fromFigure 5

11 and Figure 82. To comparewith the Thomas modelQ, (mg/L) was converted to the
equilibrium adsorbate uptake dio a unit mass of adsorber@, (mg/g) based on the
density of alginate gel particlesd presented infable 5-3 with other parameterd.he
AdamsBohart model exhibited fairly good agreement with experimental data. Compared
with the Thomas model,the AdamsBohart model predicteda more accurate
breakthough time tharthe 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 denselyThe estimated maximum adsorption capa€ty(mg/g) was lower than

equilibrium experimental data, even marethan the values from tidomas model.
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Figure 5-11. LinearAdamsBohartmodel fit to adsorption data tielarge colummat
flow rates of 0.1 mL/min, 0.25 mL/min and 1 mL/min.
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Figure 5-12. Linear AdamsBohart model fit to adsorption datatbe 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. Statistial data ofthe AdamsBohartmodel fit tothelarge columns and small
columns at the flow rageof 0.1 mL/min, 0.25 mL/min and 1 mL/min.

Qo Kag R° Estimated Experimental
(mg/g) (mL/mg Break- Break-
min) through through
Time (min) Time (min)
Large 0.1 5.42 0.049 0.89 N/A >> 480
Column  mL/min
0.25 3.90 0.093 0.92 420 480
mL/min
1 mL/min 5.69 0.162 0.88 25 25
Small 0.1 4.35 0.165 0.94 25 30
Column  mL/min
0.25 9.08 0.080 0.62 N/A N/A
mL/min
1 mL/min N/A 0.145 0.87 N/A N/A

(3) YoonNelson model

Yoon and Nelson developed a simple model to describe the adsorption of adsorbate gases
on to activated charcod8]. They denoted) asthe probability for adsorption ang as

the probability for breakthrough. In other words, Q isftiaetion of the irflow that gets
adsorbed and P is thHeaction of the inflow that flows out of the columiThis model
assumedhat the rate of decrease in the probability of adsorption for each adsorbate

molecule is proportional tQ andP, shown as:

_4Q 4
Y

gt QP (5-11)

SinceP=1-Q, the following equation was obtained:

Q- dQ 5-12
n5+ LS e (5-12

After integration, the equation became:

ln(%) =kt D) (513
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wherek,,, (min'") is the rate constarind ¢ is a constantNote that whenQ=0.5, ¢ =t,

: . . . 1- C
Therefore,z is the time required for 50% adsorbate breakthro@iinggingQ = C .
0
into theequation, ke linear form of YoofNelson model is expressed as:
C _
In( ) =kt Ky (5-19)

Co'Ct

The YoonNelson modeis always used to predict 50% adsorbate breakthrough time.

In Figure5-13 and Figure5-14, the values oln(C/Cy1 G from large and small columns
were plotted against adsorption timeThe YoonNelson constastkyy and ¢ were
estimatedand listed inTable 5-4. The linear relationship betwedm(C/Co 1 G) andt
demonstrates that the Yodielson model is a suitable model to describe the continuous
adsorption ina fixed-bed column systemln addition the values off show good

agreement witlthe experimental 50% breakthrough tane

Large Column

2
0 7y
) 100 200 A 400 500 600

—~~ -2 A
(@] .
o) | ¢ 0.1 ml/min
Q 4
o) 00.25 ml/min
[
T -6 A1 ml/min

-8 M

-10 . .
time (min)

Figure 5-13. LinearYoon-Nelsonmodel fit to adsorption data tiielargecolumn at
flow rates of 0.1 mL/min, 0.25 mL/min and 1 mL/min.
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Small Column

5
4
3
2
L8’ 1 0.1 ml/min
S o 010.25 mi/min
= 1 600 41 mi/min
2
3
4

time (min)
Figure 5-14. Linear Yoon-Nelsonmodelfit to adsorption data dhesmallcolumn at
flow rates of 0.1 mL/min, 0.25 mL/min and 1 mL/min.

Table 5-4. Statisti@l data ofthe Yoon-Nelson modefit to thelarge columns and small
columns at the flow ragsof 0.1 mL/min, 0.25 mL/min and 1 mL/min.

kyn (Min™) t (Min) texp (Min) R°
Large 0.1 mL/min 0.0033 2858 >> 480 0.90
Column 0.25 mL/min  0.0052 1049 >> 480 0.89
1 mL/min 0.0066 461 ~430 0.89
Small 0.1 mL/min 0.0061 468 ~ 480 0.87
Column 0.25 mL/min  0.0033 242 ~ 300 0.71
1 mL/min 0.0072 N/A <5 0.92

Comparingthe Thomas model anthe AdamsBohart model, which have similéorms
of model equations, botthe Thomas model anthe AdamsBohart model are able to
estimate the maximum adsorption capacitytted adsorbent.The Thomas model was
derived from a general mea conservation equation with the assumptioh.afigmuir
isotherm and pseuesecond order reversible reaction, while the Ad@&@ubkart model

was simply deduced from pseudecond order irreversible adsorption Kkinetics.
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Therefore, the comprehensive factorgluded inthe Thomas model makes it more
accurate to fit the experimental data. Besides, it was found that the valubs of
maximum adsorption capacity and adsorption rate constaheicontinuous fixeebed
column are not consistent with those thre batch system. The valseof maximum
adsorption capacity calculated by batle Thomas model anthe Adams-Bohartmodel
are smaller than that the batch systemThe smaller values fit from the continuous flow
experiments are not necessarily an error fromrnodels but instead mawdicate the
existence of flow bypass the fixedbed experimentDue to uneven flow pattesmn the
column, some large calciualginate beadmay nothave the chance to contact witte
copper sulfate solution sufficiently, cging the underestimation ahe maximum
adsorption capacity bthe Thomas model anthe AdamsBohart model. Tke bypass
phenomenommay also lead to the underestimation of the psesslmond order rate
constant. In addition, since a continuous fekedl column is not a wetitirred system,
the diffusion resistance may not begligible. This idea conflicts witlthe assumption of
chemisorpion beingtherate controlling step ithe Thomas model anthe AdamsBohart
model. Thispossible significance of diffusion resistancesigpported by the fact that in
spite of perfect data fitting tthe pseudesecond order equation mbatch system, the
values otthecorrelation coefficiersgof the experimental data fitting the Thomas model

andthe AdamsBohartmodel in continuous fixetded columns are only around 0.9.

The Yoon-Nelson model is quite simple and straightforward.afisumesthat the
adsaption equilibrium occursnstantaneouy, and that the adsorption im fixed-bed

column is homogeneous and uniform. Despitss thefective assumptiorthe Yoon
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Nelsonmodelsuccessfully gave relatively goodsfiio the adsorption data in this study.
In fact, all three models are valuable and informative to the study of continuouséxed
column adsorption, since they proviggominent and unique characteristic feasure
respectively, such asdsorpion capacity (Thomas modelAdamsBohart modé),
breakthough curvewithout sufficient datdThomas modej)service tine (AdamsBohart

model) and time for 50% breakthrou@tooni Nelsonmode).

5.4 Summary

In this chapter, the adsorption behaviofigéd-bed colums packed withlarge calcium
alginategel beads wasstudied by varying the column size and volumetric flow rake
resuls show that when flow rate was higthe adsorption was performed relatively
uniformly in the fixedbed columnandthe fixedbed column might reach saturation at
the endof experimentFor the low flow rate caseadsorption mainly occurred near the
inlet regionof the column.In the aspect of breaking throughgcolumnhad shorteactive

l'ife at a ,lriagmadersizpow r at e

There are two main factors to evalutite efficiency of a fixeebed column: BV number
and breakthrough timéA column with high BV number at breakthrough and moderate
breakthrough time is believed to be wedrfornming. Therefore, there is an optimal flow
rate for a certain size of column. IB& that, the breakthrough time would be too long

and volume of treated solution would @eficient while above it, the BV number would
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be small and the adsorbent would not be used efficieimlthis study, the best tested

fixed-bed column is the largslumn at 0.25 mL/min flow rate.

Moreover, the Thomas modelthe AdamsBohart model andhe Yoon-Nelson model
were used to fit experimental data. All three models wemento be suitable to
describe the adsorption behavior of fieeld columns.They also provided unique
characteristic featuserespectively, such alsorpion capacity (Thomas modeAdams
Bohart modeé), breakthrough curveithout sufficient datgdThomas mode])service tine

(AdamsBohart model) and time for 50% breakthroyylmoni Nelsonmode).
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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
manufacturingo painting The rheological propertiesspecially the relative viscosity of
suspensions, have drawn much attention over the past century. There have been many
investigations trying to predict and correldlbe viscosities of/arious suspensions with

the rigid particle volume fraction and maximupacking particle volume fractiohy

theoretical and experiment@bproacheft5-74].

Two commonly used viscosity models are tlaronPierceKitano model[66, 71] and

the Zarraga mode|73]. The Maron-PierceKitano model has a simple form tiescribe
the relative viscosity/, as a functionof the volume fraction of particle and the
random close packing fractiofy,, for monodisperse suspensipssiown in Equation (6

1).

h f
h =" %1 —-)? 6-1

The Zarraga model has a siani expression to théMaronPierceKitano model. It

adjusted the power from EquationIpand scaled it bg >*¥ asseen in Equation (8).
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- 2.34f

h="__ (6-2)

The parametef , in Equations (€l) and(6-2) was detenined by fitting each equation

to the experimental datar by measuring the value experimehytallhe MaronPierce
Kitano model, the very similar Krieger mofé8] and theZarraga model have shown

good agreement to experimental data for monomodal suspensions.

In fact, bimodal mixtures are more representative of practical particulate sytst@ms
monomodal dispersiong&imodal suspensionare 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 ettproducts The distinguishing feature of a
bimodal suspension is that itelative viscositydepends on not onlthe bulk particle
volume fraction and maximum packing volume fraction of the partitlealsothe size

ratio of the two types of particleand therelative volume fraction of th@articles
Therefore, several parameters can be varied in order to enhance packimg dhe

viscosity of aflow by adjusting the composition of a bimodal suspension.

Some research has been reported orrlieebgical properties of bimodal suspensions
Chonget al[75] identified the diameter ratio of large to small spheeeand volume
fraction of smaller particlest, as two important parametets characterize a bimodal

particlemixture. They found that wher=0.25 and théulk volume fractiort , was fixed,
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the viscosily of concentrated suspensions decreasdtieggarticle size ratia-increased

from 1.0 to 7.25 and there wasno significant viscosity change whe®- >10. The
investigators believed than optimum value o8- existed to minimize the suspension
viscosity where-andt , werefixed. Stormset al[76] measured the viscosity of bimodally
distributed polymethylmethacrylage(PMMA) suspensions in silicone oil at low shear
rate over a large range of particle volume fractiofisey observedhe concentration
dependence of theelativeviscosityand quantatively predictedthe effect ofe-andz-on

the viscosity of bimodal suspensio@hang and Powe]|l77] found that,for a fixedbulk
volume fraction of prticles, the viscosities of bimodal suspensions were always less than
the viscosities of monomodal suspensios. Moreover, theyprovided additional
experimental datdor highly conceftrated suspensions (= 0.67) showingthat the
bimodal size distribution of particle®uld have an effectot onlyon the sheawiscosity

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 sheamduced particle migration in a nonuniform shear flow. Larger particles
tend to migrate more quickly to low stress regions, leaving behind the smallelepart
Size separation of otherwise identical particles has been observed in tube flow, concentric
cylinder flow and free surface floyw§], channel flow]79], and torsional flow between
parallel plate§80]. Shaulyet al. [81] developed a model to describe the sheduced
particle migration in a polydisperse concetgd suspension, which was apgile to

solve the flow patterns and the particle concentration distributiondidisperse
suspensions in various viscometric flowey found thathe total energy dissipation

rate and, therefore, the power required to drive the flow were diminished considerably at
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steady stateThe drift velocity arising from sheanduced particlemigration in a
monomodal suspension is typically estimatedaas[(), wherea is the particle radiusf

the particle volume fraction amdthe shear rat¢82).

In addition to the experimental investigations on theological properties of bimodal
suspensionsmany studies have focused on the theoretical predictiotneo relative
viscosities of bidisperse suspensions. F488 first proposed a wdel to estimate the

viscosity of multi-modal systemsn terms ofthe viscosity ofits componentsin which

fine particles in suspension were viewed as a continuum and a maximum Voo
parameter was not involvedd bFyarDdkaen enoadred
[84] and also byzaman and Moudgil85, 86] to take particle interactigninto account.

Chong et al[75] and Sudduth[87] suggested that the particle size distribution (the
diameer ratio of large to small sphergsthe volume fraction of smalparticles,and

maximum packing fraction aremportant parameterdo characterizea bimodal
suspensionThe value of the maximum packing fraction is an empirical quantity, and a
widerange @ valueshasbeen establishdd@3, 75-77, 88-91]. In this paper, 0.62 was used

as the maximum packing fraction for monomo

results.

Recently, Qi and Tanng¢®2] developed a new model to estimate the maximangdom

close packing of didisperse system. In their model, they successfully related the value

of the maximum packing fractioof bimodal systenj , . to that of nonomodal system

/ «p DY the following equation
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/. bm — jrcp + lg(/ )g:p(-l - rcp) (6'3)

wherex, is a function of te relative volume fraction of small particlesand x, is a

function of the particle size ratia which can be calculated by equationstj@nd (65).

_(/_1)1/3

x =1-e ¢ (6-4)
1
- (k -0.27f k¢0.27
0.0729
X = (6-5)

1- i(k -0.27) k>0.27
0.284

Once the value of ,, is attained, Qi and Tanner assess the relative viscosity of bimodal

system by using the Mendoza and Santartdakek model74], shown in equation ¢6)

and (67).
.5
h=@1-—L )2 (6-6)
1-g
in which
17
c=2Jw (6-7)
/ rcp

and, is the volume fraction of particles.

Then, the elative viscaity of a bimodal system is defined by equatiorB)6as a

product of two functions
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_hCh N _(MiCGAY 4
h==4 Ry M /0)H (s/1) (6-8)

where/1( j, ) is the vscosity of the bimodal suspensiof /) is the viscosity ofa
suspension containing only the large particle fraction, /aneé the viscosity of the

suspending fluid.

Each function can be computed by Mendoza and Santaialék model respectively

from the following equations.

H(/0)=(1 1L)2 (6-9)
1w (6-10

/ rcp
H(s/l)=(1 #)3 (6-11)

S

It is important to notice that (s/ 1) is not the relative viscosity of the small particle

fraction. I n other words, the suspension

particles instead of only suspending fluid by itself. Hence, the random close packing

fraction of the small parties is no longef ., . It should be adjusted t¢ - /)

because of the presence of the large particles.

CS - 1- (/ bm -./I) (6_12)
Jom™

By substitutingequation (69), (6-10), (611) and (612) into Equation (68), therelative

viscosity of a bimodal suspension is given by

f
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h =

r

; : (6-13
1- ¢/ 1 -G /s

[e{ai ] Nio

DD D

This new model developed by Qi and Tanneaswompared to experimental data
obtained by Chang and Powel[77], Chong et al[75], and Poslinskiet al[89].

Reasonably good agreement was found and reported.

Although many theoretical models have been derived andgravaled 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 alwalys sohtext of cell margination

in blood flow [93-95]. Soft particles typically are porous or deformable and contain
colloidalscale structure. In contrast taid particle suspensions, when a suspension
contains both rigid and soft particles,c&n exhibit strongly sheardependenproperties

even at moderate particle volume fraction, due to the deformability of the soft particles
and the interaction between rigid and soft particldgerefore the relativeviscosityand
sheardependence of rigid and soft particle suspensamasvery sensitive tthe bulk

particle volume fractiomnd relative volume fraction of the rigid and qudtticles

In this Chapter, the relative viscositias measured fdrimodal suspensions consisting of
rigid, large PMMA particles and softsmall alginategel beads with variedelative
volume fraction and bulk concenti@. The rheological properties oigid/soft particle
bimodal suspensions weniscussed In order ¢ 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 mode[92] adapted for such systems was developed and good agreement with

experimental data was acthesl

6.2 Experimental Methods

6.2.1 Materials

The bimodal suspension used for the rheology experiment was a mixture of
poly(methylmethacrylateYPMMA) rigid particles and alginate gel beads of varying

volume ratios with a Newtonian liquid.

To make alginate beadsthree solutionswere 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% Sp8 surfactant; iii) calcium chloride solution with
concentrations of OM calcium chloride and 0.5 Mucrose in water. An emulsion sva
formed by blending equal weight amounts of the alginate solution with the oil solution at
20,000 rpm for 10 minutes (UltrBurrax T-25 blender, IKA Works, Staufen, Germany).
The flask containig solutionswas immersed in ice water during blending to prevent
overheating of the mixture. The calcium chloride soluti@s added slowly immediately
afterward to crosink the alginate beads under magneticristyy conditions. The

emulsions wee then sparated in a separatory funnel with acetone washing. The alginate



115

suspensiorwas extracted and centrifuged at 6000 rpm48t The supernatant wa
removedand the resulting pellets wecollected as alginateedds. They we stored in
deionizedwater unti sievng was performed. The alginate beads used in the experiments

were smaller than 38m in diameter.

The PMMA particles (Lucite 41, Lucite International, Cordova, TN3ed in the
experiments havan approximate density of 1.18 gftnand anaverage dimeter of
approximately 90125 um. Since alginate beads are gel particles, their density is
considered to be similar to that of any suspending flimmatchP MMA particl e
density and preclude buoyanejfects, amixture of glycerin (73 wt% and water Z7

wt%) was usedas the suspendinfuid, which is aNewtonian fluid with viscosity
do=0.025Pa s at 25C. All the samples werdegassed in a vacuum oven untthe visible

air bubbles disappeared prior to the rheology experimemterder to eliminate the

bubbl esbeffackcrahteefdow. rheol ogy

A PMMA (25 vw% ) and alginate (25 vw% ) bimodal suspension aradyzed using a
BeckmanCoulter LS13 320 Laser Diffraction apparatu$he sample was run for
combined obscuration ammblarization 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 alcohbwas used if cleaning was requirddhe smple was stored in glass vials

and sonicated before processing and analyzed immediately after proc@éssingsult

presented irFigure 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 90n, yielding a diameter ratio of large to

small particles of approximately 3.

Diffraction Volume (%)
ORNWAUIION0OO
L L L L L L L L L

10 100 1000
Size (um)

[EEN

Figure 6-1. Size distribution of PMMA (25 vw% ) and alginate (25 vv% ) bimodal
suspension measured by laser diffraction spectroscopy.

6.2.2 Rheological test

Testing was performed amKinexus RheometefkKNX2100, Malvern Instruments). 40

mm diameter parallel plates (PL40/PU40) with a 2 mm \gape usedor all samples

providing a sufficient (20:1) ratio betweerthe sampleheight andthe averags°eMMA

particle diameterSuspensions were spread evenly the entire lower plate before
contacting with upper plate, in order to avoid particle atign caused by squeezing flow

[96]. The temperature was maintained at°€5in the testing chamber The sampl e
viscosity was measured undeseries of logarithmically varied shear rates rangio

5 to 200 &. Reynolds numbers of the bimodal suspensions during the experiments ranged
from 0.013 to 4.34Re< 1 in most cases), and the parallel @leddius to gap ratio was

20. Therefore, the viscosity measurement of bimodal suspensions was unlikely to be
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affected by secondary floy®7]. The particle Reyolds humber ranged from 0.00236 to
0.0944, so the inertial effect could be neglectiedlo separatscanswere performed on
eachsample.One covered the nge from low to high shear rate and the ofih@m high

to low. Each sample was psheared at 20 'sfor 30 seconds in order to break the
microstructure formed during sample loading. The results were avaragaedattempt to
avoid resultsensitivity to shear historythe standard deviation of all the results ranged

from 5% to 15%.

6.3 Results andDiscussion

6.3.1 Monomodal suspension

Figure6-2 presents the relative viscosity of PMMA patrticle suspensions as a function of
shear rate ranging from 5 to 200. §he data are the average of those obtained from
increasing and decreasing shear rate experiments, in order to eliminate sensitivity of the
resuts to shear history. Ifigure 6-2, the PMMA suspensions exhibit qué$éwtonian

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 2005 The camcentrated PMMA suspension, which has a bulk particle
volume fraction of 50%, shows slightly shear thinning behavior under the measurement

shear range, probably caused by ptem interparticle interactiof88]. 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 Lowdonder Waals forces, and weak
flocculation will form. Such complex microstructures would break down under,shea
causing shear thinning behavi@9]. In addition, Blancet al. [100 measured the pair
distribution function in monomodal suspensoand found an increased probability

of finding anotheiparticle nearby in the flow direction at high concentratwhen bulk
concentration igbove45%). Therefore, the alignment of PMMA patrticles along the flow

direction may form at high concentration and lead to the shear thinning trend.

1000
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Figure 6-2. Relative viscosity of PMMA monomodal suspensions vpisiticle volume
fraction vaging from 10% to 50%andshear rate ranging from 5 $o 200 §".

Figure6-3 plots the viscosities of alginate particle suspensions measured under the same
conditions as the PMMA suspensions shownFigure 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 beadsnlcontrast 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.

10
. X X X X XX x X x
2 00000044, « 10% alginate
o] A A A A A
2 < A A 020% alginate
> 1 E_W_H . _
% ] 10 100 1000 A 30% alginate
E 040% alginate

X 50% alginate
0.1
Shear rate

Figure 6-3. Relative viscosity of alginate monomodal suspensions with particle volume
fraction varying from 10% to 50%ndshear rate ranging from 5 $0 200 &".

The relative viscosity data of PMMA suspensions and alginate suspsrasieraged over

the range of shear rates are showRigure6-4. 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 éégsespensions 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 rigdiMA particles or soft alginate beads proved to

be quasiNewtonian. 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 raggrom 5 to 200°S. 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 volunenfr®espite 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 exhigligiige shear thinning

and could be considered gu&&wtonian 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 volumeofimctif small
particles at fixed bulk particle volume fraction of 50%, the viscosity of bimodal
suspensions with lowmall particle volume fractio(the volume fraction ratio of PMMA

to alginate equals 45/5 and 40/10) decreased severely with increasingasbesVhen

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 inedidn 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 ihis 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 largegid 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 Btaasic 6 s

research{10(Q, is that the softsmall 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, sofalginate 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 uate 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
tendtoactasaaddi t i onal component of the ficontin
particles acting as the discrete ph§g8]. In addition, ordering of the rigid PMMA
particles is not expected for PMMA particle volume fractions below (185. 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 cuRigan®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 wheime 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 patrticles.
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Figure 6-5. Relative viscosity of PMMA/alginate bimodal suspensions where the bulk
particle volume fraction was fixed at 508adthe shear rate varied from % ® 200 §.

Next, the relative viscosity of rigid PMA/soft alginate particle bimodal suspensions
was measuredith a fixed particlevolume fraction of large, rigid PMMA particles, and a
varying volume fraction of small, soft alginate begdsd therefore a varying total bulk
concentration)Viscosity datgpoints acquired at shear s ranging from*5es200 & were

measured and plotted Figure6-6 andFigure6-7.

In Figure6-6, 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 suspemsi® 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) sanephnd 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 budkaentration 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.

Figure6-7 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 showigare6-7. 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 poirfésgure 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 dgitae 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 becomesahat

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 a#0% and the shear rate varied from™5ts 200 &',
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Figure 6-7. Relative viscosity of PMMA/alginatbimodal suspensions where the volume
fraction of PMMA was fixed at 45%, and the shear rate varied fromt& 800 &".

By analyzing the experimental data presentedrigure 6-6 and Figure 6-7, it can be
speculated that the bulk concentratiacan affect the rheological propertiest

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 tuulthe
concentration. In order to rule out the effect of Wotume fraction of small particlesn

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 ttkecbacentration.

The samples6d6 viscosity was mea'soR00esdandunder
plotted in Figure 6-8. The viscosity curve of 40/10 (40% PMMand 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 &igawste

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 gewusityve to the

change of bulk concentration when it is around 50%, and the rigid/soft particle bimodal
suspen®ns possess distinctive shgaoperties once the bulk concentration of bimodal
suspensions is higher than 50%, consistent with the viscadiyod 40/15 (45% PMMA

and 15% alginate) ifigure6-5, 45/10 (45% PMMA and 10% alginate) and 45/15 (45%

PMMA and 15% alginate) ifrigure6-6.

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 aginate 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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guastNewtonian behavior to monomodal suspensions. At high shear rate, collisions
among the rigid anh 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 patrticles, and act as lubrication, helping the PMMA particles to form
aligned ayers 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 patrticles 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.
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Figure 6-8. Relative viscosity of PMMA/alginate bimodal suspensions where the particle
volumle fraction of alginate beads was fixed at 10%, and the shear rate varied ffom 5 s
200 s,

In the low shear rate range-80 s%), only the viscosity curves of 40/5 (40P8IMA 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 ran@®038), all of the
bimodal sispensions exhibitedsiear thinning tendency. To compare the intgredithe

shear thinning behavior, the slope of each viscosity curve in the high shear rate range
shown inFigure 6-5, Figure 6-6, Figure 6-7 and Figure 6-8 was calculated and plotted
against the relative volume fraction of small partiéleShe data points from suspensions
with several total bulk particle volume fractions roughly fall on alsirayirve, which
exhibits a distinct minimum value iRigure 6-9. The slope (a negative value) of the
viscosity curve initially decreases with an in@eank, and then increases until back to a
value of zero. Whelk 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 egjs 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 movingpace 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 sh@mndence 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 lubticen 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 behavidrlaw 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.

0 0.2 0.4 0.6 0.8 1
0 *
-0.05
-0.1
015 % ¢
-0.2 A
-0.25
-0.3
-0.35
-0.4
-0.45
-0.5

4

Slope

Figure 6-9. Intensity of shear dependencEPMMA/alginate bimodal suspensions with
varied bulk concentratiom and relative volume fraction of small particles & =45%,
D2 =50%:=%1% =92 %!=59%, *:t =60%.

Averaging the shearing data of suspensions when the bulk concentrafidh and
comparinghem wi t h Qi a n @2 (assumng [, &8.6), ih ehdves Ithat

although Qi and Tannerdéds model successfull
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 paricles

but it underestimates the value of the relatnacosities of our bimodal system. When
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k=0 ork= 1, the bidisperse system becomes mono
reduces to Mendoza and Santam#tial e k 6 s model . Apparent |
SantamaridkHo | ek 0 s mo d e | failed ities ofacorcenBated t h e

monomodal suspensions, which may result from the fact that Mendoza and Sartamaria
Hol ekds model does not consider the rigid
Whenk=0, the suspension only contains PMMA particles, andlike$y 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 Santamaitho | e k 6 s mod el d o e siclensospensiansp | vy t
because of the porous morphology of the particlesk&by 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 thareeted.
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Figure 6-10. Estimated relative viscosity of PMMA/alginate bimodal suspensions by
Qi 6s model vs. experi ment &lwasdiedaa50%bnedr e t he
the relative volume fraction of small particlkew/as 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,

h,=h(£; ) —(g)/((/;i’);y d(s/O)H(I/9) (6-14)

H(s/0) is the relative viscosity of soft particle suspensions. We found that the Maron

PierceKitano model could be used to assess the rheological behavior of alginate gel
particlesuspensions when the power was scale@.i?, as seen in equatiod15). The
modified MaronPierceKitano model is proves to capture thelative viscosities of

alginate moomodal suspensions, as showirigure6-11.

.
H(s/0)=(1 —)°™ (6-15)
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1.5+
° [ J
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0 0.1 0.2 0.3 0.4 0.5

Volume fraction

Figure 6-11. Estimated relative viscosity of alginate monomodal suspensions by
modified MaronPierceKitano model vsexperimental data.
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H(l/s)i s the relative viscosity of | arge ri(

phaseo mi x tdiogrfleid aod small soft pagtioles. The Zarraga model was used

to describe the rheological behavior of rigid PMMA patrticle suspensions (Zatada
2000). Since the matrix consisted of both suspending fluid and alginate Hgadas
replaced byf,,,- {as shown in the EquatioB-(6). f,,, can be calculated by Equations

(3), (4), (5) taken from the original Qi and Tanner model.

2.34f

H(l/s)=—2 (6-16)
a- Ty
fbm- é
Therefore,
- 2.34f
h =@ ff yorz___€ - (6-17)
rcp (1- I )3
fbm- é

The estimated relative viscosities of rigid/soft bimodal systems were computed and
plotted inFigure6-12, which shows good agreement to experimental data. The odly od

point is the one that has 50% plain PMMA particles. Similar to Nte:ndoza and
Santamariddolek model, the Zarraga model failed to predict the fact fARRMMA

particles may cause extremely large increases in the relative viscosity at high bulk
concentrab n . Compared with Qi ds model, t he mooc
improvement in characterizing the rheological behavior of soft/rigid particle suspensions,

presented ifrigure6-13.
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Figure 6-12. Estimated relative viscosity of PMMA/alginate bimodal suspensions by
new model vexperimental data when bulk concentratiomas fixed at 50% and relative
volume fraction of small particldswas varied.
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Figure 6-13. Comparison of estimated relative viscosity of PMMA/alginate bimodal
suspensions by Qi 0expenmecte data wherbulk concengdtiona n d
was fixed at 50% and relative volume fraction of small particleas 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 rigigsodte

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 sheandependent behavior. Onceethare 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 patrticles, and help PMMA particles to aliglong 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 dominatgdhe 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, theer@ge 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 alfotB5-60%, there is an
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optimal relative volume fractiomf 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 alginategel 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 alignent 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 -RiaroaeKitano

model, andadopts 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.
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Chapter 7 Conclusionand Future Work

7.1 Conclusion

Chitosan and alginate angghly abundant, edible and biocompatibkturalcarbohydrate
materials usedo remove heavynetal ions from aqueous solutions.this research, we

use chitosan and alginatat 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 adsorptiorproperties ofchitosan gel nanoparticles, calcitatginate
gel microbeads, chitosan/alginate combination particleslangg calciumalginate gel
beadswereinvestigatedn order to optimize bisorbent choidearticles were synthesized
and characterized by TEM and zetasigiThe equilibrium adsorption capability ofhe
chitosan gel nanoparticles, -calcitaiginate gel microbeads, chitosan/alginate
combination particles anldrge calciurmalginategel beadso adsorbcopper ions from
copper sulfate solution at fixed pH hasebeexplored.t was found that guilibrium
adsorption properties of chitosan nanoparticles have similar trends to thosleiom
alginategel microbeadsand large calciuralginate gel beadsnd the adsorption capacity
varies with the synthesis concetitba of chitosan nanoparticlegdsorption for both
chitosan nanoparticles and alginate microbessirsdifferently in alow concentration

(0.550 mM) copper sulfate solution arahigh concentration solutiofbOmM-1 M). The
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Langmuir isotherm fits the W 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 iamsre compared, which suggests that thegphate
groups inthe crosdinker TPP @n provide additional adsption sitesthat have lower

affinity than amine groups focopperions. In addition, exceptionally igh affinity
between copper ions and chitosaanoparticlesmay result in the pore blockage
phenomenonwhere the interior of the particle becomes inaccessiold consequently

limits theadsorption 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 mechani s ms ridge mddeb cab lee cangideredtai f i e d .
reasonablelescription ofthe chitosan/metal ion binding patternlsa, adsoption sitesof

alginate are most likely to be formed by only ongannuronater guluronateblock, in
contrast to the four gul ulroxnda t.r€ompadlythei t s r
two biopolymers, in both the low and high concentration ranges, cahlgimate 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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Alginatechitosancombination particles weraso observed, which have an intermediate
value of the maximum adsorption capacna, and identicalvalue of the affinity
coefficient K to that ofalginate microbeads part because of structural similarity to
alginatebeads The adsorption capabilities of combination particles can be predicted by
the weight ratio of calciumalginate gel microbeads and chitosan gel nanoparticles.
Benefitting from the rapid kinetics of chitosan nanoparticles and the high adsorption
capady of alginate, alginatehitosan combination particles are likely to perform
effectively and efficiently in multion systems as a novel, environmentally friendly

biosorbent.

Next, the adsorption kinetics of copper ions ondalciumalginate gel microlas
chitosan/alginate combination particles and large calalgmate gel beads were
investigatedn addition to the equilibrium studgince the kinetics affect the efficiency
and inservice life of a water purification system directly.was observedhat the
adsorption of copper ions on to alginate microbeads and combination particles was
gradual, while the amount of copper loaded onto large calaeigmate beads increased
rapidly and sharply before reaching equilibrium. In other words, the adsolptietics

of large calciumalginate 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 particlefieTadsorption of copper isronto combination
particles was slightly faster than éo plain alginatemicrobeads, benefitting from the

existence of chitosan on combination particlearge calciurralginate gel beads had
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smaller equilibrium adsorption capacity than alginatecrobeads and combination

particles due to their low degree of crdisking compared to alginate microbeads.

Comparing experimental data to kinetics models, the result showthéhaseudey r s t
order kinetic model could natepresentthe adsorption press accuratgl while the
pseudesecond order kinetic model successfully peestithe adsorption behavior over
the whole range of studies. It is confirmed ttre chemisorption mechanism is the rate
controlling step in the adsorption process of coppesionto alginate microbeads
combination particleand large calciuralginate gel beadsom copper sulfate solution

in a batch system, and the chemisorption reaction is second order

After optimizing biosorbent choice by analyzing equilibrium adsomptdata and
adsorption kinetics of particlesasn adsorption study ina continuous system was
performed.Large calciurmalginate gel beads were chosen as the adsorbent and packed
into a fixedbed column, since they have high adsorption capacity and fastpadso
kinetics compared to chitosan nanoparticles, alginate microbeads and chitosan/alginate
combination particles, and are unlikely to cause clogging or leaking in theledd
columns. The adsorption behavior fated-bed colums packed withlarge calaum-
alginategel beads wasstudied by varying the column size and volumetric flow rake

results show that when flow rate was highe adsorption was performed relatively
uniformly in the fixedbed columnandthe fixedbed column might reach saturatiat

the end of experimenEor the low flow rate caseadsorption mainly occurred near the
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inlet part of columnin the aspect of breaking throughcolumnhad shorterctive life at

a hi gherorlaang a smalleresize

There are two main factors in evaluating the efficiency of a fbel column: BV
number, and breakthrough tim&.column with high BV number at breakthrough and
moderate breakthrough time is believed to be peifaymvell. Therefore, there is an
optimal fow rate range for a certain size of column. Below that, the breakthrough time
would be too long and volume of treated solution wouldidigcient while above it, the

BV number would be small and the adsorbent would not be used efficienttys study,

the best tested fixelded column is the large column at 0.25 mL/min flow rate.

The Thomas model, AdanBBohart model and YoceNelson 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 providashique characteristic featse
respectively, such asdsorpion capacity (Thomas modelAdamsBohart mode),
breakthrough curvevithout sufficient datdThomas mode))service tine (AdamsBohart

model) and time for @6 breakthrouglfYooni Nelsonmode).

Finally, therheology of PMMA/alginate concentrated bimodal suspensiassstudied,
which can provide insight into particle migration anseparation in complex flow
observed in previous work, and therefore dlus futher design of fixedbed columns.
The relative viscosity of bimodal suspensions consisting of, igide PMMA patrticles

and soft small alginate beads with varied volume fraction and bulk concentration were
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measured in a parallel plate viscometer. BBMMA and alginate geimonomodal
particle suspensions exhibitnearlyshearindependenbehavior. Once they were mixed,

a strong tendency towardhear thinning occurs in the bimodal suspensidise
enhanced shear thinningpuld be explained by the factdh soft small alginate beads
may provide slip or lubrication to PMMA particles, and help PMMA partittealign

along the flow direction when the bulk concentration is high, wbéicause significant
shear thinning of bimodal suspensions. However, if the volume fraction of small alginate
gel beads is extremely low, tiwescosity of a bimodal suspension is dominated by the
large,rigid PMMA particles, because the smalbft particlescan easily migrate through

the interstices ofhe largeyigid particles, so that the interaction between smalllarge

particles is negligible.

Despite the effect of shear rate, the average relative viscosity of bimodal suspensions
increases when theolume fraction of small gel alginate beads decreases at tintal

bulk concentrationBelow a certain bulk concentrationf about 5560%, there is an
optimal small particle volume fractiacausingthe rigid/soft bimodal suspensi¢éo have

the mostdramaic shear dependeacin the high shear rate rangéetintensity of shear
dependeneinitially increases with the increasetbérelative volume fraction of alginate

gel particles, and then decreases until it reducethdoquasiNewtonian behavior of
monomodal suspension. Witethe bulk concentration is close to the maximum packing
fraction, the limited free moving space becomes an obstacle torttexing and

alignment of PMMA particles, and therefore weakens the shear thinning behavior.
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A recentmodel for the relative viscosity of bimodal suspensions has adapted to
rigid/soft particlesystems Thenew modelwasbuilt based orthe Zarraga model anthe
Maron-PierceKitano model, and adopte®i and Tannés method to calculat¢he
maximum packg fraction for bimodal suspensions. The estimation of the relative
viscosity br several bimodal suspensionsswampared to experimeh data, and good

agreement waobserved.

7.2 Future work

There are many opportunities for future work to extens pinoject. First of all, work
should continue on the adsorption behavior of a continuous-fizdccolumn. Variations

on the operation parameters of a fixaet column such asditoncentration 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 cortgpléata 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 affecfloe pattern inside the column,

the effect of the column geometry could be studied by comparing the adsorption
capacities of fixeebed columns with different cross section area/length ratio when other

parameters are fixed.



143

Besides, it would be interesgro 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 fixeeéd column was lower than that in a batch system,
indicating that lhe flow pattern was uneven and there were flow bypasses existing in the
column. NMRimaging 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 iformation to generate better packing of the biosorbent, and therefore

improve the adsorption efficiency of fixdzed column and lower the cost.

Finally, the biosorbent packed into fixéed columns could be further optimized. In the
study of equilibriumadsorption 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 cagcity of alginate. More importantly, they could be used in nrioiti
systems since chitosan nanoparticles are able to adsorb not only cations but also anions.
The only problem of using them in the study of fixeetl column is that they may clog

the columnand cause severe leaking. If there is some method to solve that problem, for
example, encapsulating them inside the large calalgmate gel beads (or only
encapsulating chitosan nanopaaldnate/dhimsan i f
combinaton particles would have great potential to serve as a novel, environmentally

friendly biosorbent.
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