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Chitosan has been proposed as a "natural" coagulating agent to solve 

wastewater problems. The main hindrance in this commercial chitosan application has 

been its low cost effectiveness. The hypothesis in our research is that chitosan 

complexes with natural polyanions is more effective than chitosan alone, particularly 

in recovering low concentration proteins from food processing wastewater. 

Chitosan (Chi) was reacted with alginate (Alg), pectin (Pec) and carrageenan 

(Car) ex-situ to obtain chitosan-polyanion complexes (Chi-Pol). Analysis by Fourier 

Transform Infrared (FTER) spectroscopy confirmed electrostatic interactions as the 

mechanism for complex formation. Scanning electron microscopy revealed a tight, 

non-porous structure except for the porous Chi-Car complex. Tests with a bovine 

serum albumin solution revealed low adsorption rates with slightly higher values for 

Chi-Car suggesting the need for an improved complexation method. 

Chi-Pol complexes prepared in-situ at different monomeric weight ratios (MR) 

were evaluated using pH 6 adjusted Cheddar cheese whey and surimi wastewater 

(SWW). Complexes used at 30 mg complex/L whey showed higher turbidity 

reductions than at 10 mg/L. MR had no significant effect on turbidity reduction except 



for Chi-Alg at 30 mg/L; the value (72 %) at MR = 0.2 was higher than for MR = 0.8. 

UV-Vis spectroscopy confirmed in-situ complex formation with a preference for the 

adsorption of specific whey protein fractions. 

Complexes formed at 0.2 and 0.8 MR were evaluated at two concentrations for 

the treatment of SWW. Tests at 50 mg/L showed a turbidity reduction of up to 97 % 

at 24 h with a 81-90 % recovery of SWW proteins. At 150 mg/L, similar efficacy was 

achieved in only 1 h with turbidity reductions ranging 94-99 % and 78-94 % protein 

recovery. FTIR analyses confirmed the adsorption of proteins as indicated by 

similarities in the three amide bands for Chi-Alg recovered solids and untreated SWW. 

Differential scanning calorimetry (DSC) was employed to study interactions 

of SWW proteins and Chi-Alg complexes. Untreated and complex bound SWW 

proteins revealed single exothermic peaks at 23.3 and 38.0 0C, respectively. This 

suggested Chi-Alg and SWW protein interactions increased the thermal stability of 

SWW proteins. However, further thermal analysis studies are needed to confirm this 

finding. 



©Copyright by Vivek Savant 

April 10, 2001 

All Rights Reserved 



Protein Adsorption on Chitosan-Polyanion Complexes: 

Application to Aqueous Food Processing Wastes 

by 

Vivek Savant 

A THESIS 

submitted to 

Oregon State University 

In partial fulfillment of the degree of 

Doctor of Philosophy 

Completed April 10, 2001 

Commencement June 2001 



Doctor of Philosophy thesis of Vivek Savant presented on April 10, 2001 

APPROVED: 

itirig FoocTScie Major Preffessor, representing Fooa Science and Technology 

Chair of Department of Fdoa Science and Technology 

? ir-y- 
Dean of Graduate ScmooT-^ 

I understand that my thesis will be part of the permanent collection of Oregon State 
University libraries. My signature below authorizes release of my thesis to any 
reader upon request. 

Vivek Savant, kujmor     v/ 



ACKNOWLEDGMENTS 

I would like to express my sincere gratitude towards my major professor. Dr. J. 

Antonio Torres, without whose guidance, support and faith, this project would not have 

been possible. His approach towards me as a co-worker, as opposed to a student not only 

gave me sense of responsibility and self-worth, but exposed me to various channels of 

academic research that graduate students seldom get to tread. 

Dr. Christine Maguire, Dept. of Forest Science for not only serving as my graduate 

council representative, but being very understanding and supportive when I needed it the 

most. My minor advisor, Dr. Sonia Anderson, Dept. of Biochemistry and Biophysics for all 

the knowledge I learnt from her classes and laboratory which helped me in my thesis writing. 

Dr. David Williams, Dept. of Environmental and Molecular Toxicology for his cooperation 

and suggestions on one of my first experiments. 

Finally, Dr. Dan Selivonchick, Dept. of Food Science and Technology, who served 

as much more than a committee member. He taught me some of the most vital steps of being 

a successful bench chemist. Working with him for six months gave me my first conference 

presentation and exposed me to a research area different from my own. Most of all, Dan 

showed me that science can be fun and that the ultimate success in life is measured in terms 

of staying true to one's soul. Thanks for being a friend and a source of inspiration. 

To the faculty and staff in the Dept. of Food Science and Technology who over the 

past five years have been helpful, kind and supportive. All the professors treated me as an 



as an equal when I served as the graduate student representative for over two years and 

were always there for the students. Thank you for listening. 

Graduate school was fim due to the great friends I made here. Rohan, Laurie, 

Jessica, Nate, Uri, John, Meg, Jeff and Anna. Each one of you had a positive effect on 

my life here at OSU and I'm grateful for your friendship. To Anton and Tina, no 

amount of words would suffice to describe the friendship and love you two extended 

towards me since day one. I will always cherish what we share and am confident that 

physical distance will never impair our friendship. Thank you, my favorite couple. 

To the three souls I had the good fortune of knowing since we were six years 

old, Bald, Basu and Shah. If everyone had true friends like the three of you, this world 

would be a much happier place. Thank you for all the good and comforting times. Only 

the four of us knew what was actually scheming in our brains. 

Above all, my mom and dad, whose unconditional love and immense faith 

propelled me in the right direction and kept me going through all these years. Thanks 

for beUeving in me and teaching me the values and morals in life. This thesis rightfully 

belongs to you two. 

If I had to choose one thing in my life which I would like to relive or have again 

in my next life, it would be my best friend, supporter, believer and wife, Lotika. Ten 

years and it still feels like that first Beatles' concert! You complete me. Thanks for 

putting up with me and my occasional outbursts. Although, we may be two lost souls 

swimming in a fish bowl, I would always want to share that fish bowl with you. I love 

you. Finally, we did it. 



TABLE OF CONTENTS 

Page 

I. INTRODUCTION 1 

H.        LITERATURE REVIEW 3 

2.1 Physicochemical properties 3 

2.2 Potential sources of chitin  5 

2.3 Production of chitin and chitosan   8 

2.4 Applications 8 

2.4.1 Antimicrobial agent 10 
2.4.2 Edible films and chitosan complexes 11 
2.4.3 Metal and dye removal 12 
2.4.4 Nutritional studies  13 
2.4.5 Food processing 13 
2.4.6 Biotransformations 14 

2.5 Seafood processing and the role of chitosan technology 14 

2.5.1 The environmental and political scenario  14 
2.5.2 Chitosan technology - A model for protein recovery and 

water use reduction   17 

ffl.       MICROSCOPY AND SPECTRAL ANALYSIS OF CHITOSAN 
CARRAGEENAN, PECTIN AND ALGINATE COMPLEXES   26 

3.1 Abstract  26 

3.2 Introduction 27 

3.3 Materials and methods 28 

3.3.1 Chitosan purification 29 
3.3.2 Complex formation  29 
3.3.3 Fourier Transform Infrared spectral analysis 31 
3.3.4 Scanning electron microscopy 31 
3.3.5 Protein adsorption  32 



TABLE OF CONTENTS (continued) 

Page 

3.4 Results and discussion 32 

3.5 Conclusions 49 

3.6 Acknowledgments 50 

IV. CHTTOSAN BASED COAGULATING AGENTS FOR TREATING 
CHEDDAR CHEESE WHEY 51 

4.1 Abstract  51 

4.2 Introduction  52 

4.3 Materials and methods 56 

4.3.1 Confirmation of complexation at initial pH 6 57 
4.3.2 Complex formation and flocculation 57 
4.3.3 Analysis of the coagulation process 58 
4.3.4 Controls and statistical analysis 58 

4.4 Results and discussion 59 

4.4.1 Coagulation efficiency 59 
4.4.2 Chi-Pol concentration in whey 59 
4.4.3 Treatment time 61 
4.4.4 Chi-Pol reaction mixing ratio (MR) 63 
4.4.5 Type of polyanion   66 
4.4.6 Effect of agitation 66 
4.4.7 Coagulation analysis   66 

4.5 Conclusions 69 

4.6 Acknowledgments 72 

V. FOURIER TRANSFORM INFRARED ANALYSIS OF CHTTOSAN 
BASED COAGULATING AGENTS FOR TREATING SURIMI WASTE 
WATER 73 

5.1       Abstract  73 



TABLE OF CONTENTS (continued) 

Page 

5.2 Introduction 74 

5.3 Materials and methods 75 

5.3.1 SWW pretreatment 76 
5.3.2 Complex formation and flocculation 76 
5.3.3 Turbidity and protein measurements 76 
5.3.4 Fourier Transform Infrared spectral analysis 77 

5.4 Results and discussion 77 

5.4.1 Chi-Pol concentration in SWW 77 
5.4.2 Treatment time 80 
5.4.3 Chi-Pol reaction/mixing ratio (MR) 82 
5.4.4 Type of polyanion   83 
5.4.5 Fourier Transform Infrared spectral analysis 83 

5.5 Conclusions 87 

5.6 Acknowledgments 87 

VI.       DIFFERENTIAL SCANNING CALORIMETRY OF SURIMI 
WASTE WATER ADSORBED ONTO CHTTOSAN-POLYANION 
COMPLEXES  88 

6.1 Abstract  88 

6.2 Introduction 88 

6.3 Materials and methods 89 

6.4 Results and discussion 90 

6.5 Conclusions 93 

VH.     THESIS CONCLUSIONS 96 

BIBLIOGRAPHY   100 



LIST OF FIGURES 

Fig. Page 

n.l      Structure of (a) Chitin, (b) Chitosan and (c) Cellulose  4 

n.2 General outline for the commercial production of chitin and chitosan .... 9 

El. 1     Outline for chitosan purification  30 

m.2     Spectrogram of Chi-Car 33 

m.3     Spectrogram of Chi-Alg 34 

in.4     Spectrogram of Chi-Pec 35 

in.5     Spectrogram of glucosamine 37 

in.6     Spectrogram of chitosan 38 

in.7     Spectrogram of carrageenan 39 

in.8     Spectrogram of alginate 40 

in.9     Spectrogram of pectin  41 

HI. 10   Micrographs of (a) unpurified and (b) purified chitosan 43 

mi 1   Micrograph of Chi-Car 44 

m.12   Micrograph of Chi-Alg   45 

m.13   Micrograph of Chi-Pec 46 

m.14   Micrograph of Chi 47 

HI. 15   BSA adsorption on Chi-Pol complexes 48 

IV. 1 Spectrograms of (a) Chi, (b) Alg and (c) Chi-Alg formed at pH 6 
and 0.52 MR 60 



LIST OF FIGURES (continued) 

Fig. Page 

IV.2    Turbidity reduction at two polymer concentrations (a) 10 mg/L whey; 
(b) 30 mg/L whey 62 

IV.3     Effect of polyanion, mixing ratio (MR) and treatment time on turbidity 
reduction of Cheddar cheese whey at two Chi-Pol concentrations, 
(a) 10 mg polymer/L whey and, (b) 30 mg polymer/L whey 64 

IV.4    Spectrograms of (a) untreated whey, (b) Chi-Alg (0.2 MR) treated whey 
and (c) Chi-Alg (0.8 MR) treated whey 68 

IV.5     Overall effect of complexation and coagulation time on the turbidity 
reduction of Cheddar cheese whey adjusted to pH 6.0   71 

V.l      (a) Turbidity reduction and (b) protein adsorption at 150 mg 
polymer/L SWW  78 

V.2      (a) Turbidity reduction and (b) protein adsorption at 50 mg 
polymer/L SWW  79 

V.3 Spectrogram of untreated SWW   84 

V.4 Spectrogram of SWW protein adsorbed Chi-Alg (0.2 MR)    85 

V.5 Spectrogram of SWW protein adsorbed Chi-Alg (0.8 MR)   86 

VI. 1 Thermogram for untreated SWW    91 

VI.2 Thermogram for Chi-Alg (0.2 MR) treated SWW    92 

VI.3 Thermogram for purified chitosan flakes 94 

VI.4 Thermogram for Indium 95 



LIST OF TABLES 

Table Page 

n. 1      Chitin content of certain molluscs, arthropods and fungi   7 

II.2      Selected applications of chitosan in the recovery of suspended proteins  . 15 

n.3      Wastewater and potential protein value from selected seafood processing 
operations in Alaska, Washington and Oregon 18 

n.4      Comparison of whey turbidity after treatment with chitosan or synthetic 
polyelectrolytes   20 

n.5      Development status of current membrane technologies   23 

n.6      Disadvantages of membrane modules 24 

IV. 1     Analysis of coagulated solids on Chi-Alg at 30 mg/L 
after 39 h treatment  65 

IV.2    Overall analysis of treatments  70 



PROTEIN ADSORPTION ON CHITOSAN-POLYANION COMPLEXES: 
APPLICATION TO AQUEOUS FOOD PROCESSING WASTES 

I. INTRODUCTION 

Chi tin, a naturally occurring biopolymer of- acetyl glucosamine, is a structural 

component of crustaceans and insects, and an essential component of the cellulosic cell 

wall of some plants. Chitosan, the deacetylated derivative of chitin, is a highly versatile 

molecule with potential applications in multiple areas ranging from waste recovery and 

medicine to food processing and biotechnology. 

Chitosan attracts much research activity as reflected by the number of scientific 

papers and reports published (~ 200 ) in the past five years alone according to 

Medline® (O'Brien, 1999). Although many potential applications have been well 

documented, chitosan to date has not seen full industrial utilization. One problem has 

been the initial capital investment needed to transfer applications from the laboratory 

to the production plant. Another has been the high cost and uncertain supply of chitin, 

and thus of chitosan. These problems were discussed as early as 1977 in the MIT Sea 

Grant Program report on Industrial Prospects for Chitin and Protein from Shellfish 

Wastes (Ashford et al., 1977). 

Chitosan is a cationic polymer with one NH2 group and two free OH groups per 

glucose ring. Due to its positive charge, it readily reacts with polyanions such as 

alginate, carrageenan and pectin, and by electrostatic interactions between COO" or 

SOS'and NH3+ it can form polymeric complexes (Mireles et al., 1992). Our laboratory 
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has been studying chitosan complexation with various polyelectrolytes and polyanions 

for over ten years in recognition of their potential in treating aqueous food processing 

wastes. 

The rationale for this study is that complexation of chitosan with polyanions 

will produce a molecule with dual charges thereby allowing the adsorption of a wide 

range of molecules in different waste waters. Reacting chitosan with high molecular 

weight counterions like pectin, alginate and K-carrageenan results also in crosslinks 

between chitosan molecules (Onsyen and Skaugrud, 1990) thereby forming a larger 

floe to facilitate the sedimentation of suspended solids (Torres et al., 1999). This 

reduces flocculation costs because chitosan used for protein recovery in the form of 

chitosan complexes is less than using chitosan alone. 

Objectives of this study were to (1) form complexes of chitosan with the 

natural polyanions carrageenan, alginate and pectin to be added (ex-situ formation) or 

prepared in the waste water stream (in-situ formation), (2) deduce the 

chitosan-polyanion ex-situ and in-situ complexation mechanisms, (3) investigate the 

adsorption of proteins on complexes formed in-situ for the treatment of cheese whey, 

(4) investigate the adsorption of proteins on complexes formed in-situ for the treatment 

of surimi waste water, (5) quantify protein recovery as the entire 

protein-chitosan-polyanion complex formed in-situ in whey and surimi waste water, 

and(6) deduce a mechanistic model to understand protein adsorption on these 

complexes. 



II. LITERATURE REVIEW 

Chitin, the most abundant nitrogen containing biopolymer is a structural 

component of crustaceans and insects and an essential component of the cellulosic cell 

wall of some plants. The word "chitin" was derived in 1811 from the Greek word 

"chiton," meaning a coat of mail (Lower, 1984). The versatility of this molecule, and 

especially of its deacetylated derivative, chitosan, explains its potential use in vastly 

diverse fields ranging from waste management and medicine to food processing and 

biotechnology. 

2.1      Physicochemical properties 

Chitin shares a similar chemical structure with the glucose polymer cellulose 

as the two molecules differ only at the second ring position (Figure HI). In chitin, the 

-OH group at this position is replaced by an acetamido group, -NHCOCH3. This 

naturally occurring carbohydrate polymer forms long straight chains consisting of 

repeating units of P - 1, 4 linked units of 2-acetainido-2-deoxy-P-D-glucose 

(N-acetyl-glucosamine). This white solid is insoluble in water, many diluted acids and 

most organic solvents (Imeri and Knorr, 1988). Chitosan (Figure n.l) is the 

deacetylated derivative of chitin in which the acetyl group has been chemically or 

enzymatically excised to form a polymer with one amino group and two free hydroxyls 

on each glucose ring. 

Chitosan is water insoluble in organic solvents and alkali (Fillar and Wirrick, 

1978; Sanford and Hutchings, 1987). Water insolubility above pH 5.5 is attributed to 



FIGURE II.1 Structure of (a) Chitin, (b) Chitosan and (c) Cellulose 

tmsuMbmmeauummmmimMaiimimiMmMmtmMmtmttmuMtmmatoeeoeeMseMtie&ti 

A m                    yOH yOH 

£t ̂ o
1S>?ViS 

*2 NHj HHo 
W# 

Ciutosaii 

( 
)H              yOH >0H 

'HOX*' ̂ ".Si^S 
fOH i             OH OH 
NdlBJlF-;;;   

Cellulose 



5 

the tight a-, P-, and y- conformations of chitosan formed via hydrogen bonds (Hirano 

and Kitigawa, 1987). However as pH decreases, the equilibrium NH2 + H+ ** NT^ 

shifts towards the right resulting in mutual repulsion of charged groups providing an 

uncoiling force. Chitosan assumes an elongated, rod-like structure (Mireles, 1994) and 

this leads to solubilities in inorganic acids such as nitric, perchloric and hydrochloric 

acids and in organic acids such as acetic, malic and lactic. The solubility in inorganic 

acids is generally limited by the chitosan/acid concentration ratio. Being a weak base, 

the amount of acid used for conversion of the glucosamine units to the soluble (-NHj"1") 

form is very low (Onsoyen and Skaugrud, 1990). 

The rheological properties of chitosan, such as viscosity, reflect its high 

molecular weight (10,000-1,000,000) and linear unbranched structure. The wide range 

of molecular weights reflects mostly differences in processing conditions. 

Kienzle-Sterzer et al. (1980) studied the dilute solution behavior of chitosan in acetic 

acid and observed an increase in specific viscosity as a result of interactions between 

the two thereby validating the theory of chitosan uncoiling proposed by Fillar and 

Wirrick (1978). 

2.2      Potential sources of chitin 

Chitin is the second most abundant organic polymer found in nature. In the 

calcareous shell of crustaceans like Dungeness crab (Cancer magister). King crab 

(Paralithodis camschatica). Pacific shrimp (Pandandalus borealis), lobsters (Jasus 

novaehollandiae) and crawfish (Jasus cambarus) chitin is strongly conjugated with 
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proteins and calcium carbonate and organized as a cuticle at one surface of the 

epithelium (Knorr, 1984). This is in exact opposition to the collagen system. The 

polysaccharide framework of chitin is reinforced and modified by a protein matrix 

while in collagen the protein fibrous framework is reinforced by a polysaccharide 

network (Muzzarelli, 1976). 

Chitosan is also present in insects, fungi and yeasts (Rudall, 1969) in varying 

amounts (Table H. 1). In spite of their high chitin cell wall content (~ 45 %), fungi 

remain an unused commercial chitin source. Extraction difficulties due to the 

association of chitin with complex polysaccharides impedes a cost-effective recovery 

(Ashford et al., 1977). Thus, crab shell and shrimp processing wastes are the major 

sources of commercial chitin. In the United States, these byproduct sources are found 

along the western Pacific states, Alaska coast and the Gulf of Mexico, with plants 

varying widely in size in terms of daily output. Although chitin is a natural organic 

polymer, its rate of biodegradation is quite slow in these shell wastes, thereby yielding 

huge quantities of processing discards. In the United States, the total solid waste 

landing includes 50-90 % from shellfish processing while the global annual production 

is estimated to be 5.1 x 106 metric tons (Shahidi et al., 1999). Disposal of these wastes 

is a major worldwide problem facing many seafood processing plants and has led to 

waste conversion efforts into value-added products such as chitin, chitosan and its 

derivatives (Shahidi et al., 1999). 



Table II.l Chitin content of certain molluscs, arthropods and fungi (Knorr, 1984) 

Source Chitin Content 
% dry weight 

Cancer (crab) 8.29 

Crangon (shrimp) 5.8 

Nephrops (lobster) 6.7 

Blatella (cockroach) 10.0 

Coleoptera (beetle) 5-15 

Pelecepodn (clamshell) 6.1 

Architeuthis (squid) 41.0 

Apergillus niger (fungi) 42.0 

Penicillium chrysogenium (fungi) 20.1 

Mucor rouxii (fungi) 44.5 



2.3 Production of chitin and chitosan 

Chitin production (Figure n.2) involves two major steps, deproteinization and 

demineralization. Briefly described, chitosan production begins with the initial 

grinding of shell wastes. The mixture is then subjected to deproteinization in dilute 

aqueous sodium hydroxide solution. Proteins can be recovered by lowering the pH to 

4.0 and then drying the precipitates (Green and MuzzareUi, 1977). The deproteinized 

mixture is washed and calcium carbonate associated with the shell is precipitated as 

calcium chloride using dilute aqueous hydrochloric acid. 

Chitosan production requires the hydrolysis of the chitin acetyl group using hot 

concentrated sodium hydroxide yielding a polymer with one amino group and two free 

hydroxyl groups per glucose ring. Laboratory preparations of chitosan have been 

optimized by No and Meyers (1989) who recommend for deproteinization using 3.5 % 

NaOH for 2 h at 65 0C and a solids to solvent ratio of 1:10 (w/v). For demineralization 

the recommendation is to use IN HCl at room temperature for 30 min and a solids to 

solvent ratio of 1:15 (w/v). 

2.4 Applications 

In addition to the role of its reactive primary and secondary hydroxyl groups, 

chitosan versatility is a function of its amino group at the C-2 position. The cationic 

nature of chitosan makes it an ideal candidate for various applications with selected 

options described below. 
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FIGURE n.2 General outline for the commercial production of chitin and chitosan 
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2.4.1   Antimicrobial agent 

The antimicrobial activity of chitin and chitosan has been shown on a wide 

spectrum of microbes including yeast, bacteria and fungi. Various mechanisms of 

action have been proposed, including electrostatic interaction between the highly 

reactive amino group and the negatively charged microbial cell membrane leading to 

the expulsion of intracellular matter (Papineau et al., 1991; Sudarshan et al., 1992; 

Fang et al., 1994; Chen et al., 1998). Chitosan glutamate and chitosan lactate were 

bactericidal against both gram-positive and gram-negative bacteria; however its effect 

was lost at pH 7 due to a significant amount of uncharged amino groups and poor 

solubility of chitosan (Sudarshan et al., 1992). These authors demonstrated similar 

activities of chitosan salts against Saccharomyces cerevisiae and Rhodotorula 

glutensis. The antifungal effect on Aspergillus niger present in candied kumquat was 

evident at concentrations of 0.1 -0.5 mg/mL but had no effect in inhibiting mold growth 

and aflatoxin production by Aspergillus parasiticus at concentrations under 2 mg/mL 

(Fang et al., 1994). Yet others have attributed the antimicrobial activity to chitinase, 

a chitosan induced plant enzyme which degrades the fungal cell wall (Hirano and 

Nagano, 1989). Another antimicrobial mechanism proposed assumes an antimicrobial 

activity at the biomolecular level and theorizes that chitosan penetrates the microbial 

nuclei and interferes with mRNA synthesis and subsequent protein translation 

(Hadwiger et al., 1986; Sudarshan et al., 1992). 
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2.4.2   Edible films and chitosan complexes 

Edible films play a primary role in extending the shelf life of foods by 

controlling moisture and gas transfer between the food and its environment. In 

addition, the controlled release of chemical agents such as antimicrobials and 

antioxidants can also be achieved via edible coatings (Torres et al., 1985; Torres, 1994; 

Torres et al., 1999). Finally, they can also aid in the structural reinforcement of food 

(Shahidi et al., 1999). Microcrystalline chitin and chitosan used in edible coatings have 

the advantage of a high temperature stability and a gas barrier preventing oxidation. 

Complexes formed between chitosan and various polysaccharides have been 

suggested for applications as diverse as artificial seed production (Tay et al., 1993), 

DNA modification induced by polynucleotide-chitosan complexes (Hayatsu et al., 

1997) and cell encapsulation (Hwang et al., 1986). Chitosan-alginate beads have been 

studied for the encapsulation of mammalian cells (Chandy et al., 1999). In a follow up 

study, Ramdas et al. (2000) electrostatically formed chitosan-alginate capsules carrying 

lipoinsulin. These drug carrier capsules were fed to diabetic rats and controlled drug 

release was observed. Others have reported stable film blends between chitosan acetate 

and poly (N-vinyl-2-pyrrolidone) (PVP) involving the reactive hydroxyl group of 

chitosan hydrogen bonded to the carbonyl of PVP (Cao et al., 1988). These and other 

chitosan-based films can be produced as an alternative to plastic food packaging and 

would gamer a considerable environment-friendly consumer response due to their 

complete microbial degradation (Bade and Wick, 1998). 
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2.4.3   Metal and dye removal 

Chitosan acts as a chelating agent for various heavy metals (Muzzarelli, 1977). 

Its ability to form complexes with metals and radioisotopes makes it an ideal candidate 

in contaminated water treatment. In fact, there is an unconfirmed report that chitosan 

was used to precipitate out radioactive heavy metals present in milk after the 

Chernobyl accident in Russia (Fisher, 1989). 

Rorrer et al. (1993) developed porous-magnetic chitosan beads for cadmium 

ion separation from aqueous solutions. Stability of these metal-chitosan complexes 

have been studied using differential scanning calorimetry; wherein copper, ferrous and 

mercury enhanced their thermal stability due to additional bridging in the chitosan 

polymer (Sreenivasan, 1996). Mercury adsorption onto chitosan increased with 

polyamination of the amine group (Kawamura et al., 1993; Hsien and Rorrer, 1995). 

Many toxic substances such as pesticides and commercial dyes can be removed 

from soils and water streams using chitosan. Organic dyes such as 2,4 dinitrophenol 

have been successfully adsorbed in the laboratory using specially developed porous 

chitosan beads albeit at adsorption rates as low as 0.03 mg/g of chitosan (Savant and 

Rorrer, 1996). More recently, a combined chitosan-enzymatic method for color 

removal in phenolic wastes was implemented wherein tyrosinase (polyphenol oxidase, 

EC 1.14.18.1) catalyzed oxidation of phenols, and the subsequent addition of less than 

100 mg/L chitosan achieved 90 % color removal (Dcehata and Nicell, 2000). Again, the 

operational principle is the reaction between the amino groups of chitosan and the 

carboxyl groups of the colored products. 
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2.4.4 Nutritional studies 

Nutritional studies have shown the ability of chitosan to reduce serum 

cholesterol suggesting that chitosan could compete advantageously with the synthetic 

drug cholestryamine which has some undesirable side effects. Chitosan has been 

shown to have lipid binding properties and hypocholesteromic activity in rabbits, hens, 

broilers (Hirano et al., 1990), mice (Ormrod et al., 1998) and rats (Deuchi et al., 1994). 

No abnormal or toxic effects were found at 1.2-1.4 g chitosan/kg body weight/day in 

hens and 0.7-0.8 g chitosan/kg body weight/day in rabbits. However, as the chitosan 

dosage exceeded 3.5 g chitosan/kg body weight/day in hens, their egg laying rate 

decreased (Hirano et al., 1990). Razdan and Peterson (1996) showed that chitosan 

included in the feed of broilers at 15 g chitosan/kg feed reduced plasma cholesterol and 

increased the HDL-cholesterol:total cholesterol ratio of chickens. Although the exact 

mechanism of action is poorly understood, the amino group on the chitosan may bind 

the negatively charged fatty acids creating an ionic bond. Being a dietary fiber, 

chitosan is not digested and passes out into the feces leading to lower cholesterol 

levels. Unfortunately, no tests have been conducted on humans confirming this 

mechanism. 

2.4.5 Food processing 

The use of chitosan for the removal and recovery of "waste" materials such as 

cheese whey (Bough and Landes, 1976; Hwang and Damodaran, 1995; Selmer-Oslen 

et al., 1996), poultry wastes (Bough et al., 1975), tofu whey (Jun et al., 1994), 
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vegetable processing (Bough, 1975; Moore et al., 1987); fruit processing and apple 

juice clarification (Imeri and Knorr, 1988), surimi and seafood processing wastes (No 

and Meyers, 1982; Meyers and Chen, 1985; Shahidi and Synowiecki, 1991) has shown 

that chitosan is an effective coagulating agent. Chitosan is particularly effective in 

terms of protein recovery (Table n.2). 

2.4.6   Biotransformations 

Carroad and Tom (1982) showed that chitin can be bioconverted by 

extracellular bacterial chitinase systems such as Serratia marcescens which hydrolyze 

the straight chained polymer to form monomers of N-acetyl-glucosamine. The 

hydrolysate sugar solution was then used as a substrate for producing yeast single cell 

protein. 

2.5       Seafood processing and the role of chitosan technology 

2.5.1    The environmental and political scenario 

The continuing increase in waste generation associated with the growth in 

global food production, and the stricter legislative requirements in the United States 

(e.g., Sec. 204 of Federal Water Pollution Control Act Amendment of 1972 [P.L. 92 

-500]) and around the world, make it necessary to find uses for food processing wastes 

and byproducts. Although most food processors are reducing the environmental impact 

of their businesses, it is often difficult for the seafood industry to find adequate 

technologies to solve this problem. Frequently, these solids and liquid streams can only 

be contained or dumped, raising serious concerns about environmental degradation. 
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Table II.2 Selected applications of chitosan in the recovery of suspended proteins 
(Knorr, 1991) 

Protein source Chitosan cone. 
(mg/L) 

pH Crude protein in 
coagulated solids 

(% dry matter) 

Shrimp processing 60 - 360 5.5 - 6.0 65 % protein 
recovery 

Crawfish processing 150 6.0 27 

Mussel processing 40 4.5 38 

Cheese processing 2.5 -15 6.0 78 

Meat processing 5-30 6.0 - 7.3 41 

Poultry processing 6-30 6.4 - 6.7 34-68 
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In recent years, dairy, pork, beef and poultry processors have relied on a well 

developed web of markets for byproducts. Furthermore, the dairy industry is starting 

to "fractionate" milk, i.e., to find markets for the basic constituents of milk rather than 

just selling fluid milk (Hinkamp, 1996). Total utilization is still uncommon in the 

seafood industry probably because it is less predictable than land-based food 

production, and fishing has always been viewed as hunting rather than farming or 

ranching (Morrisey, 1996). The reform bill of the Magnum Act governing the coastal 

waters of the United States and currently under consideration in the United States 

Congress, will probably add to the political pressure on the seafood industry to develop 

environmentally friendly technologies.  Besides the burgeoning environmental 

problems coupled with a political urgency, seafood processors have now realized that 

not only is it important to reduce waste streams but that it is advantageous to convert 

wastes into useful byproducts. 

Although the commercial fishing industry provides somewhat less than one 

percent of Oregon's total earned income, it is extremely important to the coastal 

economy, providing about 11 % of coastal earned income in 1994. The total statewide 

personal income received by coastal residents amounted to nearly $ 215 million 

(Oregon Department of Fisheries and Wildlife, 1994) and represent only the income 

generated from processed seafood. This figure does not account for "lost income" 

including the significant payments for municipal permits to dump processing wastes 

and most importantly the income that could be generated from their utilization. 
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Land-based seafood processors need new technologies to handle solid waste 

and the fairly dilute wastewater streams containing valuable proteins and other solutes. 

For example, the use of Pacific whiting, the second-most common fish used to produce 

surimi (minced fish) results in a large production of solid wastes, representing around 

70 % of the original fish. The remaining 30 % undergoes several washing/dewatering 

operations yielding a wastewater rich in proteins (Morrisey, 1996). Although the 

seafood industry utilizes most of the solid wastes by conversion to fish meal, pet foods 

and even fertilizers, the protein rich wastewater goes unutilized. Similar is the case 

with shrimp and crab wastes containing up to 4-5 % protein. This is unfortunate 

because a valuable income source is lost. Proteins recovered from these wastewaters 

could generate nearly $ 100 million/year and reduce the environmental impact of 

shrimp processing and surimi production in Alaska, Washington and Oregon 

(Table n.3). 

2.5.2    Chitosan technology - A model for protein recovery and water use reduction 

The free amino groups in chitosan act as ligand-exchangers in the recovery of 

proteins (Torres et al., 1999), amino acids (No and Meyers, 1982) and other suspended 

solids. Large polymeric complexes can also be formed by electrostatic interactions 

between chitosan NHj* and COO" or S03" in polyanions such as alginate, carrageenan 

and pectin (Mireles et al., 1992; Savant and Torres, 1998). These complexes have been 

proposed as highly effective flocculating agents in the recovery of suspended food 

processing waste (Torres et al., 1999). After desorption from the chitosan-polyanion 
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Table 11.3 Wastewater and potential protein value from selected seafood 
processing operations in Alaska, Washington and Oregon 

Estimated Wastewater 
(x 1000 metric tons/year) 

Values calculated from landing data from Oregon and Washington Depts. 
of Fisheries and Wildlife and Alaska Dept. of Fish and Game. Estimated 

water usage per ton catch from Park (1997) 

Year Whiting 
Surimi 

Pollock 
Surimi 

Shrimp 
Processing 

90 33 30161 445 

91 189 21791 326 

92 699 14468 579 

93 512 16436 423 

94 930 17231 314 

90-94 average 472 20,017 418 

Protein waste value estimation 
Estimates based on waste with 0.5% protein content (Park, 1997) and protein values of $0.55/kg 
dried whey (12% protein), $l.l/kg whey concentrate (35% protein) and $1.70/kg soy concentrate 

(70% protein) obtained from Bouzas (1997). 

Protein 
(metric tons) 

Recovered 
protein value 

(million$/year) 

2,362 100,087 2,088 

x Protein market value estimate 
($0.75/kg protein) 

$1.77 $75.07 $1.57 
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complex.these proteins could be used as functional ingredients and diet supplements. 

Alternatively, since chitosan is derived from shrimp and crab shell wastes, the 

coagulated solids could be rendered with other by-products into feed supplements 

(Bough et al., 1975). 

In comparison to synthetic polymers used to recover suspended food processing 

waste, chitosan has shown much promise as reflected by a larger turbidity reduction 

in whey (Table H. 4). Besides protein recovery, seafood wastes can be converted to 

other useful byproducts as well. Perkins and Meyers (1977) recovered water-soluble 

flavor and flavor-enhancing compounds (amino acids, nucleotides) from the liquid 

discharge of shrimp processing plants. A commercial process for extracting 

astaxanthins from crawfish wastes (Chen and Meyers, 1982) has also been developed, 

reinstating the enormous potential of the full utilization of seafood wastes. 

Various other technologies can be used in aqueous waste flocculation and they 

include chemical, heat and electro coagulation. A major disadvantage of chemical 

coagulation is the generation of large volumes of sludge (due to the use of alum, lime 

and charcoal for coagulation) that is slow to filter and difficult to dewater. Processors 

must then find an acceptable disposable site for sludge with a high-bound water 

content. In most applications, the effluent is also unacceptable for reuse (Barkley et al., 

1993). 

Electrocoagulation utilizes a series of aluminum electrodes and aluminum 

hydroxide salts connected to an AC electric field. Effluent particles passing through 

these units get coagulated on the basis of charge chemistry. Although, such operations 
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Table n.4 Comparison of whey turbidity after treatment with chitosan or synthetic 
polyelectrolytes (Bough & Landes, 1976) 

Coagulating agent (30 mg/L)      Whey turbidity 

Chitosan 150 

Betzll60 450 

Betzll90 550 

Natron 88 200 

Wt - 2640 530 

Atlasep IN 500 
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utilize low voltage (< 150 VAC, with a current usage of 1-5 Amp-min/L), operating 

conditions are highly dependent on the chemistry of the aqueous medium and effluent 

characteristics such as pH, particle size and other chemical species present in the 

wastes. Laboratory operated electrocoagulation systems developed by Electro-Pure 

Systems, Inc. (United States Environment Protection Agency funded project, 1993) 

and based on an ACE Separator™ with a nominal throughput capacity of 50 and 250 

gpm were estimated to cost $ 80,000 and $ 300,000 respectively (Barkley et al., 1993). 

As in chemical coagulation, the use of metallic salts hinders the utilization of 

recovered solids. Most importantly, heat generation due to the AC voltage, makes this 

process unfavorable for protein recovery because of protein functionality losses. Heat 

coagulation denatures proteins, thereby affecting their functionality and restricting then- 

use as a food ingredient or in feed formulations. Also, due to the high temperatures 

generated via these processes, the water can be reused only after cooling. Chitosan 

technology on the other hand is a low temperature process, facilitating water recycling. 

Separation techniques developed between 1960 and 1980 promoted the 

material science advances required for effective membrane technologies. Membrane 

filtration (or microfiltration) is effective in removing suspended particulates, bacteria 

or large colloids. These membranes typically have pore diameters ranging from 0.1 

mm (1000 A) to 10 mm. Ultrafiltration is a pressure-driven process using membranes 

with pore diameters in the range of 20-1000 A used to recover dissolved 

macromolecules, such as proteins (Baker et al., 1991). 
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Although membrane technologies are rapid and can handle huge amounts of 

wastes, they have limitations (Tables n.5 and n.6). Particularly important are 

"membrane fouling" caused by the deposition and accumulation of submicron particles 

on the membrane surface and the crystallization and precipitation of solutes on the 

surface and within the membrane pores (Mateus et al., 1993). Being an irreversible, 

time dependent process, fouling not only affects membrane performance by decreasing 

the flux and /or increasing the rejection of solutes, but it also increases energy 

consumption. Chemical and physical cleaning almost never restores the system to its 

original performance and over a period of time, the modules need to be replaced 

(Baker et al., 1991). Another factor in all membrane-separation processes is 

productivity, or separation performance per unit cost. Components affecting 

productivity and cost are membrane materials (membranes and modules used in 

processing plants such as dairy typically amount to more than 50 % of operating costs), 

membrane configuration and membrane packaging efficiency (Baker et al., 1991). 

Typical food processing units utilizing ultrafiltration systems operate at weighted 

average energy efficiency of around 45 % (Baker et al., 1991). 

While research continues on how to control fouling, reduce membrane costs, 

create low-energy designs, develop new foul-free, temperature and pH resistant 

membranes, the wastes continue to be produced at increasing rates. Alternative 

approaches that are low-cost, need little or no mechanical equipment, can be easily 

operated and are versatile to different wastes are needed. Chitosan technology is one 
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Table n.5 Development status of current membrane technologies 

Process              Major       Minor      Mostly        Comments 
 Problem   Problem   Solved  

Microfiltration   Fouling     Cost Selectivity   Fouling remains the main 
operational problem. Current 
fouling control techniques 
are a substantial portion of 
process costs 

Ultrafiltration     Fouling     Cost Selectivity 

(Baker etal., 1991) 
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Table II.6 Disadvantages of membrane modules 

Module Disadvantages 

Plate & Frame 

Spiral-wound 
cartridges 

Tubular 

Capillary 

Hollow fibers 

Dynamic membrane 

High investment cost 
Large solid content-blocks flow channels 
Dismounting is more time consuming than cleaning of 
tubes 

Poor flow control 

High investment & operating costs 
High hold up volumes 
Large pressure drops in joints 

Operating pressure is limited 
Thinner membranes are easily plugged 

Whole unit needs to be replaced on failure 
Not so well developed 

Low filtration area per unit of module volume 
Difficult to scale up 

(Mateus et al., 1993) 
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such innovative, novel, relatively simple and 'natural' technology which should be 

assayed in laboratory, pilot plant and industrial tests. 

Various authors including our research group have demonstrated the potential 

of "recovering wastes by using waste"- chitosan. However, most of this past research 

did not progress beyond the laboratory mostly due to the high chitosan cost. This has 

led to the use of chitosan-polyanion complexes proposed in this study. 
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m. MICROSCOPY AND SPECTRAL ANALYSIS OF CHITOSAN 
CARRAGEENAN, PECTIN AND ALGINATE COMPLEXES 

Vivek D. Savant and J. Antonio Torres 
Department of Food Science and Technology 
Oregon State University, Corvallis OR 97331 

3.1       Abstract 

A method previously shown to produce porous chitosan structures was tested 

to obtain porous chitosan-polyanion complexes (Chi-Pol) with carrageenan (Car), 

pectin (Pec) and alginate (Alg). Complex formation analyzed by Fourier Transform 

Infrared (FTIR) spectroscopy for all three complexes revealed the presence of a strong 

peak in the 1500 - 1600 cm"1 region. A similar peak corresponding to the free amine 

form of chitosan was seen for glucosamine but was absent in the polyanions and in 

chitosan. FTIR database comparisons and comparisons with previous studies 

confirmed Nt^RCOO" bonds as the complexation mechanism. This suggested 

electrostatic interactions between carboxyl (Pec and Alg) and amine (Chi) groups, and 

sulfonyl (Car) and amine (Chi) groups, as the most probable mechanism for complex 

formation. With the exception of Chi-Car complexes, scanning electron microscopy 

(SEM) revealed tight, non-porous complex microstructures with minimal capacity for 

protein adsorption as confirmed in tests with bovine serum albumin. 

Based on Abstract ©Copyright 1998 Institute of Food Technologists 
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3.2      Introduction 

Chitosan is a deacetylated glucosamine biopolymer derived from chitin. 

Chemical or enzymatic excision of the chitin acetyl group results in a polymer having 

one amino group and two free hydroxyls group on each glucose ring. These 

unbranched chains of p (l-4)2-amino-2-deoxy-D-glucan residues are cationic which 

makes chitosan an ideal candidate for numerous food applications (Shahidi et al., 

1999) and the adsorption of phenolic dyes (Wada et al., 1994; McKay et al., 1986) and 

heavy metals (Kawamura et al., 1993; Hsien and Rorrer, 1995; Guibal et al., 2000; 

Bassi et al., 2000). Chitosan can form complexes with a variety of polyanions like 

alginate (Sezer and Akbuge, 1999), pectin, carrageenan and sodium carboxymethyl 

cellulose (Chavasit and Torres, 1990). The use of chitosan complexes has been 

suggested for applications as diverse as cell encapsulation (Chandy et al., 1999), DNA 

modification induced by polynucleotide-chitosan complexes (Hayatsu et al., 1997) and 

most recently for drug delivery systems (Ramadas et al., 2000; Risbud and Bhonde, 

2000). 

Chitosan is available as a nonporous material that must be ground to a fine 

powder to provide a sufficient surface-area-to-mass ratio for high capacity adsorption 

(Hsien and Rorrer, 1995). Studies have demonstrated that highly porous chitosan can 

be engineered for adsorption of metal ions (Kawamura et al., 1993; Hsien and Rorrer, 

1995). These particles have a higher surface area, 60.1 ± 7.7 m2/g, than chitosan 

powder, 15.9 m2/g (Hsien and Rorrer, 1995). 
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Previous studies in our laboratory involved a different methodology for 

preparing chitosan complexes (Chavasit and Torres, 1990; Mireles et al., 1992). The 

complex material obtained after centrifiigation was viscous and difficult to extract 

completely without losing appreciable amounts stuck to the sides of the centrifuge tube 

for subsequent use in suspended protein recovery trials. In this study, we used the 

methodology of Hsien and Rorrer (1995) to determine if we could prepare porous 

chitosan complexes of dual cationic-anionic nature and without sample losses. 

Chitosan-polyanion (Chi-Pol) complexes formed using these procedures were 

investigated to confirm ionic interactions as the driving mechanism for complex 

formation. Scanning electron microscopy (SEM) was used to determine if a porous 

microstmcture had been obtained which is important in applications such as the 

recovery of suspended solids in food processing wastewater. 

3.3      Materials and methods 

Chitosan (Lot VNS-745; 84 % deacetylation) flakes were obtained 

commercially (Vanson Chemicals, Redmond, WA). Alginate (Lot 380632) was 

provided by Kelco Co. (San Diego, CA), carrageenan (Type Viscarin GP 109) was 

provided by FMC Corporation (Philadelphia, PA) while pectin (Lot 75H111), 

glucosamine (Lot 106H0972) and hydrochloric acid were obtained from Sigma 

Chemicals (St. Louis, MO). All reagents for complex formation, including acetic acid 

(J.T. Baker, Phillipsburg, N.J.) and sodium hydroxide (Mallinckrodt, Washington, 
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D.C.), were ACS reagent grade. Crystalline potassium bromide (Sigma Chemicals) 

used in lens formation for FTIR analysis was IR grade. 

3.3.1 Chitosan purification 

Chitosan flakes were passed through a Willey mill with a particle mesh size of 

40 (<300 jam) and were then purified (Figure m.l) to obtain a fine, granular chitosan 

powder after freeze-drying. 

3.3.2 Complex formation 

Chitosan and polyanions in equal amounts (3.75 g) were dissolved in 140 mL 

of 1M acetic acid and mixed briskly by hand with a glass rod. The mixture was then 

shaken vigorously on an environmental shaker (New Brunswick Scientific Inc., New 

Brunswick, NJ) at 150 rpm for 12 h at 25 0C (Hsien and Rorrer, 1995). The resulting 

viscous solution was further mixed for 15 min at 200 rpm with a 4 cm marine 

dual-blade stainless steel impeller. The Chi-Pol complex solutions were injected via 

a 50 mL syringe into a precipitation bath containing 500 mL of 1 M aqueous NaOH 

prepared fresh and magnetically stirred. Gelled particles were formed by coagulation 

due to acid-base neutralization (Hsien and Rorrer, 1995). After decanting the NaOH 

solution, the particles (longest dimension average = 1.32 mm) were immediately 

washed 3-4 times with deionized water for neutralization and then air dried for 12 h. 

The control consisted of purified chitosan powder treated similarly. 
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FIGURE in.l Outline for chitosan purification 

Chitosan 

Size reduced in a blender 

0.1N HCl & 1 M NaOH washing 

Filtered with a Buchner filter 

3X deionized water washing 

Freeze dried 
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3.3.3 Fourier Transform Infrared spectral analysis 

Infrared spectral analysis was performed on the three complexes (Chi-Pec, 

Chi-Alg, Chi-Car) and the individual polymers using a Nicolet 510 P FTIR 

spectrophotometer. A 1 % sample in KBr of complexes and unreacted polymers was 

ground to a fine powder using a mortar and pestle. The KBr lens obtained by 

compression in a Mini Press Pellet Maker (Model 14-385-851, Fisher Scientific, New 

Brunswick, NJ) was scanned 16-250 times from 500-4000 cm"1 with a 4.0 resolution. 

Each complex and individual polymer was prepared twice and analyzed in duplicate. 

3.3.4 Scanning electron microscopy 

All three complexes and the control chitosan particles were fractured by a 

scalpel whereas the unpurified and purified chitosan flakes did not need fracturing to 

expose the surface area. All specimens were mounted on aluminum SEM mounting 

posts (# 16262, Pelco, Clovis, CA) using Avery "Spot-o-glue" adhesive dots (product 

# 06001, Avery Commercial Products, Azusa, CA). They were coated with a 60:40 % 

gold:palladium alloy for 60 s in an Edwards Sputter Coater SI SOB at 0.1 Torr, 15 

millibar argon pressure, 1500 volts and 20 mAmp plasma current. Samples were 

observed at the Oregon State University Electron Microscope Facility using an AmRay 

3300 FE microscope with an accelerating voltage of 7.0 kV. Images were recorded on 

Polaroid film. Type 55, Positive/Negative 4x5 film. 
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3.3.5   Protein adsorption 

Protein adsorption was tested using 5 mL of 400 [ig/mL bovine serum albumin 

(BSA) at pH 6.5. BSA was allowed to react with 0.1 g of each complex in 14 mL 

volume culture tubes. The tubes were vortexed for 60 s and allowed to stand overnight 

(12 h) at 4 0C. The complex was separated by tube centrifugation for 10 min in a 

clinical centrifuge (International Equipment Co., Needham, MA) at 7100 rpm 

(4,029 G). The unadsorbed protein remaining in the supernatant was decanted and 

tested using the Folin-Lowry protein assay (Lowry et al., 1951). Percent adsorbed 

protein was reported by the difference method. All experiments were performed in 

duplicate. 

3.4      Results and discussion 

All three complexes and the individual polymers were initially scanned 16 

times at a resolution of 2.0. To determine sensitivity changes and possible reductions 

in the signal to noise ratio, they were also scanned 64 and 250 times with an increased 

resolution of 4.0. No significant differences were observed in the sensitivities of the 

spectra and the results reported here are those for 250 scans. Deconvolution of the 

spectra was not deemed necessary since FTIR was used only to confirm the bonding 

type in complex formation as shown by previous authors (Chavasit and Torres, 1990; 

Mireles et al., 1992). 

The spectral analysis of the complexes Chi-Car (Figure in.2), Chi-Alg (Figure 

in.3)  and Chi-Pec  (Figure in.4)  revealed the presence of a peak between 
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1500-1600 cm"1 (as indicated by the arrow). The same peak was found in glucosamine 

(Figure 111.5), the free amine (NIV) form of chitosan, and was absent in the 

uncomplexed polymers, Chi (Figure HI. 6), Car (Figure in.7), Alg (Figure in.8) and 

Pec (Figure in.9). Database comparison and literature review (Rappoport, 1967; 

Fukuda, 1979) showed that NHjTiCOO" bonds are characterized by a strong peak in 

the same region (k 1500-1600 cm"1). Similar studies with chitosan-collagen complexes 

(Domard and Taravel-Brun, 1992) showed ionic interactions as the main forces in 

complexation and that other molecular interactions like covalent bonds were not 

involved. Ionic interactions have been attributed also in the formation of tight 

complexes between chitosan and DNA (Hayatsu et al., 1997). Chitosan complexes 

formed with (poly) acrylic acid using a different methodology (Chavasit et al., 1988) 

revealed the same ~ 1500 cm"1 peak found in this study, further confirming electrostatic 

interactions between chitosan and polyanions. 

The mechanism of complex formation is a function of the degree of ionization 

of chitosan and the polyanions (Nagasawa et al., 1965; Kienzle-Sterzer, 1984). All 

three complex solutions had a pH ~ 3.4. The polyanions Alg and Pec are essentially 

uronic acids with pKa -3.5. At pH ~ 3.4, about half of Alg and Pec will dissociate 

carrying a negative charge while carrageenan being a sulfate ester with pKa ~ 2.0 will 

all dissociate carrying also a negative charge. The pKa for chitosan is ~7 so at pH -3.4 

it is protonated. Thus, electrostatic interaction between the Chi amine and the ionized 

carboxyl groups of Alg and Pec or the sulfonyl groups of Car can explain complex 

formation (NtV R COO" or NtV R SO3"). 
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Chitosan purification has been reported to improve surface area (Hsien and 

Rorrer, 1995). However, morphological changes associated with purification have not 

been reported before. Scanning electron micrographs revealed differences between 

unpurified and purified chitosan (Figure HI. 10), wherein the latter shows a larger 

surface area most likely reflecting the freeze-drying of the purified sample. Hsien and 

Rorrer (1995) reported that freeze drying of chitosan increased surface area from 1.9 

to 15.9 m2/g. 

Chi-Car (Figure 111.11) appeared to have a more porous structure than either 

of the other two complexes, Chi-Alg (Figure HI. 12) and Chi-Pec (Figure HI. 13), or the 

control chitosan (Figure HI. 14). The porous structure suggested by Hsien and Rorrer 

(1995) was not observed. These authors did not study structural morphology using 

electron microscopy but measured porosity using the N2-BET methodology which 

determines surface area by passing nitrogen gas through the sample. Surface area 

values obtained with this method are not good indicators of porosity for the adsorption 

of macromolecules such as proteins. 

BSA adsorption tests showed 38 % protein for Chi-Car as compared to 10.3 

and 13.3 % for Chi-Alg and Chi-Pec, respectively (Figure EH. 15). These results are 

consistent with the SEM observations wherein Chi-Car was the only complex with a 

relatively porous structure thereby having more sites for adsorption. These results are 

consistent with the studies of Hwang et al. (1986) on the diffusion of three proteins, 

fibrinogen, BSA and y-globulin into chitosan-alginate capsules. Fibrinogen was too 

large for any detectable diffusion into these capsules. In addition, the results showed 
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FIGURE III.IO Micrographs of (a) unpurified and (b) purified chitosan 



FIGURE 111.11 Micrograph of Chi-Car 
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FIGURE 111.12 Micrograph of Chi-Alg 
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FIGURE 111.13 Micrograph of Chi-Pec 
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FIGURE 111.14 Micrograph of Chi 

47 



48 

FIGURE 111.15 BSA adsorption on Chi-Pol complexes 
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that the chitosan solution pH, 3.5-5.9, used in capsule formation is critical for protein 

adsorption. At pH 3.5, the same value tested in our studies, almost zero diffusion 

occurred for both BSA and y-globulin. The results of Hwang et al. (1986) suggested 

that as chitosan solution pH decreases, average pore size of the adsorption matrix 

decreases. The intrinsic viscosity of chitosan is pH dependent. At low pH, the 

shielding effect of the counter ions, the polyanions, is minimal and thus the intrinsic 

viscosity of chitosan is high. This results in minimal inter- and intra-chain hydrogen 

bonding of the chitosan chains thereby forming a tight network structure with a 

decreased pore size (Hwang et al., 1986). This would explain the poor adsorption of 

BSA onto the chitosan-polyanion complexes prepared for our studies. 

3.5       Conclusions 

A method was developed for forming complexes between chitosan and various 

polyanions. Electrostatic interaction between the chitosan amino group and the 

carboxyl or sulfonyl group in the polyanion was confirmed to be responsible for 

complex formation. The mechanism was the same as in complex preparation methods 

previously reported (Chavasit et al., 1988; Mireles et al., 1992; Torres et al., 1999). 

Scanning electron microscopy did not reveal porous complexes with the 

exception of Chi-Car. Although these complexes have significant potential for protein 

adsorption, the method of complex formation described here resulted in a tight matrix 

with reactive groups possibly hidden and explaining a poor protein adsorption. Thus, 
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the method of complex formation studied here is not ideal for protein adsorption and 

more efficient complexes are needed to treat food processing wastewater. 
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IV. CHITOSAN BASED COAGULATING AGENTS FOR TREATING 
CHEDDAR CHEESE WHEY 

Vivek D. Savant and J. Antonio Torres 
Department of Food Science and Technology 
Oregon State University, Corvallis, OR 97331 

4.1       Abstract 

Chitosan and chitosan-polyanion (Chi-Pol) complexes were used as 

coagulating agents for treating Cheddar cheese whey. Complexation and coagulation 

time played a significant role in adsorption whereas polymer concentration was 

significant only for chitosan-alginate complexes. Complexes of chitosan with alginate 

(ALG), pectin (PEC) and carrageenan (CAR) used at 30 mg complex/L whey showed 

turbidity reductions of 40-43 % and 65-72 % after 1 and 39 h, respectively. At 10 

mg/L, the percent reduction in turbidity after 1 and 39 h were 35-39 % and 61-64 %, 

respectively. No significant differences in turbidity reduction (p>0.05) were observed 

when using complexes at different Chi-Pol monomeric mixing ratios (MR) except for 

Chi-Alg at 30 mg/L, wherein reduction at 0.2 was higher than 0.8 MR. UV-Vis 

spectroscopy suggested the preference of this complex for the absorption of specific 

whey protein fractions. This study successfully demonstrated the effectiveness of 

Chi-Pol complexes in flocculation of suspended solids in cheese whey with over 70 % 

protein recovery. 

©Copyright Biotechnology Progress 2000 
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4.2      Introduction 

Chitin (p( 1 -4)-N-acetyl-D-glucosoamine), the second most abundant naturally 

occurring biopolymer after cellulose, is the major structural component of the 

invertebrate exoskeleton and the fungal cell wall (Knorr, 1984). Seafood processing 

waste, mainly from crab, shellfish, lobster and shrimp, is an abundant chitin source. 

Of the total solid waste landings in the United States, 50-90 % is from shellfish 

processing with a total global annual estimate of 5.2 x 106metric tons (Shahidi et al., 

1999). 

Chitosan (2-acetamido-2-deoxy-P-D-glucose) is a cationic, deacetylated 

derivative of chitin in which the acetyl group has been chemically or enzymatically 

excised to form a molecule having one amino group and two free hydroxyl groups on 

each glucose ring. It is a highly versatile molecule with potential applications to vastly 

diverse fields ranging from waste management and medicine to food processing and 

biotechnology (Savant and Torres, 1995). Besides the reactive primary and secondary 

hydroxyl groups, chitosan's versatility as an adsorbent is a function of its highly 

reactive amino group at the C-2 position. The cationic nature of chitosan makes it an 

ideal candidate for applications such as food processing waste treatment (Bough, 1975; 

Bough et al., 1975; Bough and Landes, 1976; Jun et al., 1994; Selmer-Oslen et al., 

1996), recovery of waste materials from food processing wastes (Latlief and Knorr, 

1983; Hwang and Damodaran, 1995; Sun and Payne, 1996; Senstad and Mattison, 

1989; Pinotti et al., 1997), purification of water (Jeuniax, 1986; Micera et al., 1986; 

Muzzarelli et al., 1989; Deans and Dixon, 1992), clarification of beverages (Imeri and 
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Knorr, 1988) and recovery of single cell proteins (Knorr, 1984). This natural 

biopolymer has been used as an antimicrobial agent (Papineau et al., 1991; Sudarshan 

et al., 1992; Fang et al., 1994; Chen et al., 1998) and in the formation of biodegradable 

films (Wong et al., 1992; Kittur et al., 1998; Torres, 1987). Its cationic nature gives 

chitosan the ability to form complexes with a variety of polyanions like alginates, 

pectins, carrageenan (Torres et al., 1999; Chavasit and Torres, 1990; Savant and 

Torres, 1998), sodium (carboxymethyl) cellulose, natural tannins, lignosulfates and 

acidic glycosaminoglycans (Mireles et al., 1992). In addition to recovery of chitin from 

shrimp and crab processing waste, many authors have investigated the extraction of 

pigments, proteins and carotenoproteins from this waste (Meyers and Chen, 1985; 

Shahidi and Synowiecki, 1991). 

For decades technologies such as chemical coagulation, electrocoagulation and 

heat coagulation have been used in aqueous waste flocculation. Disadvantages of these 

procedures are generation of large volumes of sludge and high total dissolved solids 

remaining in the effluent with little potential for reutilization. In addition, 

electrocoagulation is expensive with units handling 50 gpm and 250 gpm costing 

$ 80,000 and $ 300,000, respectively (Baker et al., 1991). Most importantly, these units 

generate high amount of heat which denatures proteins and impedes many high value 

commercial applications requiring preservation of functionality. 

Membrane technologies, such as ultrafiltration and microfiltration, are used in 

most processing plants in the United States particularly in the dairy industry in 

concentrating the proteins from whey. During Cheddar cheese manufacture, starter 
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cultures reduce pH to 5.9-6.4 causing casein precipitation. Cheese whey refers to the 

permeate remaining post-precipitation of the caseins. This nutrient rich byproduct 

consists of lactose (4.5-5 % w/v), soluble proteins (0.6-0.8 % w/v), lipids (0.4-0.5 %) 

and mineral salts (8-10 %). Also present are appreciable quantities of lactic acid, citric 

acid and non-protein nitrogen compounds such as urea and uric acid (Kosikowski, 

1979). Whey proteins represent 20 % of the total proteins found in milk and consist 

predominantly of P-lactoglobulin (50 %), a-lactalbumin (12 %), immunoglobulins 

(10 %), bovine serum albumin (5 %) and proteose-peptones (0.23 %). Approximately 

1 kg of cheese generates 9 kg of whey (Kosikowski, 1979). Its high lactose content 

presents an environmental concern due to the high biological oxygen demand (BOD, 

30,000-50,000 ppm) and chemical oxygen demand (COD, 60,000-80,000) content 

(Mawson, 1994). Although many processing plants have converted this byproduct into 

profitable revenue, many small processors cannot afford expensive recovery 

technologies thereby electing to pay municipal fines. Besides, the proteins in this 

byproduct have a protein efficiency ratio (PER) value higher than caseins as well as 

a higher proportion of essential amino acids (Evans and Gordon, 1980). 

Although membrane technologies are rapid and can handle large amounts of 

wastewater, they have some limitations. The major one being "membrane fouling," 

caused by the deposition and accumulation of submicron particles on the membrane 

surface and/or the crystallization and precipitation of solutes on the surface and within 

the membrane pores (Mateus et al., 1993). Chemical and physical cleaning almost 

never restores the system to its original performance and over a period of time, the 
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modules need to be replaced (Mateus et al., 1993). In addition to high operational 

costs, a concern in membrane-separation processes is productivity, or separation 

performance per unit cost (Mateus et al., 1993). Typical food processing units utilizing 

ultrafiltration operate at a weighted average energy efficiency of around 45 % (Mateus 

et al., 1993). 

The consumer preference for 'natural processes' favors chitosan, but its use 

must be cost effective and not limited to the recovery of negatively charged solids. 

Chitosan-Polyanion (Chi-Pol) complexes could constitute a cheaper flocculation 

alternative. Complexes having both positive (from unreacted chitosan amino groups) 

and negative charges (from unreacted carboxyl groups in alginate and pectin or sulfate 

groups in carrageenan) would enable recovery of a wider range of molecular species 

unlike chitosan which has only positive charges (Torres et al., 1999). This not only 

allows us to target a wider molecular species but also produces a 'larger' 

multi-polymer molecule to target processing wastes. Consequently, a project 

hypothesis was that a large ampholyte would be more efficient than chitosan. 

Therefore, the amount of chitosan present in these complexes and used for protein 

recovery would be less than using chitosan alone. This has important implications if 

the recovered solids are used as animal feed components, because current United 

States regulations limit chitosan concentration to 0.1 % of the feed. Therefore, Chi-Pol 

complexes could replace synthetic coagulating agents and generate a feed component 

as a byproduct. This is the first reported study of chitosan based complexes for treating 

proteinaceous wastes. 
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Objectives of this study were to evaluate the efficiency of Chi-Pol for the 

recovery of suspended solids in Cheddar cheese whey as affected by the polyanion 

used, Chi-Pol monomeric mixing ratio (MR), Chi-Pol concentration in whey, treatment 

time and agitation effect and to investigate coagulation by UV/Vis spectrophotometry 

and proximate analysis of coagulated solids. Also, the confirmation of complex 

formation at initial pH 6 was required because previous work in our laboratory 

(Chavasit and Torres, 1990; Savant and Torres, 1998) demonstrated chitosan 

complexation only at pH 3,4 and 5. 

4.3      Materials and methods 

Chitosan at 84 % degree of deacetylation and a viscosity of 2920 cp was 

obtained commercially (Vanson Chemical, Raymond, WA). Purified chitosan (CHI) 

was prepared as described before (Torres et al., 1999; Chavasit and Torres, 1990) and 

the polyanions carrageenan (CAR, Type Viscarin GP 109, FMC Corp., Philadelphia, 

PA), pectin (PEC, Lot 75H111, Sigma Chemicals, St. Louis, MO) and alginate (ALG, 

Lot 380632, Kelco Co., San Diego, CA) were prepared as 0.5 % solution in 1M acetic 

acid and deionized water, respectively. Cheddar cheese whey (Tillamook County 

Creamery Assoc, Tillamook, OR) with an initial pH of 6.2 was centrifuged at 3100 

G for 20 min and the pH of the supernatant was adjusted to 6.0 using 0.1 N HC1. 

Benzoic acid (0.1 %) was added as microbial inhibitor. The whey was stored at -37 C 

until further use. All experiments were conducted with whey thawed overnight at 4 "C. 
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4.3.1 Confirmation of complexation at initial pH 6 

Complex formation at pH 6 was evaluated spectrophotometrically by reacting 

CHI and ALG in 1:1 volumetric ratio (MR-0.52) in pH adjusted deionized water. 

One-mL aliquots at appropriate dilutions were scanned from 200-900 nm using a UV 

160 U Shimadzu Spectrophotometer (Kyoto, Japan). 

4.3.2 Complex formation and flocculation 

Chitosan and polyanion complexes were formed in chitosan monomeric weight 

mixing ratios (MR) of 0.2, 0.4,0.5 and 0.8, and used at concentrations of 10 and 30 

mg dry complex/L of whey. The complexation reaction and flocculation tests were 

conducted using 49.9 and 15.6 mL of pH adjusted whey, respectively, in 250 mL 

stoppered conical flasks. The whey-Chi-Pol suspensions were agitated for 5 min in an 

environmental shaker at 20 0C and 130 rpm and then allowed to stand at 20 0C for 39 h 

to allow for maximum turbidity reduction. One-mL supernatant aliquots were removed 

at 1 and 39 h for turbidity measurements after appropriate dilutions. Turbidity 

measurements were performed using a DRT100B HF Instruments Turbidimeter (Fort 

Meyers, FL) with an EPA approved turbidity-free 0.02 NTU intemal standard and a 

hydrazine sulfate-hexamethylene tetramine standard of 40 NTU (EPA/600/4-79/020). 

An additional experimental run was conducted for Chi-Alg at 30 mg/L and 0.2 and 0.4 

MR to test the effect of agitation. One set was agitated for 5 min at 130 rpm and then 

allowed to stand at 20 0C with supernatant aliquots removed at 1 and 39 h. The other 
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set was agitated for 45 min at 130 rpm with supernatant aliquots removed after 15 min 

and 39 h. 

4.3.3 Analysis of the coagulation process 

Determination of the composition of the solids coagulated by 30 mg/L of 

Chi-Alg complexes at all five MR's was obtained by difference analysis using one-mL 

supernatant aliquots collected at 39 h. Protein analysis was performed by absorbance 

at 280 nm and the Folin method (Lowry et al., 1951). Lactose analysis was achieved 

by the dinitrosalicylic acid (DNS) method (Kosikowski, 1979) and ash determination 

was performed following AOAC procedure (AOAC, 1995). Results were reported as 

percent adsorbed solids. 

Spectral analyses were performed on the one-mL supernatant aliquots for 

Chi-Alg at 30 mg/L using an UV 160 U Shimadzu Spectrophotometer at 1,6,24 and 

39 h. All samples were scanned from 200-900 nm. The instrument signal was 

standardized by running an aliquot of untreated whey to assure comparable spectra 

obtained at different times. 

4.3.4 Controls and statistical analysis 

Controls included untreated whey and whey treated with unreacted polymers 

(CHI, CAR, PEC and ALG). Percent turbidity reductions were calculated based on 

gravitationally settled whey at 39 h. All tests were conducted in triplicate and analyzed 

statistically by analysis of variance (ANOVA) using SPSS® v 8.0. 
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4.4      Results and discussion 

The UV-Vis spectrograms for chitosan and alginate revealed a peak at 218 nm 

for chitosan and 220 nm for alginate. Complexation between chitosan and alginate at 

pH 6 was confirmed by the presence of a peak at 231 nm (Figure IV. 1). Fourier 

transform infrared (FTIR) analyses have shown electrostatic interactions between the 

chitosan NHj"1" and alginate COO" groups to be responsible for complex formation 

(Chavasit and Torres, 1990; Torres et al., 1999) with a confirmed peak maxima at 231 

nm. This test confirmed the formation of chitosan complexes by electrostatic 

interactions as previously reported at pH 3,4 and 5 (Chavasit and Torres, 1990; Savant 

and Torres, 1998). 

4.4.1 Coagulation efficiency 

Turbidity of a solution is an indicator of dissolved solids present and is mainly 

due to the light scattering of these particles (Latlief and Knorr, 1983). It has been used 

as an indicator of coagulation efficiency for treating various wastes (Bough, 1975; 

Bough et al., 1975; Bough and Landes, 1976; Jun et al., 1994). An efficient coagulant 

would adsorb suspended particles thereby reducing the light scattering effect, allowing 

a higher transmittance of light through treated whey and thus decreasing its turbidity. 

Measurements beyond 39 h showed no additional reduction in turbidity. 

4.4.2 Chi-Pol concentration in whey 

Amongst the three complexes and five MR's tested, Chi-Pol at 30 mg 

complex/L whey showed a higher turbidity reduction (lower NTU) than at 10 mg 
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FIGURE IV.l Spectrograms of (a) Chi, (b) Alg and (c) Chi-Alg formed at pH 6 
and 0.52 MR 
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complex/L whey only for Chi-Alg (Figure rv.2). Our results for chitosan alone (CHI) 

are in accordance with Bough and Landes (1976) who reported maximum turbidity 

reduction at their lowest tested concentration of 30 mg chitosan/L and pH 6.0. Lower 

turbidity reductions for concentrations higher than 30 mg chitosan/L were interpreted 

by these authors as caused by polymer overdosing. Preliminary experiments at 10,30, 

60 and 100 mg complex/L using cottage cheese whey (Springfield Creamery Inc., 

Eugene, OR) also adjusted to pH 6 confirmed this observation (data not shown). The 

maximum turbidity reduction reported by Bough and Landes (1976), ca. 62 %, was 

lower than the 72 % obtained with the Chi-Alg complex. This 72 % reduction occurred 

at a 0.2 MR, i.e., a higher turbidity reduction was obtained using less chitosan, ca. 

22 % of the amount used by these investigators. 

4.4.3    Treatment time 

At 10 mg/L, percentage reductions after 1 and 39 h were 35-39 % and 61-64 %, 

respectively while for 30 mg/L, the corresponding values were 40-43 % and 65-72 % 

(Figure IV.2). Interestingly, for the pure polymers CHI, PEC, ALG, and CAR, there 

was a 7-16 % increase in turbidity from 1 to 39 h at both concentrations (Figure IV.2). 

Previous researchers have observed a similar phenomenon and attributed it to 

restabilization of the colloidal suspension due to polymer overdosing (Bough et al., 

1975; Bough and Landes, 1976; Moore et al., 1987; Jun et al., 1994) but in this case 

perhaps it could be due to the length of treatment time. Most importantly, this turbidity 

increase was not observed for any of the complexes tested. The complexes, unlike the 



T
u

rb
id

it
y
, 

N
T

U
 

a 
  

§ 
  

i 
  

g 

5 e 

T
u

rb
id

it
y
, 

N
T

U
 

a 
  
 §

 

o 

•53
 
a 

U
) o
 

3 
^

 
H

 
d

 3-
 

c o
 5'
 

B o o 3 o o s o n»
 I. o 3
 

to
 I 

O
N

 
to

 



63 

pure polymers seem to associate more strongly with the suspended particles and the 

coagulation extent increased with time. Finally, data for whey without chitosan, 

polyanions or chitosan complexes used as treatment controls show negligible turbidity 

reduction after 39 h (Figure IV.2). This shows that gravitational settling does not 

contribute to the turbidity reduction achieved by the various polymers and complexes 

tested. 

4.4.4   Chi-Pol reaction mixing ratio (MR) 

No significant differences in turbidity reduction (p>0.05) were observed when 

using complexes with different MR except for Chi-Alg at 30 mg/L, where reduction 

at 0.2 was higher than at 0.8 MR (Figure rv.3). This represents an advantage for the 

industrial use of complexes. A complex with the lowest amount of chitosan yielding 

maximum flocculation would be considerably cheaper than pure chitosan since 

polyanions cost less than chitosan. Also, one can engineer complexes with a specific 

MR according to the waste water to be treated. Table IV. 1 shows that while a complex 

with 0.2 MR has the highest affinity for protein and low affinity for lactose, a complex 

with a 0.8 MR behaves conversely. This is especially valuable, since the amount of 

lactose remaining in the permeate after protein removal could be an issue of 

consideration in protein recovery systems (Mawson, 1994). The diverse applications 

of lactose and whey proteins are of considerable commercial interest (Castillo, 1990). 

Thus, for processors needing proteins and sugar, a higher MR would satisfy their 
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FIGURE rV.3 Effect of polyanion, mixing ratio (MR) and treatment time on 
turbidity reduction of Cheddar cheese whey at two Chi-Pol concentrations, (a) 10 
mg polymer/L whey and, (b) 30 mg polymer/L whey. Different lower-case letters 
for Chi-AIg indicate significant differences of MR (P < 0.05). 
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TABLE IV.l Analysis of coagulated solids on Chi-Alg at 30 mg/L after 39 h 
treatment1 

Ayrr> at r.    .  ■ nt T      . nt   A   U % Total Solids MR % Protein        % Lactose % Ash ,      r . (non fat) 

0.2 71.1 28.3 0.41 97.8 
71.4 29.3 0.43 

0.4 61.4 26.3 0.66 91.0 
61.8 26.3 0.62 

0.6 67.2 31.6 0.40 99.2 
67.1 31.8 0.39 

0.8 32.9 42.3 1.41 81.3 
42.1 42.5 1.44 

Duplicate determinations with non-fat total solids calculated with average values 
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needs, whereas if proteins with low-lactose content are needed, a lower MR would be 

preferred. 

4.4.5 Type ofpolyanion 

No significant differences (p>0.05) were found between alginate, pectin and 

carrageenan at 10 mg/L, both at 1 and 39 h (Figure IV.3). However, significant 

differences (p<0.05) were found at 30 mg/L and 39 h with Chi-Alg showing higher 

turbidity reductions than Chi-Pec or Chi-Car. 

4.4.6 Effect of agitation 

Agitation effects were studied only for Chi-Alg at 30 mg/L since this complex 

concentration showed the maximum turbidity reduction. No significant differences 

were found in turbidity reductions for samples shaken for 5 (850 NTU) and 45 min 

(825 NTU) at 130 rpm. In addition, UV-Vis spectroscopy of the supernatant aliquot 

revealed presence of identical peaks with minimal absorbance differences between 

these two samples. 

4.4.7 Coagulation analysis 

The analysis of coagulated solids by the Folin method (Table IV. 1) indicates 

a 71.3 % protein absorption for Chi-Alg complexes with a 0.2 MR. Cheese whey 

spectra revealed two major peaks, at 293 nm and 240 nm. The spectrograms for the 

Chi-Alg supernatant at 30 mg/L at 1 and 39 h are similar revealing the same two major 

peaks at 292 and 240 nm found in the untreated whey with only a slightly lower 
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absorbance at 292 nm (Figure IV.4). Although this could mean that the protein content 

is nearly the same for the treated and untreated whey, the spectra do not give the true 

picture. 

Apart from small contributions by the peptide bond strongly absorbing at 

210-220 nm, the absorption of proteins in the 230-300 nm range is exclusively due to 

the aromatic residues of tyrosine, tryptophan and phenylalanine with cystine linkages 

displaying a weak absorbance at 250 nm. Since phenylalanine has a low molar 

absorption (eMax = 200 M'cm"1) in presence of the other two aromatic amino acids, it 

is nearly impossible to observe its optical contribution (Cantor and Schimmel, 1980). 

Whey proteins are unusual proteins in that they have a very high tryptophan content 

contributed mostly by a-lactalbumin. The presence of tryptophan and tyrosine together 

results in the burial of tryptophan residues in the protein structure thereby generating 

a single prominent peak at 292 nm (Schmid, 1997). The presence of the 240 nm peak 

could possibly be related to the large number of disulfide linkages in whey proteins 

(Jeness and Patton, 1959). 

Spectra in the 230-300 nm range correspond to only the aromatic amino acids 

in whey proteins. Whey proteins contain only 8 % aromatic amino acids of the total 

amino acids (Jeness and Patton, 1959) of which only tyrosine and tryptophan show up 

in the UV range. It is possible that the whey proteins adsorbing onto the Chi-Alg 

complexes are rich in the non-aromatic amino acids which account for 92 % of the 

total amino acids present in whey proteins, a-lactalbumin accounts for approximately 

12 % of the total whey proteins present and has the largest number of tryptophan 
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FIGURE IV.4 Spectrograms of (a) untreated whey, (b) Chi-Alg (0.2 MR) treated 
whey and (c) Chi-Alg (0.8 MR) treated whey 
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residues (four) while bovine serum albumin and P-lactoglobulin have only two each 

(Jeness and Patton, 1959). It has been suggested (Kronman et al., 1972; Tamburro et 

al., 1972; Sommers et al., 1973) that at pH 6 and low temperatures, two of the four 

tryptophan residues in a-lactalbumin produce a change in the configuration preventing 

large perturbants (e.g., high molecular weight polymers such as chitosan) from 

reaching the exposed residues. Furthermore, Kronman et al. (1972) noted that below 

neutral pH, the a-lactalbumin molecule swells to yield a spectra with maxima at 

292-293 nm, due largely to tryptophan residues. It is thus possible, that the Chi-Alg 

complex has a greater affinity towards the other two whey proteins, P-lactoglobulin 

(50 % of total whey protein) and bovine serum albumin, and that most of the adsorbed 

protein corresponds to these two proteins. 

4.5       Conclusions 

An overall univariate ANOVA for all treatments revealed that time and 

complexation played a significant role in adsorption whereas polymer concentration 

was not significant (Table IV.2, Figure IV.5). This demonstrates the advantage of 

complexes which can be used at 10 or 30 mg/L with equal effectiveness except for 

Chi-Alg as previously indicated. 

Cheese whey utilization has been the subject of much research, and with the 

increase of cheese production, more than 23x106 pounds of liquid whey was produced 

in 1998 in the United States alone (United States Department of Agriculture, 1998). 

We have successfully demonstrated the efficacy of chitosan-polyanion complexes in 



TABLE IV.2 Overall analysis of treatments 

Treatment P- value F-value 

Time *0.002 11.342 

Complexation *0.000 17.301 

Concentration 0.569 0.332 

* Indicates significant differences (P<0.05) 

70 
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FIGURE rV.5 Overall effect of complexation and coagulation time on the turbidity 
reduction of Cheddar cheese whey adjusted to pH 6.0 
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flocculation of suspended solid wastes in cheese whey with over 70 % protein 

recovery. Further work using pure protein solutions is needed to identify the 

mechanism for protein adsorption on the complex. 
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V. FOURIER TRANSFORM INFRARED ANALYSIS OF CHITOSAN 
BASED COAGULATING AGENTS FOR TREATING SURIMI WASTE 

WATER 

Vivek D. Savant and J. Antonio Torres 
Department of Food Science and Technology 
Oregon State University, Corvallis OR 97331 

5.1      Abstract 

Chitosan-Polyanion (Chi-Pol) complexes for treating aqueous food processing 

waste water were investigated using surimi waste water (SWW). Complexes of 

chitosan (CHI) with alginate (ALG), pectin (PEC) and carrageenan (CAR) were used 

at 50 and 150 mg complex/L SWW. At 150 mg/L and 1 h, no significant differences 

were observed in the turbidity reductions by the three complexes which ranged 

94-99 %. Folin-Lowry analyses of the adsorbed complex revealed a 78-94 % SWW 

protein adsorption onto these complexes. At 50 mg/L, a 92-97 % turbidity reduction 

was observed with a 81-90 % protein recovery but only after 24 h. Identical FTIR 

spectra of untreated SWW and protein adsorbed Chi-Alg complex confirmed protein 

adsorption on the complex. 

Abstract ©Copyright 2000 Institute of Food Technologists 
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5.2      Introduction 

Surimi is stabilized myofibrillar protein obtained from mechanically deboned 

fish flesh that is washed with water and blended with cryoprotectants to extend its 

frozen shelf-life (Park and Morrisey, 2000). Surimi is used in the manufacture of 

kamaboko, a Japanese delicacy, and imitation crabmeat, a most common product in 

the United States. A key step in manufacturing good quality surimi is the extensive 

washing of the minced fish meat with fresh water to remove sarcoplasmic proteins, 

blood, fat and other nitrogenous compounds (Park and Morrisey, 2000). The washing 

is done in 3-4 cycles to completely remove these components, generating about 5.7 L 

of surimi waste water (SWW) for every kg of fish. As much as 50 % of the total 

proteins in fish are lost in surimi production (Morrissey et al., 2000). SWW presents 

a serious disposal problem due to its high BOD and COD. Fresh water shortages, 

stringent environmental laws and the rising costs of wastewater disposal have caused 

serious concerns amongst surimi processors (Oregon Sea Grant, 2000). 

The cationic nature of chitosan makes it an ideal candidate for treating food 

processing wastes (Bough, 1975; Bough and Landes, 1976; Jun, 1994). Tests have 

shown the superiority of chitosan over chemical coagulants like ferric sulfate in 

treating the effluents of shrimp, crab and salmon processing reaching up to 90 % 

removal of dissolved solids (Johnson and Gallanger, 1984). Since chitosan is 

biodegradable and non-toxic, it serves as an ideal candidate for the protein recovery 

from waste water. However, increased chitosan demand in the cosmetic and 



75 

pharmaceutical industry has led to high prices (>20 $/kg) for chitosan (Morrissey et 

al., 2000) making it very important to increase its cost effectiveness. 

Chitosan can form complexes with a variety of polyanions including alginates, 

pectins, carrageenans (Mireles et al., 1992; Savant and Torres, 1998; Torres et al., 

1999) and polyacrylic acid (Chavasit and Torres, 1990). Complexing chitosan with 

lower cost polyanions (e.g., alginate costs ~ 1/3 of chitosan) not only lowers treatment 

costs but also forms a larger complex to flocculate waste proteins. Chitosan-Polyanion 

(Chi-Pol) complexes could be used for treating SWW to recover proteins for use as an 

ingredient in the production of animal feed. The objectives of this study were to 

evaluate the efficiency of Chi-Pol for the recovery of suspended solids in SWW as 

affected by the polyanion used, Chi-Pol monomeric mixing ratio (MR), Chi-Pol 

concentration in SWW, and treatment time. Coagulation of the protein by the 

complexes and chitosan was studied using FTIR spectroscopy as a qualitative tool. 

5.3      Materials and methods 

Chitosan flakes (Chi, 84 % deacetylation) were obtained commercially (Vanson 

Chemicals, Redmond, WA) and purified as described before (Chavasit and Torres, 

1990; Torres et al., 1999). Chi and the polyanions carrageenan (CAR, Type Viscarin 

GP 109, FMC Corp., Philadelphia, PA), pectin (PEC, Lot 75H111, Sigma Chemicals, 

St. Louis, MO) and alginate (ALG, Lot 380632, Kelco Co., San Diego, CA) were 

prepared as 1.0 % solution in 1M acetic acid and deionized water, respectively. SWW 

from the processing of Pacific whiting (Merluccius productus) was collected at the 
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rotary wash stage (Pacific Surimi Joint Venture L.L.C., Warrentown, OR) and 

transported (3 h) to Corvallis, OR in plastic containers enclosed in an icebox. 

5.3./    SWW pretreatment 

SWW was centrifuged at 3100 G for 20 min to remove solid particles. 

Supernatant pH was adjusted to 6.0 from an initial pH 7.5 using 0.1 N HC1. After 

adding benzoic acid (0.1 %) as a microbial inhibitor, SWW was stored at -37 "C until 

further use. All experiments were conducted with SWW thawed overnight at 4 "C. 

5.3.2 Complex formation and flocculation 

Complexes were formed in chitosan:polyanion monomeric weight ratios (MR) 

of 0.2 and 0.8 since previous experiments with Cheddar cheese whey had shown 

significant differences only between these two mixing ratios (Savant and Torres, 

2000). Complexation and flocculation tests at concentrations of 50 and 150 mg/L of 

SWW were conducted in 250 mL stoppered flasks using 99.5 and 98.5 mL of pH 

adjusted SWW, respectively. The SWW-Chi-Pol suspensions were agitated at 130 rpm 

for 5 min in an environmental shaker at 20 0C and then allowed to stand at 20 0C for 

24 h for maximum turbidity reduction. 

5.3.3 Turbidity and protein measurements 

One-mL supernatant aliquots were removed at 1 and 24 h for turbidity 

measurements after appropriate dilutions using a DRT 100B Turbidimeter (HF 

Instruments, Fort Meyers, FL) with an EPA approved turbidity-free 0.02 NTU internal 



77 

standard and a hydrazine sulfate-hexamethylene tetramine standard of 40 NTU 

(EPA/600/4-79/020). Protein concentration was determined by the modified Folin 

method on 1 mL supernatant aliquots removed at 24 h using a UV 160 U Shimadzu 

Spectrophotometer (Kyoto, Japan). Adsorbed solids were recovered after 24 h by 

centrifugation (3100 G, 20 min, 4 0C) and then freeze drying of the pellet obtained. 

5.3.4   Fourier Transform Infrared spectral analysis 

Infrared spectral analysis was performed on the protein adsorbed complexes 

and an untreated SWW control. A 1 % sample in KBr of protein adsorbed complexes 

and untreated SWW was ground to a fine powder using a pestle and mortar. The KBr 

lens obtained by compression in a Mini Press Pellet Maker (Model 14-385-851, Fisher 

Scientific, New Brunswick, NJ) was scanned 250 times from 500-4000 cm"1 with a 4.0 

resolution (Nicolet 510 P FTIR Spectrophotometer, Madison, WI). Tests were done 

in duplicate and each sample KBr lens was formed and analyzed in triplicate. 

5.4      Results and discussion 

5.4.1    Chi-Pol concentration in SWW 

At 150 mg/L, turbidity reductions ranged 94-99 % with 78-94 % surimi protein 

adsorbed (Figure V.l), while the values for 50 mg/L were 92-97 % and 81-90 %, 

respectively (Figure V.2). Turbidity reduction values obtained for chitosan were in 

accordance with No and Meyers (1989) who at the same chitosan concentration and 

pH obtained in 1 h a maximum turbidity reduction of 83 % but a crude protein 

recovery of 27 %. The reason for this lower protein recovery may reflect the sample 
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FIGURE V.l (a) Turbidity reduction and (b) protein adsorption at 150 mg 
polymer/L SWW 
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FIGURE V.2 (a) Turbidity reduction and (b) protein adsorption at 50 mg 
polymer/L SWW 
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difference between this study and their work. No and Meyers (1989) used simulated 

wastewater and the solids recovered had ~ 50 % fat content. 

In our studies, the complexes performed as well or better than chitosan alone. 

This translates into a more efficient protein recovery for Chi-Pol as compared to Chi 

alone, since only ~ 20 % chitosan (MR = 0.2) is needed to obtain results equal or 

superior to those reported by No and Meyers (1989) for chitosan alone. 

5.4.2    Treatment time 

Treatment time was significant at 50 mg/L at 1 and 24 h but there was no 

difference at 150 mg/L. At 1 h and 50 mg/L, no change in turbidity was seen for the 

Chi-Pol complexes nor the controls (untreated SWW, chitosan and the three pure 

polyanions). However, at 24h, a 92-97 % turbidity reduction and 81-90 % protein 

recovery was observed for the complexes. Gravitational settling of the untreated SWW 

control reduced turbidity by 40 %, whereas Chi performed as well as the complexes 

reducing turbidity by 95 % while the polyanions reduced turbidity by 75-88 % (Figure 

V.2). 

Although the efficacies of the polyanions are lower than the complexes, it 

might seem unusual that they contribute to turbidity reductions at all, considering their 

anionic character and the net negative charge of most proteins at the SWW pH. 

However, it has often been observed that organic anionic polymers can be used in 

treating waste waters containing primarily negatively charged species (O'Melia, 1972). 

This behavior cannot be explained via an electrostatic model suggesting a mechanism 
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based on physical interactions, most probably via a particle-bridge link facilitated by 

the high molecular weight of these polyanions. In their early work, Ruehrwein and 

Ward (1952), Michaels (1954), and LaMer and Healey (1963) developed a bridging 

theory suggesting that the high molecular weight polymer forms polymer bridges 

between colloidal particles. This chain of bridged molecules continues to grow and 

aggregates more particles resulting in a destabilized system. 

O'Melia (1972) suggested that not one but many different types of interactions 

occur in the treatment of wastewater with polymers. Black et al. (1965) showed that 

negatively charged kaolinite particles in a waste system can be aggregated using 

polyacrylamide, a high molecular weight anionic polymer. When anionic polymers are 

used in wastewater treatment it appears that they must have a minimum molecular 

weight to bridge the potential energy barrier between two negative colloidal particles 

(Pulaski, 1968; O'Melia, 1972). 

At 150 mg/L, the turbidity reduction after 1 h for the Chi-Pol complexes ranged 

94-99 %. As with the lower concentration, Chi performed equally well and neither it 

nor any of the complexes showed further reductions at 24 h. The complexes adsorbed 

78-94 % protein with Chi adsorbing in the same range. On the other hand, the control 

polyanions reduced turbidity at 1 h by only 30-36 %. Unlike the complexes or Chi, 

incubation to 24 h with all three polyanions further reduced turbidity to 82-89 % and 

protein adsorption reached 70-78 %. 

The previous observations suggest a different mechanism for adsorption of 

SWW proteins using Chi or Chi-Pol as compared to polyanions. In the first hour, at 



82 

150 mg/L, chitosan and the polyanions are freely moving in the waste water and attract 

each other via ionic attractions of the amine group (Chi) and the carboxyl group (Alg, 

Pec) or the sulfonyl group (Car) to form a large ampholyte (Chi-Pol). This is followed 

by electrostatic bonding of the negatively charged SWW proteins to other Chi amino 

groups, i.e., those amino groups not involved in Chi-Pol complexation. It is likely that 

some physical entrapment of SWW proteins is also occurring in the large 

Chi-Pol-SWW/Protein floes. In a similar study, Chen et al. (1999) observed the 

interaction of protein (BSA) in a waste model system with a combination of 

carboxymethylcellulose (CMC) and cellulose triacetate fibrets (CTF) and postulated 

a two-route model, wherein BSA recovery onto these polymers was improved via a 

combination of charge neutralization and physical entrapment. 

5.4.3    Chi-Pol reaction/mixing ratio (MR) 

No significant differences (p>0.05) in turbidity reduction and protein 

adsorption were observed when using complexes with different MR, with the 

exception of Chi-Car and Chi-Alg at 150 mg/L. At 24h, this complex at this 

concentration had a significantly higher protein adsorption for 0.2 MR than at 0.8 MR 

(Figure V.l). Interestingly, similar results were obtained for Cheddar cheese whey, 

wherein Chi-Alg at 0.2 MR had a higher protein adsorption than at 0.8 MR at 30 mg 

Chi-Alg /L whey while no difference was observed at 10 mg/L (Savant and Torres, 

2000). 



83 

5.4.4 Type ofpolyanion 

No significant differences (p>0.05) were found between the three polyanions 

used as Chi-Pol complexes. This is important, in that, processors can use cost 

considerations to select a polyanions for complex formation and waste treatment. 

5.4.5 Fourier Transform Infrared spectral analysis 

In our previous work, FTIR analysis showed electrostatic interactions between 

chitosan and polyanion as the driving force for complex formation (Savant and Torres, 

1998). In this study, we used FTIR to confirm the adsorption of proteins by Chi-Pol 

and since no differences were observed amongst polyanions, results are shown only for 

50 mg Chi-Alg/L SWW at MR = 0.2 and 0.8. 

Identical IR spectra were seen for the untreated SWW (Figure V.3) and protein 

adsorbed Chi-Alg complexes (Figures V.4 and V.5) with the following common 

characteristic bands: 3320-3270 cm'' reflecting NH stretching vibration, 1680-1630 

cm"' Amide I due to C=0 stretching vibration, 1570-1515 cm"' Amide n combination 

of C-N stretching and N-H bending, and 1305-1200 cm"' Amide m of C-N stretching 

and N-H bending vibrations. The observation of identical regions for all three amide 

bands confirmed adsorption of SWW proteins on Chi-Alg. Furthermore, although 

FTIR was used as a qualitative tool, the Amide I peak at ~ 1680 cm"' showed a higher 

absorbance for Chi-Alg at 0.2 MR (Figure V.4) and similar to that for untreated SWW 

(Figure V.3) as compared to the spectra for Chi-Alg at 0.8 MR (Figure V.5). This 
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further validates the observed efficacy of Chi-Alg at a lower MR (87.6 % protein 

adsorbed at 0.2 as compared to 77.53 % at 0.8 MR). 

5.5 Conclusions 

This study demonstrated that chitosan complexes are as efficient or superior to 

chitosan in the recovery of proteins and turbidity reduction of SWW. The maximum 

turbidity reduction reported by No and Meyers (1989) for crawfish waste water, ca. 

83 % and 27 % protein recovery with 150 mg chitosan/L was lower than the ~ 94 % 

with the chitosan complexes at the same concentration. Furthermore, our results 

indicate that by reducing complex concentration by a third (50 mg/L), we can still 

achieve a 92 % turbidity reduction with over 81 % protein adsorption, albeit after 24 h. 

Most importantly, the effect of MR on Chi-Car and Chi-Alg at 150 mg/L shows that 

at 0.2 MR, 90 % protein can be recovered using only ca. 22 % of the chitosan used by 

previous investigators. FTIR spectroscopy verified protein recovery via these 

complexes. 

5.6 Acknowledgments 

This work was supported by grant no. NA 76RG0476 (project no. R/SF/18) 

from the National Oceanic and Atmospheric Administration to the Oregon State 

University Sea Grant College Program and from appropriations made by the Oregon 

State Legislature. 



88 

VL DIFFERENTIAL SCANNING CALORIMETRY OF SURIMI WASTE 
WATER ADSORBED ONTO CHITOSAN-POLYANION COMPLEXES 

Vivek D. Savant and J. Antonio Torres 
Department of Food Science and Technology 
Oregon State University, Corvallis OR 97331 

6.1 Abstract 

A previous study showed by Fourier Transform Infrared (FTIR) analysis that 

surimi waste water (SWW) proteins could be recovered by chitosan-polyanion 

complexes. In this study, differential scanning calorimetry (DSC) was employed to 

investigate the interactions between SWW proteins and a chitosan-alginate complex. 

Untreated and complex bound SWW proteins were freeze dried for DSC analysis 

showing for both samples single exothermic peaks at 23.3 and 38.0 0C, respectively. 

The peak shift to a higher temperature suggested an interaction between Chi-Alg and 

SWW increasing the thermal stability of SWW proteins. Although this observation 

points to ionic interactions between the complex and SWW proteins, further thermal 

analysis must be performed on these and other protein-bound complexes to substantiate 

this finding. 

6.2 Introduction 

Heat is absorbed (endothermic process) or released (exothermic process) when 

a material undergoes alterations in physical state such as in transitions from one 

molecular conformation to another, or in chemical state as the result of chemical 

reactions. Differential scanning calorimetry (DSC) measures heat flow differences 
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between a sample and an inert reference as function of time and temperature while both 

are subjected to heating or cooling. 

DSC has been used for studying protein changes including those identifying the 

native and denatured theraiodynamic states of lysozyme (Pfeil and Privalov, 1976) and 

metal chelation by chitosan to form chitosan-metal complexes (Sreenivasan, 1996). 

Although DSC studies have been conducted on the myofibrillar proteins actin and 

myosin offish muscle (Park and Lanier, 1989), no DSC studies have been reported on 

sarcoplasmic proteins, and particularly missing is information on surimi waste water 

(SWW) proteins. 

6.3      Materials and methods 

Chitosan (CHI, 84 % deacetylation) flakes were obtained commercially 

(Vanson Chemicals, Redmond, WA) and purified as described by Torres et al. (1999). 

Alginate (ALG, Lot 380632, Kelco Co., San Diego, CA) was prepared as 1.0 % 

solutions in 1M acetic acid and deionized water, respectively. SWW from the 

processing of Pacific whiting (Merluccius productus) was collected at the rotary wash 

stage (Pacific Surimi Joint Venture L.L.C., Warrentown, OR), stored in plastic 

containers and transported (3 h) to Corvallis, OR in an ice box. 

SWW pretreatment, complex formation and SWW flocculation was as 

described by Savant and Torres (1998). SWW and coagulated solids from Chi-Alg 

treated SWW were freeze-dried and stored at -80 0C until use. Samples were 

equilibrated for 12 h to room temperature in a desiccator at 0 % RH before thermal 
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analysis. Measurements were conducted on a DSC 7 equipped with a Robotic System 

and attached to a TAC 7 analyzer (Perkin Elmer, Norwalk, CT). This provided 

complete automation for sample handling which were weighed, ca. 13-15 mg, and 

hermetically sealed in aluminum pans. Samples were heated from 20 to 90 0C at a 

heating rate of 20 0C/min. The reference cell was a hermetically sealed empty pan. 

Data was analyzed using the Pyris™ Software v. 3.81 (Perkin Elmer). 

6.4      Results and discussion 

The untreated SWW sample thermogram showed a single exothermic peak at 

23.3 0C (Figure VI. 1). This suggested a protein conformation change, most likely a 

native-denatured state change. The Chi-Alg treated SWW exhibited also a single 

exothermic peak but transiting at a higher temperature (38.0 0C, Figure VI.2). This 

peak shift to a higher temperature suggested the presence of electrostatic or some other 

form of binding between the SWW proteins and the Chi-Alg complex. Sugars, 

polysaccharides and polyols can stabilize proteins against thermal denaturation 

(Donovan et al., 1975; Back et al., 1979). The possibility of a simple physical 

entrapment of SWW proteins on Chi-Alg complexes does not appear consistent with 

a significant endothermic shift to a higher temperature. 

Information on the denaturation temperature for the sarcoplasmic proteins used 

in this study has not been published. However, the endothermic peak for the thermal 

degradation of most proteins occurs at higher temperature than the ones observed for 

SWW proteins. The correct operation of the DSC system was verified using purified 



91 

FIGURE VI.1 Thermogram for untreated SWW 
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chitosan flakes heated from 20 to 400 0C at 20 0C/min. Thermograms for chitosan 

(Figure VI.3) showed four prominent endothermic peaks at 123.9, 241.6, 258.1 and 

281.9 0C. This was not consistent with the work of Muzzarelli (1977) who showed that 

chitosan undergoes a single oxidative degradation ca. 270 0C. This observation was 

confirmed by Sreenivasan (1996). 

An additional DSC operational test was conducted using a standard reference 

material. An Indium sample (14.0 mg) prepared as described for SWW proteins, was 

heated from 140 to 185 0C at 5 0C/min against an empty pan. A single endothermic 

peak was observed at 158.6 0C (Figure VI.4) which differed from the known melting 

point for Indium (156.5 0C). The sample holder was cleaned again by heating to700 0C 

to eliminate organic sample holder contamination. However, cleaning and instrument 

recalibration did not change the observed location of the Indium peak. 

6.5      Conclusions 

DSC results suggests interactions, probably via ionic linkages between the 

SWW proteins and the Chi-Alg complex. However, these results need to be further 

validated. 
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FIGURE VI.4 Thermogram for Indium 
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VH. THESIS CONCLUSIONS 

Chitosan is the positively charged deacetylated derivative of chitin, the primary 

component of the calcareous shells of mollusks and the cell walls of certain fungi. 

Being a natural biopolymer available in abundant amounts in shellfish waste, it has 

been extensively tested for food processing, waste water treatment, medical and 

biotechnology applications. The main drawback in the vast commercial use 

opportunities for chitosan in the treatment of aqueous waste streams has been its low 

cost effectiveness. Solving this limitation was a key driving force in this research 

project. 

We showed that the proteins in aqueous food processing wastewater can be 

effectively removed using complexes of chitosan and polyanions. The mechanism for 

complexation is via ionic interactions. However, the method of complexation is 

critical for its use in treating waste water as was shown in this study. Complexes 

formed ex-situ to the waste system had a non-porous microstructure and exhibited poor 

protein adsorption in tests with bovine serum albumin (BSA). On the other hand, the 

same complexes formed in-situ. i.e., in the wastewater to be treated reduced turbidity 

significantly and removed by coagulation most of its protein. 

The ratio of chitosan and alginate used to prepare chitosan-polyanion 

complexes to treat Cheddar cheese whey affected the fraction of the proteins and 

lactose adsorbed. This observation has a considerable economic impact.   In some 
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commercial applications there is interest in coagulated proteins with a low lactose 

content while in others there is a need to remove a significant amount of lactose. 

Electrostatic attraction may play a prominent role in turbidity reduction and the 

recovery of wastewater proteins by Chi-Pol complexes. However, if this was the sole 

mechanism for adsorption, the complexes (dual charge) should have performed poorer 

than chitosan (positive charge) alone since most SWW proteins have a pi < 5.0, and 

at the test pH = 6.0, chitosan is positively charged whereas the proteins carry a net 

negative charge. Interestingly, this phenomenon was also observed in the treatment of 

Cheddar cheese whey wherein, once again at the operating pH = 6.0, whey proteins 

which are negatively charged should have adsorbed at a higher rate on the chitosan 

control. Instead Chi-Pol complexes yielded a higher turbidity reduction than any of the 

controls (Savant and Torres, 2000; Torres and Savant, 2000). 

The contributing factor in pi determination of a protein is the ionizable R 

groups of its amino acids at the operating pH. In SWW, amino acids with ionizable 

groups are arginine, lysine and histidine with pKa 12.48,10.53 and 6.0, respectively. 

Also present are glutamic and aspartic acid with pKa 4.25 and 3.86, respectively (No 

and Meyers, 1989). Overall, at pH 6 there is a net negative charge on the SWW 

proteins due to their higher glutamic and aspartic acid content. This pH value was 

chosen for this study to allow coagulation comparisons with previous work by Bough 

and Landes (1975) on Cheddar cheese whey and No and Meyers (1989) for SWW 

proteins. The pH value chosen by these authors reflected their effort to optimize the 

recovery of negatively charged proteins using the polycation chitosan. 
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The mechanism for waste protein adsorption onto Chi-Pol complexes suggested 

a combination of electrostatic interactions and particle-bridging resulting in efficient 

turbidity reductions. Ionic interactions and physical entrapment may explain the 

adsorption of the proteins onto these complexes. Although DSC studies suggested an 

interaction between the complexes and the proteins as indicated by a shift towards 

higher temperature in the denaturation of SWW proteins it was not possible to confirm 

this effect by analyzing the difference in the endothermic peak energy. The energy 

associated with denaturation of proteins present in untreated SWW was 7.0 J/g sample 

whereas that for the Chi-Alg treated SWW sample was 5.0 J/g sample. It should be 

noted that our assumption is that the peak observed reflects the denaturation of SWW 

proteins. Therefore, a higher energy value for the untreated SWW proteins is 

surprising. 

A correction of the DSC data to express energy values on the basis of the 

protein content of the sample was also attempted. Based on the peak energy values 

measured by the DSC, 0.5% protein content in untreated SWW, and 87.5 % protein 

recovery by the Chi-Alg complex, yielded 12.5 and 9.8 J/g protein, respectively. Again, 

this was inconsistent with the 15 0C peak shift in the SWW denaturation temperature. 

Further studies with a larger number of samples will be needed to evaluate the 

experimental variability of the endothermic peak energies measured by DSC. 

Furthermore, the thermograms show large differences in the baselines for untreated and 

complex-coagulated SWW proteins. This might explain the inconsistency between 

peak shift and calculated peak energy values. 
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In addition to improvements in DSC measurements, particularly with respect 

to baseline, there is a need to characterize SWW proteins. This is a complex mixture 

of proteins and it would be important to know more about their primary structure. This 

will facilitate the determination of the relative participation of mechanical entrapment 

and electrostatic/hydrogen bonds in the Chi-Alg-SWW protein matrix. Another 

interesting future study might be to isolate and quantify SWW proteins to target for 

Chi-Pol recovery those of specific commercial interests. 

Funds have been requested for a pilot scale test of SWW protein recovery by 

these complexes. In addition to a demonstration of the scale up potential of bench scale 

observations, the goals of this next study are to: (1) demonstrate the feasibility of a 

combined complex coagulation/ultrafiltration process to recover water for reuse in 

surimi processing, (2) determine the nutritional value of the solids recovered by the 

chitosan complexes as a feed component, and (3) evaluate the commercial feasibility 

of protein and water recovery. 

In summary, chitosan complexes are efficient, easy-to-use flocculating agents 

and more effective than chitosan alone. The consumer preference for 'natural' 

compound favors chitosan, but its high costs and limitation to the recovery of 

negatively charged particles has hindered its industrial use. Chi-Pol complexes are a 

low-cost flocculation alternative to replace synthetic agents, generate a new animal 

feed protein source and allow the recovery of processing water. 
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