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ABSTRACT 

The chelatmg abthty of N-carboxymethyl chztosan, chttosan and fully 
deacetylated chttosan was assessed for ddute soluttons of Cu and Pb by 
means of potenttometry, calorimetry, dtlatometry and ctrcular dtchrotsm 
measurements N-Carboxymethyl chttosan, to whtch a stgntficant 
freedom of the glycme restdues tmparts low conformattonal ngtdtty, was 
much more effecttve than chttosan and deacetylated chuosan m bmdmg 
both Cu(lI) and Pb(II) Ddatometry gave postttve A V values for N- 
carboxymethyl chttosan only, as a consequence of the desolvatton of the 
tomc spectes, mamly carboxyl groups, m the course of the bmdmg reac- 
tton The carboxyl group was not the only stte of reactton, however, as 
mdtcated by the negattve enthalpy vartattons It ts known that the 
reactzons of metal tons wtth polycarboxylates as a rule are endothermtc 
(postttve AH) and those wtth polyammes are exothermw (negattve AH), st 
ts therefore concluded that the complexmg abd~ty of  the amino group ts 
corroborated by the presence of the carboxyl group m the glycme resMue 
of N-carboxymethyl chttosan 
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INTRODUCTION 

While chitosan is amply recognized as a chelatmg polysaccharlde whose 
mtrogen and oxygen atoms act as electron donors (Muzzarelh, 1973), 
efforts towards enhancement of ~ts chelating ablhty have also been made 
(Muzzarelh et al ,  1987) The mtroduction of additional chemical func- 
tions m the glucosamme umt is expected to unpart higher capacity or 
selectivity, especially when the mtrogen atom is kept m the form of an 
amine rather than an armde. 

The carboxymethylatlon of chitosan is a stratghfforward approach to 
the mtroductlon of carboxyl groups, and can be mamly achieved either 
via Schfff reacUon with glyoxyhc acid leading to N-carboxymethyl 
chitosan (otherwise called glycme glucan when highly substituted; 
Muzzarelh et a l ,  1982a) or by etherlficatlon at C-6 with chloroacetlc 
acid, according to Tokura et al (1983) A review article has been 
pubhshed on carboxymethylated ctutins and chitosans (Muzzarelh et al ,  
1989) 

Evidence of the enhanced capacmes of the ammoacld-substltuted 
glucans obtamed from chitosan for a number of transition metal ions has 
been pubhshed (Muzzarelh et a l ,  1985; Muzzarelh & Zattonl, 1986). 
That tnformalaon, collected for msoluble aminoacld glucans, showed 
that they possess capacities one order of magnitude htgher than clutosan 
under identical condmons and that their capacities are very shghtly 
dependent on metal ion concentration as a further point of difference 
from chitosan 

The purpose of the present work is to obtam a picture of the thermo- 
dynamac behawour of chltosan and its denvatwes, m order to 
characterize the said polysacchandes and to offer an explanation for the 
chelating capacity enhancement. To achieve this aim, proton &ssocmUon 
and Cu(II) and Pb(II) binding by chltosan, fully deacetylated chitosan 
and N-carboxymethyl chltosan m dilute aqueous solution were stu&ed. 

MATERIALS AND METHODS 

Materials 

Chltosan from Euphausla superba was supphed by Chito-Blos, Ancona, 
Italy Its degree of deacetylalaon, as determined by spectrophotometry 
(Muzzarelh, 1986) was 0.58 It was &ssolved m 1% acetic acid to 
prepare clutosan acetate solulaons which were extenswely &alysed by 
usmg Vlskmg &alysis tubings manufactured by Serva, Heidelberg, with 
exclusion hmlts 8000-15 000 daltons (average pore &ameter 240 nm). 
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The water-soluble N-carboxymethyl ctutosan was prepared accordmg to 
the procedure described by Muzzarelh et al (1982b), by usmg glyoxyhc 
acid and reducmg the corresponding aldmame N-Carboxymethyl 
ctutosan, as a viscous solution or a gel, was added to 0 01 M aceUc acid 
(the pH of the dlalysed solutaon was never lower than 3), filtered, 
exhauslavely dmlysed agamst water and then freeze-dried The average 
molecular weights of cbatosan and N-carboxymethyl ctutosan were 
465 000 and 543000 daltons, respectwely (Muzzarelh et a l ,  1987) 
Deacetylated ch~tosan w~th degree of deacetylataon higher than 0 97 was 
prepared as already described (Muzzarelh, 1973). A sample of C6- 
oxycellulose was also employed for comparison purposes. It was 
prepared followmg the procedure outhned by Pamter (1977) Cellulose 
was dissolved m 85% (w/w) orthophosphonc acid and then oxidized 
upon addmon of anhydrous sodmm nitrite as a free powder Further 
detads are to be found elsewhere (Ces~tro et a l ,  1985, Pamter et al ,  
1985) The sample was stored as a freeze-dried sohd m Na form The 
wscometric molecular weight was 12 000 daltons Detads of the physlco- 
chenucal characterization of the product were pubhshed by Ceshro et al 
(1987) 

Cu and Pb perchlorates were Ventron GmbH products Their 
aqueous solutmns were tltrated wath EDTA All the other chemicals 
employed were Carlo Erba analytical grade products Delomzed, doubly 
dlsttlled water was used for dmlysls. Measurements were done on freshly 
prepared solutmns 

Preparation of polymer solutions 

Chltosan and deacetylated chatosan solutions were prepared by dissolv- 
ing a calculated amount of the freeze-dried polymer m an excess of dilute 
aceUc acid (pH -3) .  The solutions were used after filtration and 
exhaustive dlalys~s agamst water The polymer concentration was 
computed from the weight of the polymer and the final volume of the 
solution. The amount of water m the solid polysacchande was deter- 
mmed with a Mettler DL 18 apparatus, employing the Karl-Fisher 
method The amount of water vaned from 15% to 21% m the samples 
obtamed from various preparations 

N-Carboxymethyl ctutosan soluUons were prepared by dissolving the 
freeze-dned material m very dilute acetic acid The solution obtained 
was filtered and then dlalysed against water to remove excess acid The 
concentrataon was evaluated based on the amount of dissolved poly- 
saccharlde and the volume of the final solution, and confirmed by 
potentlometrlc Utratmn under mtrogen 
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Solutions of oxycellulose were freshly prepared from the sohd by 
d~ssolution m water. The titer of the polymer solution was determined 
four times after dialysis against 0.1 M aqueous acetic acid, and against 
water, untd disappearance of acetic acid m the outer compartment of the 
dialysis system. The cloudy solution of C6-oxycellulose was homo- 
genized and an ahquot was tltrated wlule another ahquot was neutrahzed 
by addmon of known amounts of NaOH. 

Instruments and methods 

The potentiometnc tltrations were performed with a Radiometer 
PHM52 pH meter, equipped with GK 2321C combined electrodes. 

The viscometric determinations were made with an AVS/G Schott- 
Gerate automatic apparatus, employing Ubbelohde wscometers. The 
measurements were made on solutions prepared by dissolving the 
polymer m HC1 (N-carboxymethyl chltosan) or m acetic acid (chltosan). 
The correct lomc strength,/, was reached by addition of NaC1. In the 
evaluation of I the concentration of all the ionic species m solution, 
including the polyelectrolyte itself, were taken into account. 

The calortmetrlc measurements were performed using a LKB 
10700-2 batch type twin calortmeter, equipped with gold cells, 
employing standard procedures. In each protonatlon experiment, 2 ml of 
polymer solutaon (Cp -- 4"8 x 10-3 M) and a calculated amount of 5 x 10 -4 
M HC104 solulaon were put m the reaction cell, whtle m the reference cell 
an equal volume of water replaced the HC104 solution. Therefore, the 
heat read was already corrected for the polymer dilution enthalpy (the 
heat of dilution of HC104 being very small and hence neghglble) With 
N-carboxymethyl chltosan the volumes of HC104 were chosen to have a 
vanauon of degree of dissociation (a) m a single protonation experiment 
ranging from 0"03 to 0"12; with both ctntosan and deacetylated chitosan 
the variation of tx was -0.6. The amount of bound protons was 
computed by potentiometric determination before and after the calori- 
metric reacuon. In the interaction with Cu(II) and Pb(II), the acid solu- 
tion was replaced with calculated small amounts of a perchlorate 
solution (concentration of the cation, 2-4 x 10- 2 M). 

The dil-atometnc determinations were performed with Carlsberg 
ddatometers, immersed m a htgh-performance thermostatic bath 
(Delben, 1980). The experimental details were reported by Crescenzi et  
al. (1974). The solutions were introduced into the ddatometers with the 
aid of a glass Hamilton syrmge with a teflon plug. 

The dlchrolc spectra were recorded from 320 to 200 nm with a Jasco 
J500-A dlchrograph, equipped with a Jasco DP500-N data processor. 
Four spectra were currently combined for each determination. 
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From the potentlometnc tltratlons, the values of the negative 
logarithm of the dlssocmtmn constant, pK a, were calculated as a funcnon 
of a The latter was computed from the amount of dlssocmtmg groups 
on the polyelectrolyte, which corresponds to the amount of deacetylated 
sugar umts m the polymer backbone, by the expression 

a = ~ +  - -  [H +] [OH-] 
t t 

Cp Cp 

were t~ is the degree of neutrahzatlon (amount of added base versus the 
amount of base reqmred to neutrahze the acidic groups fully) and C'p is 
the equwalent concentraUon of the polysacchande. The degree of 
deacetylalaon of the samples being 0.58, C'p=0.58 Cp, where Cp is 
expressed m moles of total saccharlde umts per dm 3. In the case of N- 
carboxymethyl ctutosan, for wtuch the pK a versus a plots are reported, 
the lirmts of a are 0 and 2, owmg to its doubly lomzable ammoacld side 
groups 

For N-carboxymethyl chltosan, the pK a values were obtained m the 
range 0 > a > 1, employing the expression derwed by Dubm & Strauss 
(1970) 

pKa = pH + log {1 ( ~ - ~ )  + 1 [ (~--~)2 q 4K°(2) 

where K°(1) and K°(2) are the 'mtrmslc' first and second lomzauon 
constants, respectwely In the range 1 < a < 2, the pKa values were 
calculated by using the approxtmate equation 

2 - - ~  
pK a = pH + log - -  

Ct--1 

RESULTS AND DISCUSSION 

Interaction with protons and structural considerations 

In Fig. 1 the tltralaon curves of N-carboxymethyl cbatosan are reported 
for two polymer concentrations, Cp; m each of them two lnflecUon 
points are evident and correspond to the dlssooaUon of two chermcally 
different groups. 

The trend of pK a versus a, reported m Fig 2, is typical for a poly- 
electrolyte bearing two different and independent sets of dissociating 
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Fig. 1. Potentlometnc titration curves of N-carboxymethyl chltosan m water at 25°C 
OA, mlUal polymer concentraUon, C~,/, 2 1 x 10 -~ M, e&, Cp(,/=4 8 x 10 -~ M, oe, 

addmon of NaOH, zx A, ad&tlon of H C I O  4 to the fully dissociated polymer 
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Plot of pK a versus the degree of dlssoclaUon, a, for N-carboxymethyl chltosan 
water at 25°C (3, imt]al polymer concentration, Cv(,), 20x10  -3 M, e, 

Cp(u=4 8 × 10 -3  M 

groups (Blanch1 et a l ,  1970, Dubln  & Strauss, 1970). The  constancy of 
p K  a at varying Cp values may be due to the considerable rigidity of the 
polymer  chain which, al though not so p ronounced  as in the case of the 
parent  ctutosan (see below), prevents big differences m the conformat ion  
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of the polymer chains, whach should remain in an expanded conforma- 
tion, regardless of the pH The small differences shown m Fig. 2 appear 
to be due to the experimental uncertainty, which is evaluated to be at 
least + 0.1 pK a umt at the lowest values explored. 

By using the pKa values of Fig 2 and employing the popular 
Stolchlometnc equations, we computed the relatwe amounts of the fully 
protonated, mono&ssoclated, and fully dissociated forms as a function 
of pH The results are reported m Fig. 3 Although approximate (e g. the 
mmor correction for the lomc strength was omitted), the results of Fig 3 
depict the actual average situation on the lOnlzable groups of N-carboxy- 
methyl ctutosan as a function of pH, for mstance, at pH - 6, a is - 1 3, 
which means that one-third of the groups are fully d]ssocmted, and two- 
thirds are mono&ssocmted Ttus may be of interest in certain cases, such 
as the bmdmg of transition and post-transition metal ions, wtuch is dis- 
cussed below and, m more detad, by Delben & Muzzarelh (1989) 
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Fig. 3. Relatwe amount (expressed as.%) of the fully protonated form (o), mono- 
&ssoclated form (e) and fully dissociated form (zx) for N-carboxymethyl chltosan in 
water at 25°C as a function of the pH value, mmal polymer concentration 4 8 x 10-3 M 

Evidence of a rigid conformation of both chltosan and N-carboxy- 
methyl ctutosan m solution was supphed by circular dlchrolsm 
measurements Unhke fully deacetylated chltosan, both N-carboxy- 
methyl chltosan and ctutosan show a deep negative CD band centered 
around 208 nm, attributed to n--,~r* electron transition of the 
chromophore -NH-CO (Kabat et al., 1969, Stone, 1969, Dickinson & 
Bush, 1975) The shape of this band is m agreement w~th that reported 
by Domard (1986) and other authors there quoted We found that this 
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band was not affected by varying the pH of the solution from 2 to 11. 
The same mdependence of the CD spectra was found by Domard (1986) 
for NAcGlc ohgomers. The CD spectra are not mcluded here for the 
sake of slmphclty. These findings seem to confirm that the lomzable side 
groups of N-carboxymethyl chltosan should be quite mdependent of the 
neIghbounng atoms m the polymer chain. 

In ttus context, the calormaetnc and the dllatometnc results appear 
not to have a simple interpretation. The calorimetric results for the 
protonation, reported In Table 1, show no difference m the AH of 

TABLE 1 
Calorimetric Data of ProtonaUon 

Polymer Range of a - AHp (+ SO) 
(kcal[mole of bound proton) 

N-Carboxymethyl chltosan 0-1 5 1 + 02 
1-2 75+06 

Deacetylated chltosan 0-1 26 + 03 
Chltosan 0-1 7 2  + 0 3  

protonatlon (AHp) m gomg from chltosan to N-carboxymethyl chltosan 
(1 < a < 2), notwithstanding the large chemical difference m the group 
that undergoes protonation. The fact that m the case of N-carboxy- 
methyl ctutosan the AHp values of both protonable groups are stmllar, m 
spite of predictions by current theories on polyelectrolytes (Manning, 
1969; Paolettl et a l ,  1985), is also surprising. The value found 
(1<c t<2)  is close to the AHp for the amon of glyclne (Datta & 
Grzybowskl, 1958) and very close to the corresponding values for 
dlmethylglyclne (Datta & Grzybowskl, 1958) and for N-trls(hydroxy- 
methyl)methane glycme (Bates et a l ,  1974). The constancy of AHp 
found for N-carboxymethyl ctutosan as a function of a is easier to 
explam In fact, the above findings confirm other evidence, 1.e the 
dependence of the polymer chain rigidity on a and, moreover, a 
substantial freedom of the reactive centres of the polymer backbone. 

On the other hand, the experimental values of A V associated with the 
proton coupling for the three polysacchandes studied is practically zero 
(for N-carboxymethyl ctutosan ttus value was found for both dissoclalaon 
steps). If compared with the data for synthetic and natural poly- 
carboxylates (Crescenzl et a l ,  1974; Delben et al., 1974; Fenyo et a l ,  
1977; Delben & Crescenzl, 1978, Paoletti et al., 1981; Ceshro et a l ,  
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1982, 1987), tins result is unexpected indeed, at least for N-carboxy- 
methyl chitosan. Because m the protonalaon of the carboxyl group a 
large amount of electrostncted water Is hberated (Crescenzl et a l ,  1974), 
with a large increase of the solution volume, a possible explanalaon for 
our findings would be that only the amino groups of N-carboxymethyl 
cbatosan are protonated, at low pH values fins ~s against every reasonable 
predlctaon and the potentaometnc ewdence 

The viscometrlc evidence provides further support to the above 
mentioned rigidity of the polymer chain for chltosan and its denvalaves. 
In Fig. 4, the intrinsic vascosity, [r/I, is reported versus/,  for the three 
polysacchandes under study and for C6-oxycellulose. The latter was 
chosen to compare the stiffness of ctutosan and its derivatives with that 
of another polysacchande formally derived from the same anhydro- 
glucosl&c cham. The VlScometnc results are summarized m Table 2. 
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Fig. 4. Plot of the intrinsic VISCOSIty, [r/I, versus 1/,[I (where I is the ionic strength of 
the solution) for ctutosan (D), deacetylated ctutosan (o), N-carboxymethyl chttosan (A) 

and C6-oxycellulose (•) 

From the Smidsrod parameter, wtuch is emplncally derived from the 
slope of the plots m Fig. 4 and the value of [)/] at I = 0-1 M (Smldsrod & 
Haug, 1971), the followmg trend for the ngldlty of the polymer chain is 
obtained: clutosan > C6-oxycellulose > N-carboxymethyl clutosan > de- 
acetylated clutosan. Notwlthstandmg the large uncertainty of thts 
method, this trend appears to be significant but not stmple to Interpret. It 
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TABLE 2 
Vtscometnc Data 

Polymer Degree of S ~ [rl ]at B b 
substttutton (dl/g) 

N-Carboxymethyl chltosan 58'  1 555 8 58 0 095 
Deacetylated clutosan 3 '  2 795 11 45 0 117 
Chltosan 58'  2 592 18 45 0 059 
C6-Oxycellulose 95 d 0 242 2 71 0 066 

a S Is the slope of [ r/] versus I-  1/2 where 1 is the lomc strength of the solution 
bB Is the Smadsrod stiffness parameter 
CDegree of deacetylauon 
dDegree of oxadatlon at C6 

is clear that the substltuent m pos i t ion  2 plays an important role m 
establishing a rigid conformation of the polysacchari&c chain, as 
theoretically postulated by Terbojevlch et al (1986). The lower confor- 
matlonal rigidity of N-carboxymethyl ctutosan stems from a significant 
freedom of the short side-chains bearing the carboxyl groups (glycme 
residues), probably because they are relatwely away from the polymer 
chain. 

Interactions with Cu(II) and Pb(ll) 

The interactions of Cu(II) and Pb(II) with chitosan, deacetylated chitosan 
and N-carboxymethyl chltosan were stu&ed by potentiometry, micro- 
calorimetry, dilatometry, spectropolarimetry and UV absorption 
spectroscopy. The results obtained with the two latter techniques are 
reported and discussed m the paper by Delben & Muzzarelh (1989) 

The potenUometrlc and calonmetnc results are reported m Figs 5 and 
6, respeclavely. In all cases, the thermodynamic vanable considered is 
reported against R, the molar ratio of the added metal counterlon 
concentrataon to Cp. As for the potenlaometnc results, the usual 
interpretation is that the pH decrease is a consequence of the binding of 
countercations by the polymer. As a consequence, the larger affimty of 
the polysaccharide for a particular cation with respect to the proton is 
darectly read from the pH extent of the pH decrease. From the data m 
Fig. 5, it appears that N-carboxymethyl chitosan is much more effective 
m binding Cu(II) and Pb(II) than the parent clutosan. The fully deacety- 
lated clutosan is even less effective than plato clutosan. The p~cture is 
well paralleled by the calorlmetnc evadence m Fig. 6. In prmciple the 
enthalpy change is not necessardy proportional to the amount of bound 
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Fig. 5. Variation of pH on addition of divalent cations to (a) N-carboxymethyl 
chltosan, (b) chltosan and (c) deacetylated chltosan, m water at 25°C o, Cu(II), o, Pb(II) 
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Fig. 6. Enthalpy change on addition of divalent cations to (a) N-carboxymethyl 
cbatosan, (b) clutosan and (c) deacetylated clutosan, m water at 25°C o, Cu(II), o, Pb(II) 

countenons; m fact, it depends on the extent of bmdmg and the nature of 
the reacting specms. However, the complete agreement between the 
trends indicated by the potentaometric and calorimetric data seems to 
indicate that the site of bmdmg m the three polysacchandes considered 
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should be essentially the same, and hence the evaluaUon of the relatwe 
bmdmg ability is allowed. The partially acetylated chitosan appears to be 
a better chelating agent than the fully deacetylated cintosan; the carboxyl 
groups contribute very effectively to the bmdmg ability of the poly- 
saccharide. 

This view Is also supported by the dflatometnc results, summarized in 
Table 3, and the &chrolc spectra (Delben & Muzzarelli, 1989) The 
dilatometnc data show that positive A V are found only for Cu(II) and 
Pb(II) reacting wth N-carboxymethyl chltosan. This is interpreted m 
terms of desolvatlon of the interacting lomc speoes in the course of the 
bmdmg reaction. The A V values being zero for both cintosan and fully 
deacetylated cintosan, the difference seems ascribable to the effect of the 
carboxyl group but it should not be considered the only site of 
mteracnon between the countercatlons and the polymer. 

TABLE 3 
Dflatometrlc Data 

Polymer Interacting R a A V 
ton (ml/mole of bound ton) 

N-Carboxymethyl clutosan H + 1 035 0 8 
Cu 2+ 0 271 40 2 
Pb 2÷ 0 296 26 0 

Deacetylated chltosan H + 2 058 0 
Cu 2+ 0 108 0 
Pb 2+ 0 162 0 

Chltosan H + 0 959 - 3 5 
Cu 2+ 0 100 0 
Pb 2+ 0 151 0 

aMaxtmum value of the ratio of interacting ion to polymer molar concentraUon in the 
dllatometnc experiments 

Tins interpretation is supported by the negaUve enthalpy vanalaon 
When the mteracUon between Cu(II) and polymeric species (Crescenzi et 
al., 1974; Paoletti et al., 1981; Ceshro et al., 1988) or monomers 
(McAuley et a l ,  1967, Aruga, 1981) m aqueous solution is performed 
only or mainly by carboxyl groups, as a rule the reacnon is endothermm, 
i.e. characterized by a positive A H  value winch Indicates that the binding 
process is driven by a large increase of entropy due to a large amount of 
water hberated during the binding. Negative A H  values for exotherrmc 
reactions of polycarboxylates with Cu(II) are also known, but it was 
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suggested that a conformat~onal transmon of the polymer chmn 
accompames the polylon-countenon interaction (Ces/iro et al ,  1982) 
On the other hand, exothermlc reactions in aqueous solution between 
Cu(II) and amino groups lodged on ohgomers or on polymers have been 
reported (Barbuco et a l ,  1983), they seem to represent the rule for those 
systems Moreover, the A V values relevant to Cu(II) and Pb(II) are 
posltave only m the case of N-carboxymethyl chltosan, wlule they are 
zero for the ctutosans. 

CONCLUSIONS 

Based on the thermodynamic fmdmgs reported, we can conclude that in 
these homogeneous systems the counterlons are bound by mtrogen 
(presumably with contributions of the hydroxyl groups), with an 
tmportant contribution of the carboxyl groups m the case of N-carboxy- 
methyl chatosan. From the quantitative standpoint, the data here dis- 
cussed indicate that the chelating abdity of the modified chatosans is in the 
order. N-carboxymethyl ctntosan > chatosan > deacetylated chatosan 
Data show that, whale Cu(II) is bound by all three of the polysaccharldes 
to different extents, Pb(II) is bound mostly by N-carboxymethyl cbatosan 
The difference of affLmty between amino groups on the one hand and 
Cu(II) or Pb(II) on the other hand is also to be taken into account The 
present work adds the necessary thermodynamic mformat~on to the 
ample analytical lnformauon already published on the subject of metal 
Ion chelation by chltosan and ~ts derivatives 
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