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Synopsis

The interaction of the natural marine polymer chitin and its deacetylated derivative chitosan with
lead and chromium has been investigated. The uptake of lead and chromium was determined from
changes in concentration as measured by atomic absorption spectroscopy. A significant uptake
of Pb(II) on both chitosan and chitin was observed. However, the uptake of Pb(II} on chitin was
approximately 21% of that on chitosan. The number of N atoms in chitin and chitosan per number
of Pb(II) ions sorbed was 115 and 29, respectively. The number density of flakes observed in the
scanning electron microscope and characterized by an intense Pb signal in energy dispersive analysis
of x rays (EDAX) was greater on the surface of chitosan [containing 1.7 X 10~ mole Pb(II)/g chitosan)
than chitin [containing 3.5 X 1075 mole Pb(II)/g chitin] after equilibration with Pb(II) solution. The
bonding state of lead on chitosan as determined by electron spectroscopy for chemical analysis
(ESCA) is similar to the bonding of lead in PbO based on the Pb 4f7/2 binding energy. A significant
shift in the O 1s binding energy from 532.2 to 531.4 eV was observed for chitosan after equilibration
with Pb(II) solution. The calculated values of the N/Pb ratio from ESCA spectra were 0.5 and 11,
for chitosan and chitin, respectively. A significant uptake of Cr(III) on chitosan was observed and
a significant increase in the pH of solutions of Cr(III} on equilibration with chitosan occurred. A
high number density of nodules characterized by an intense Cr signal in EDAX was observed in
chitosan [containing 2.5 mole Cr(I1II)/g chitosan] after equilibration with Cr(III) solution. The
calculated values of the N/Cr ratio from ESCA spectra was 18 for chitosan.

INTRODUCTION

In the past, work has been done concerning the interaction of metal ions in-
cluding lead and chromium with the natural chelating polymer chitin (poly-
N-acetyl-D-glucosamine) and chitosan, its deacetylated derivative. Muzzarellil:2
has given an excellent summary of work in this field. The article by Muzzarelli
and Tubertini® is of particular interest as regards the rate of adsorption of Hg,
Co, Ag, Mo, Ir, Cs, Zn, Fe, Au, Sb, and Cr on chitin and chitosan. A recent report
by Kurita and co-workers? demonstrated that Hg(II) and Cu(II) are adsorbed
by chitin and its congeners varying in amino group content. Hg(II) was found
to be adsorbed on the polysaccharides in preference to Cu(Il), particularly at
lower amino group contents. There is a paucity of data, however, as to how these
polymers interact with heavy metals.

The objective of the present work was to study the uptake of Pb(II) and Cr(III)
by chitin and chitosan as a function of concentration. Ancillary spectroscopic
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techniques [scanning electron microscopy/electron dispersive analysis of x rays
(SEM/EDAX) and electron spectroscopy for chemical analysis (ESCA)] were
used to further characterize the uptake of the metal ions. Particular emphasis
was placed on the uptake mechanism.

EXPERIMENTAL

Materials

Chitin was obtained as large flakes from the Velsicol Chemical Corp. (Chicago)
and cut into smaller chips. The chitosan came as powdered small flakes from
the Velsicol Chemical Corp. and was used in this form.

Procedure

Stock solutions of Pb(NOj3)2 and Cr(NO3)3 were made up to a concentration
of 1 X 10-2M. Dilution of these stock solutions with distilled water were made
in the concentration range 103 to 10~5M. The polymer (0.1 g), either chitin
or chitosan, separately was added to 50-ml aliquots. The remaining solution
was used for calibration. The samples were shaken manually once each hour
for 3 hr and were then equilibrated for approximately 24 hr.

The absorbance data of the calibration and equilibrated solutions were taken
using a Varian AA-175 atomic absorption (AA) spectrophotometer. A Varian
lead hollow cathode tube was used. A Varian multielement hollow cathode tube
was used for chromium. The order of taking absorbance readings was as folluws:
the initial (before polymer addition) solution of the metal salts, the equilibrated
solutions, and then the initial solutions again to check instrument stability.
Standard curves were drawn and the final concentration (Cf) of the samples were
interpolated from these. The change in concentration of Pb{II) or Cr(III) was
then calculated. The results were plotted as VAC/W vs. C;. Here, the volume
(V) is 50 ml, AC is the change in metal ion concentration on equilibration with
W grams of polymers, and Cy is the final concentration of metal ion after equil-
ibration.

The pH values of selected solutions were measured with a Beckman Zero-Matic
pH meter. The pH of the initial Cr(III) solutions was adjusted by addition of
HNO3(aq). The pH values of the initial Pb(II) solutions ranged from 4.8 to 5.0,
and the initial Cr(III) solutions from 3.5 to 5.1.

Samples of chitin and chitosan, both before and after equilibration with Ph(II)
and Cr(III) solutions, were run in an AMR model 900 scanning electron micro-
scope with an International model 7070A energy dispersive analysis of x-ray
accessory. The polymer samples were filtered and washed several times with
distilled water and air dried. The samples were mounted on copper conductive
tape and coated with Au/Pd alloy to minimize sample charging.

The ESCA spectra of samples of chitin and chitosan, both before and after
equilibration with Pb(II) and Cr(III) solutions, were analyzed in a du Pont model
650 electron spectrometer using a magnesium x-ray source. The C 1s photopeak
taken as 284.6 eV was taken as the references for binding energy calibration. The
samples were mounted on double-sided tape after preparation, as described above
for the SEM work.
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RESULTS AND DISCUSSION

Sorption Isotherms of Pb(II)

The results for the uptake of Pb(II) on chitosan are shown in Figure 1. The
plotted results suggest a Langmuir-type isotherm.> However, it is not certain
that the uptake of Pb(II) is in fact limited to the surface of chitosan. The results
in Figure 1 are shown linearized in Figure 2. A plot of Ct/(VAC/W) vs. C; pro-
duces a straight line whose slope is the reciprocal of (VAC/W)pnay, which is the
limiting value for the amount of Pb(II) sorbed onto chitosan. The average
limiting value of (1.9 & 0.1) X 104 mole Pb(II)/g chitosan listed in Table I is the
average of seven separate isotherms.

The results for the uptake of Pb(II) on chitin are shown in Figure 3. Again,
the shape of the isotherm is suggestive of Langmuir-type behavior. The lin-
earized isotherm is shown in Figure 2. The average limiting value of 3.9 X 10—
mole Pb(II)/g chitin listed in Table I is the average of four separate iso-
therms.

The significant conclusion here is that the uptake of Pb(II) on chitin is only
approximately 21% of that on chitosan. The greater uptake of Pb(II) on chitosan
is consistent with the results of Muzzarelli! and is attributed to the reduced
availability of the nitrogen electrons in chitin owing to the acetyl group.

A further analysis of the isotherm results can be made in terms of the number
of Pb(II) ions sorbed per number of N atoms in the bulk polymer. There are
3.2 X 102! N atoms/g chitosan based on a nitrogen content! of chitosan of 7.4%.
A value of 1.1 X 1020 Pb(II) ions/g chitosan is calculated from the limiting ratio
in Table I. Thus, the ratio of N atoms in the polymer to the number of sorbed
Pb(II) ions is 29 as listed in Table I. Clearly, there is not saturation of total N
atom sites in chitosan by lead. A similar analysis for chitin based on a-N content!
of chitin of 6.26% leads to a ratio of 115. Again, the amount of Ph(II) sorbed by
chitin does not represent saturation of the total N atom sites in chitin.
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Fig. 1. Uptake of Pb(II) on chitosan.
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Fig. 2. Linearized plot for uptake of Pb(II) by chitosan (O) and chitin (O).

Sorption Isotherms of Cr(III)

The results for the uptake of Cr(III) by chitosan are shown in Figure 4. The
shape of the isotherm here is quite different from that observed for Pb(II) (cf.
Figs. 1 and 3). At low concentrations of Cr(III), there appears to be the onset
of a plateau, but then the uptake increases sharply and the isotherm rises steeply.
Linearization of the isotherm in Figure 4 is precluded since no limiting plateau
was reached. The uptake of Cr(III) on chitin was not reproducible.

TABLEI
Limiting Uptake of Pb(II) by Chitosan and Chitin and Values of N/Pb and N/Cr Ratios
Calculated from Uptake and ESCA Results

(VAC/W)max
(mole Pb(IT)/g) (N/Pb)uptake (N/Pb)esca (N/Cr)yptake (N/Cr)esca
Pb(11)/chitosan (1.9 +£0.1) X 10~* 29 0.51 — —
Pb(II)/chitin (3.94£0.1) X 1075 115 11 — —

Cr(II)/chitosan — — — 21 18
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Fig. 3. Uptake of Pb(II) on chitin.

pH Study

A knowledge of pH was important in this study because of the dependence
of the number and kind of hydrolysis species on pH and concentration. It was
noted that the pH values of the equilibrated solutions of Cr(I1I) were considerably
different from the pH values before chitosan addition. The results of pH mea-
surements are summarized in Table II. The Cr concentration before chitosan
addition is Cy with a corresponding acidity of pHgy. The adjusted pH is pH,.
The measured pH after equilibration is pHy at a concentration of C;. There is
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Fig. 4. Uptake of Cr(IlI) on chitosan.
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Fig. 5. SEM photomicrographs at 50X (a) and 500X (b) of chitosan showing Pb in the EDAX
spectrum (c).

a significant increase in the pH of Cr(III) solutions on equilibration with chitosan.
It is instructive to plot the pH results on the uptake isotherm for Cr(III) as is done
in Figure 4. Note that the initial apparent plateau region in the uptake isotherm
is characterized by a sharp change in the value of pH;. Further work is necessary
to interpret these results.

Scanning Electron Microscopy/Energy Dispersive Analysis of X Rays
(SEM/EDAX)

SEM photomicrographs of chitin and chitosan were obtained and no significant
difference in surface morphology of the two polymers was noted. Calcium was
detected by EDAX in both polymers, but no lead or chromium was detected.
The SEM photomicrographs of chitosan after equilibration with Pb(II) solution
are shown in Figure 5. Based on the uptake isotherm (Fig. 1), the Pb content
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TABLE II
pH Values of Cr(I1I) Solutions before and after Chitosan Addition
Co (X 107%) (M) pHo pH, pH; Cy (X 1075) (M)
100 3.5 3.6 4.85 50
50 3.8 3.6 5.0 25.5
20 4.0 3.5 5.8 9.5
10 4.2 3.6 6.8 5.0
5 4.5 3.6 7.0 1.9
2 4.8 3.6 71 <1
1 5.1 3.5 7.1 <1

of the chitosan sample was 17 X 10~° mole Pb(II)/g polymer. A particularly
striking feature of these photomicrographs is the appearance of flakes on the
chitosan particles. A smaller number of similar flakes was noted on chitin after
equilibration with Pb(II) solution. A lead signal was noted in the EDAX spec-
trum of the flakes on both chitosan and chitin. The intensity of the Pb signal
observed in the EDAX spectrum of chitosan was stronger than that of chitin.
This result is consistent with the isotherm studies above.

The origin of the flakes is unclear. Are the flakes formed during the sorption
process? Do the flakes form during sample preparation? If the flake formation
results from sample preparation, it would seem as if the same result would be
observed with chitin as with chitosan. This was not the case as has been noted
above.

The SEM photomicrographs and the Cr EDAX spectrum of chitosan after
equilibration with a Cr(III) solution are shown in Figure 6. Based on the uptake
isotherm (Fig. 4), the Cr content of this sample was 2.5 X 10~% mole Cr/g chitosan.
The chitosan surface appears littered with whitish nodules. The EDAX spec-
trum of these nodules showed an intense Cr signal as illustrated in Figure 6. The
presence of a high Cr(III) content on chitosan is consistent with the uptake iso-
therm (see Fig. 4).

We have shown that the uptake of both Pb(II) and Cr(III) on chitosan leads
to the formation of discrete aggregates on the chitosan surface. This phenom-
enon which may be referred to as the Eiden—Jewell effect could represent a new
model for the uptake of heavy metals by chitosan and chitin.

Electron Spectroscopy for Chemical Analysis (ESCA)

A summary of the corrected (C 1s = 284.6 eV) binding energies and surface
atomic fractions calculated from the narrow scan ESCA spectra of chitin and
chitosan is given in Table III. The atomic fraction of the ith species was calcu-
lated using

AFi = Ai/EAi (1)
where
A,‘ = th/20’ (2)

In eq. (2), the parameters b and h are the base and height of the triangulated
photopeak, S is the sensitivity (counts/sec/cm), and ¢ is the value of the photo-
electron cross section.b
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Fig. 6. SEM photomicrographs at 500X (a) and 2000X (b) of chitosan showing Cr in the EDAX
spectrum (c).

There is no significant difference in the N 1s binding energy in chitin and in
chitosan. The 0.5-¢V difference in the O 1s binding energy in the two polymers
may be significant.

Trace amounts of Ca were observed in both polymers consistent with the
EDAX results noted above. No detectable quantities of Cl were measured in
either polymer. For chitosan, no detectable quantities of K or Na were measured.
The absence of these elements rule out their role in explaining the pH changes
noted above.

The major photopeaks observed for chitin after equilibration with Pb(II) so-
lution and for chitosan after equilibration with Pb(II) and Cr(III) solutions are
shown in Figures 7, 8, and 9, respectively. A summary of the corrected binding
energies and surface atomic fractions calculated from the narrow scan ESCA
spectra of all samples is given in Table 1I1.

A strong Pb 4f5/2 7/2 photopeak was observed for both chitin and chitosan after
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Fig. 7. Major ESCA photopeaks of chitin after equilibration with Pb(II) solution.

equilibration with Pb(II) solution. The average binding energy of 138.3 eV for
the Pb 4f7,5 photopeak on chitin and chitosan is in good agreement with the value
of 138.0 eV reported” for PbO. The argument suggests that the bonding state
of the lead associated with both chitin and chitosan is Pb(II) as in PbO. It is now
speculated that the whitish flakes observed on chitosan are aggregates of
Pb(OH)s,.

There was no significant shift in the binding energies of the N 1s or O 1s
photopeaks on equilibration of chitin with Pb(II) solution. On the other hand,
there was a significant decrease in the O 1s binding energy from 532.2 to 531.4
eV on equilibration of chitosan with Pb(II) solution. This shift might be ex-
pected if Pb(OHs) flakes cover the chitosan surface. There was no shift in the
binding energy of the N 1s photopeak.

Based on the uptake isotherms (Figs. 1 and 3), the Pb contents of the chitin
and chitosan samples were 3.5 X 102 and 17 X 10~% mole Pb(II)/g polymer, re-
spectively. The calculated N/Pb ratios for chitosan and chitin based on uptake
are 29 and 115, respectively. The N/Pb ratio can also be calculated from the
ESCA surface atomic fractions. The calculated N/Pb ratios for chitosan and
chitin based on ESCA are 0.51 and 11, respectively. The results are summarized
in Table L
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Fig. 8. Major ESCA photopeaks of chitosan after equilibration with Pb(II) solution.

The discrepancy between the uptake and ESCA ratios are rationalized by the
fact that the uptake value was calculated assuming a uniform distribution of Pb
throughout the polymer. Secondly, ESCA is a surface sensitive technique, and
if, as the SEM photomicrographs suggest, Pb is segregated on the surface of the
polymer particle, the much smaller values of the N/Pb ratios are reasonable. On
the other hand, there is a consistency in that the ESCA ratios support the greater
uptake of Pb by chitosan over chitin.

A Cr 2p3/; photopeak at 577.2 eV was observed for chitosan after equilibration
with Cr(IIT) solution. Carlson?® lists a value of 577.0 eV for Crs03. The apparent
agreement may be fortuitous. Further work on model compounds is necessary
to establish the bonding state of Cr on Chitosan. It can be speculated, however,
that the nodules observed on chitosan are aggregates of Cr(OH)3. There was
no significant shift in the binding energy of either the N 1s or the O 1s photopeaks
on equilibration of chitosan with Cr(III) solution. The fact that a shift was noted
for Pb(II) and not for Cr(III) could be attributed to the smaller atomic fraction
of Cr compared to Pb (see Table III). But similar densities of flakes were noted
(cf. Figs. 5 and 6) in the SEM photomicrographs for Pb(II) and Cr(III), suggesting
that a shift ought to have been observed.

Based on the uptake isotherm (Fig. 4), the Cr content of the chitosan sample
was 2.5 X 10~ mole Cr(III)/g chitosan. The calculated N/Cr ratio based on up-
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Fig. 9. Major ESCA photopeaks of chitosan after equilibration with Cr(III) solution.

take is 21 and is listed in Table I. The calculated N/Cr ratio for chitosan based
on ESCA is 18. The agreement is interesting, but based on the SEM photomi-
crographs and the analogous Pb(II)/chitosan system, one might have expected
a greater divergence of the two ratios.
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