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ABSTRACT: The ability of corncobs to retain copper ions
was studied with respect to the origin of the materials (inner
or outer parts of the cobs), the granulometry, the pH, and
chemical modifications with maleic anhydride (MA) and
succinic anhydride (SA). Esterification, characterized by
Fourier transform infrared and X-ray photoelectron spec-
troscopy, led to a large increase in copper retention in com-
parison with unmodified corncobs. The retention capacity
was improved up to 6 times with SA-modified corncobs at

pH 5. The adsorption behavior of MA- and SA-grafted sam-
ples, with respect to copper, appeared to be different at pH
4 and pH 5, and this was attributed to a difference in the pK,
values of the grafted carboxylic functions. © 2003 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 91: 820-826, 2004
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INTRODUCTION

Modern society is increasingly concerned by environ-
mental issues related to industrial activity, and pollut-
ing industries need to conform to more and more rigid
environmental regulations. In particular, heavy metals
in wastewater need to be recovered'? with conven-
tional methods based on precipitation, electrochemis-
try, ion-exchange resins, and solvent extraction. These
methods are generally expensive and often fail to at-
tain the residual concentrations imposed by new reg-
ulations. Therefore, efficient and cost-effective alterna-
tives have to be developed.

Some current synthetic materials, such as poly(so-
dium acrylate), which are extensively used as hygienic
products and are, consequently, low-cost, have been
employed with success to retain multivalent ionic spe-
cies.> ® This success is related to the strong electro-
static interactions between carboxylate groups and
cations. Nevertheless, the elimination of these nonbio-
degradable materials after use remains a problem.

In this context, lignocellulosic materials, such as
wood, bark, and plant fibers, and other natural sub-
stances are currently considered potential candidates
for water decontamination. Although the adsorptive
properties of these natural products have been re-
ported elsewhere,”™ their low cost, biodegradability,

Correspondence to: J. Frangois (jeanne.francois@univ-pau.fr).

Journal of Applied Polymer Science, Vol. 91, 820—826 (2004)
© 2003 Wiley Periodicals, Inc.

and renewability permit researchers to envision the
development of a new kind of biofilter, both inexpen-
sive and natural.

The ion-exchange capacity of a wide variety of
lignocellulosic materials has been widely investigat-
ed,'*™'° but their binding capacity appears to be insuf-
ficient to really compete with synthetic ion-exchange
polymers. Hence, chemical modification has been pro-
posed to increase this binding capacity.'*'®™'® In partic-
ular, the chemical reaction of succinic anhydride (SA)
with wood has been reported to increase the efficiency of
the adsorbent with respect to cadmium(II)."

In this study, we considered corncobs as a new
candidate for water decontamination. First, the ability
of corncobs to retain copper was assessed with crude
samples. Second, we examined the modification of
corncobs through esterification reactions with maleic an-
hydride (MA) and SA and studied the efficiency of the
modified materials with respect to copper retention.

EXPERIMENTAL
Materials

Grinded corncob samples were provided by Eurama
(Maubourguet, France). Two types of products, Eu-
Feeds and Eu-Grits, were obtained from the low-den-
sity inner part and high-density outer part, respec-
tively, of the cobs (=250 and 500 kg m~°, respectively).
Two sets of Eu-Feeds samples with different granu-
lometries were used: Eu-Feeds 1 (100-um average
size) and Eu-Feeds 2 (1500-um average size). Eu-Grits
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was used in the form of 1500-um particles only. The
chemical compositions of both sample types consisted
mainly of cellulose, hemicelluloses, and lignine.""** At
room temperature and atmospheric pressure, they
contained a fraction of adsorbed water, which was
eliminated by oven drying before they were weighed.

MA and SA were used as received from Aldrich
(Saint Quentin, France).

Esterification

Esterification reactions were conducted with Eu-Feeds
1 only. Before the reaction, the samples were subjected
to Soxhlet extraction with a mixture of toluene, ace-
tone, and methanol (4:1:1 v/v/v) for 12 h (for the
removal of extractives), oven-dried at 105°C for 15 h,
and cooled to the ambient temperature in a desiccator
containing phosphorous pentoxide. All chemical mod-
ifications were performed in a round-bottom flask
equipped with a condenser and a calcium chloride
drying tube under a standard set of conditions: 10 g of
dried and extracted corncob was stirred with 10 g of
MA or SA, in 100 mL of N,N-dimethylformamide
(DMF), at 80°C and for various periods of time. After
the reaction, DMF and unreacted anhydride were
eliminated by Soxhlet extraction with acetone for 15 h,
and the modified corncob was oven-dried at 105°C for
at least 12 h. The weight percent gain (WPG) obtained
after esterification was then calculated. In addition, a
control sample subjected to the same treatment condi-
tions (i.e., temperature, DMF, and Soxhlet extractions)
was prepared and used as a reference (Eu-Feeds R).
The nomenclature of the esterified samples is as fol-
lows : Eu-Feeds XXxx, where XX is MA or SA and xx
indicates the WPG.

Interactions with copper ions

All corncob samples (crude and modified) were dried
at 100°C for at least 2 h before they were weighed.
Solutions of copper chloride (CuCl,) at a concentration
of 200 mg/L were prepared ahead of time, and vari-
ous amounts of corncob per liter of solution were
added (between 8 and 20 g/L). The pH of the solution
was adjusted at a constant value by the addition of
aliquots of acetic acid or NaOH during the experi-
ments, and the mixtures were stirred with a magnetic
stirrer. Periodically, 10 mL of the solution was sam-
pled. These supernatant solutions were filtered on
glass-fiber filters (Wathman GF/C), and ethylene dia-
mine tetraacetic acid (EDTA) was added in excess. The
amount of residual copper was determined with an
ultraviolet spectrometer by the following method.
First, a calibration curve, corresponding to the absorp-
tion at 740 nm of the Cu-EDTA complex (A,4) as a
function of the copper concentration, was established
ahead of time with CuCl, solutions (concentration
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Figure1 Kinetics of copper binding on crude Eu-Feeds 1 at
(A) pH 2.5, (¢) pH 4, and (W) pH 6.

= 20-200 mg/L; A,y = 0.0011[CuClL,]). Second, the
value of A, obtained with the supernatant solution
was directly correlated to the concentration of residual
copper.

Infrared spectroscopy

Infrared absorption spectra of crude and modified
corncobs were obtained with the KBr technique with a
Bruker IFS 66/S Fourier transform infrared (FTIR)
spectrometer (Wissembourg, France) at a resolution of
4cem™

X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed with a Surface
Science Instrument model 301 spectrometer (San Fran-
cisco, CA) with focused monochromatic Al Ka radia-
tion (hv = 1486.6 eV). The diameter of the irradiated
area was 600 um, and the residual pressure inside the
analysis chamber was approximately 10~° Pa. The
calibration was made with respect to the C;; peak of
aliphatic carbon (284.6 eV).

Charging effects were minimized with a low-energy
electron flood gun in conjunction with a transmitting
fine-mesh proximity screen. The XPS signals were an-
alyzed with a peak synthesis program, in which a
nonlinear background was assumed, and the theoret-
ical peak fitting was defined by a combination of
Gaussian (80%) and Lorentzian (20%) functions.

Ultraviolet—visible (UV-vis)

A Shimadzu UV-vis spectrometer was used for the
determination of residual copper, with cells 1 cm
thick.

RESULTS AND DISCUSSION
Interactions of copper with crude corncobs

All measurements were performed below the solubil-
ity limit of copper hydroxide. Figures 1 and 2 summa-
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Figure 2 Kinetics of copper binding on crude (M) Eu-Feeds
1, (®) Eu-Feeds 2, and (A) Eu-Grits.

rize the results obtained with different crude corncob
samples. Copper adsorption was studied at three dif-
ferent pHs with Eu-Feeds 1 (Fig. 1). The variations of
the adsorption observed with the pH suggest an in-
teraction of copper ions with ionized carboxylate func-
tions. This result is not surprising because hemicellu-
loses contain carboxylic acid groups, and hemicellulo-
ses are among the major constituents of corncob'! (up
to 40% of corncob). These groups have already been
proposed as potential binding sites for copper in
wood. Even if the interaction of copper and corncob
hydroxyl groups is not excluded, it is expected at a
much higher pH. Corncobs adsorb the maximum
amount of copper at an optimum pH of approximately
4. Such an optimum has already been observed with
synthetic poly(carboxylic acid)s, such as poly(acrylic
acid), partially hydrolyzed polyacrylamide, and poly-
(methacrylic acid).?’™** Copper/carboxylate com-
plexes have been shown to be ruled mainly by elec-
trostatic interactions (with a constant K,):

~2CO0 "~ +Cu(H,0)2*2Cu(H,0),(~CO0 "),

This equilibrium assumes that two carboxylate func-
tions are bound to one copper ion. One cannot neglect
the formation of monocomplex Cu(H,0)5(—COO")".
At low pHs (2-3), copper exists mainly in the form
of the divalent cation Cu(H,0)2", but the fraction of
ionized carboxylate groups ([COO™]/[COOH]) calcu-
lated from the acid-base equilibrium [([COO™]J[H"])/
[COOH] = K,] is very low. The fraction of carboxylate
groups complexed by Cu®* depends on the values of
K, and K, but is generally found to be rather low.
With increasing pH, the ionization of carboxylic func-
tions and the hydrolysis of Cu(H,0)z" take place:

Cu(H,0)2* +OH 2Cu(OH)H,0),"

Cu(H,0);"+OH =Cu(OH),H,0),

CLAVE ET AL.

At a pH close to neutrality, a certain amount of un-
charged copper hydroxide is present in solution
(when the concentration is below the solubility limit)
that does not interact with COO™ species, and the
fraction of complexes is low. Consequently, the opti-
mum pH is found in an intermediate range (pH 4-5),
within which the fractions of both ionized carboxy-
lates and divalent copper cations are simultaneously
present in solution. Experience shows that this pH
value is around 4, depending on the charge density
and concentration of the polymer, because pK, of
weak polyacids is strongly dependent on pH. Experi-
mental results obtained with crude corncobs, in qual-
itative agreement with those obtained with soluble
synthetic polyelectrolytes, stressed the strong influ-
ence of carboxylate groups in the process and led us to
consider the modification of corncobs to increase the
number of carboxyl sites.

The influence of the particle size is shown in Figure
2. Eu-Feeds 1 and Eu-Feeds 2 are compared, and 1.6
times more copper appears to be bound to the smaller
particles, that is, those with a higher specific area
(Eu-Feeds 1). This result indicates that the binding
occurs mainly at the surface of the corncob rather than
within the corncob. Besides, for a given particle size
(1500 wm), low-density Eu-Feeds particles are much
more efficient than high-density Eu-Grits; this empha-
sizes the impact of material porosity on copper ad-
sorption.

In the view of the results obtained in this prelimi-
nary study, an optimum copper retention capacity of
0.11 mmol g~ ' was found at pH 4. This value com-
pares favorably with the retention capacities dis-
played by other lignocellulosic materials”'"'*17242>
but is still insufficient for corncobs to really compete
with synthetic ion-exchange resins. The chemical
grafting of carboxylic acid groups onto corncobs was,
therefore, considered. The Eu-Feeds 1 sample, having
a higher porosity and a smaller size, was chosen for
this modification.

Esterification reaction

Because corncobs are natural products consisting pri-
marily of cellulose, hemicelluloses, and lignin,'"°
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Figure 3 Reactions between the corncob and cyclic anhy-
drides MA and SA.
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Figure 4 Kinetics of corncob esterification (Eu-Feeds 1)
with (H) MA and (4) SA.

many reactive hydroxyl sites are available to form
covalent bonding with various chemical reagents.
Therefore, it is possible to introduce carboxylic acid
groups to corncobs via esterification with cyclic anhy-
drides such as MA and SA. Such reactions have been
reported with wood”*~*® and proceed as follows: the
hydroxyl groups of corncobs react with MA or SA by
the ring opening of the anhydrides and generate es-
terified corncobs bearing carboxylic acid groups (Fig.
3). Depending on the anhydride used, the spatial po-

[¢}]
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sition of the grafted groups will differ because, in the
case of MA (and unlike in the case of SA), the presence
of the C=C bond prevents any free rotation between
the two carbons.

The mechanism shown in Figure 3 is generally ac-
knowledged for wood, but we should keep in mind
that the addition of cyclic anhydrides in the diester
form cannot be totally ruled out;'*? that is, the total
number of grafted carboxylic acid groups may be
lower than predicted from the WPG.

The kinetics of esterification reactions were stud-
ied by measurements over time; the WPGs were
obtained with MA and SA (Fig. 4). Grafting pro-
ceeds rapidly in the initial stage of reaction and then
more gradually as the WPG increases. The reaction
in this initial stage is faster with SA than with MA,
and the maximum WPG obtained after 15 h is three
times higher with SA, although the molecular
weights are close (MA molecular weight = 98 g/mol
and SA molecular weight = 100 g/mol). Such a
difference in reactivity has been observed with
wood?® and can probably be explained by the exis-
tence of a conjugated system in the case of MA
(O=C—C=C—C=0), which reduces the electro-
philic character of the carbonyl groups. The differ-
ence in the spatial conformations of the maleated
and succinated esters may also be involved.

Infrared spectra (500-4000 cm ') of unreacted and
esterified corncob samples are presented in Figure 5.
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Figure 5

FTIR spectra of (a) Eu-Feeds R, (b) Eu-Feeds SA 18, (c) Eu-Feeds SA 30, and (d) Eu-Feeds MA 10.
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Figure 6 XPS Cls spectra of Eu-Feeds R, Eu-Feeds MA 10, Eu-Feeds SA 18, and Eu-Feeds SA 30.

In all cases, esterification leads to an increase in the
carbonyl stretching vibration »(C=0) in the region of
1740 cm ™!, which is due to ester bond formation and
pendent carboxylic acid groups. The shoulder at 2600

cm ™" is assigned to the O—H stretching vibration of
the grafted carboxylic acid groups [v(COO—H)]. In
addition, two vibrations characteristic of the maleated
ester have been identified (spectrum d): the band at



CRUDE AND MODIFIED CORNCOBS

TABLE 1
Relative Composition of C,;, C,, C;, and C, in the
High-Resolution Spectra of Carbon

Relative percentages (%)

Sample C C, Cs Cy
Eu-Feeds R 38.9 39.9 17.1 6.1
Eu-Feeds SA 18 41.8 342 13.9 10.1
Eu-Feeds SA 30 40.7 29.5 16.6 13.2
Eu-Feeds MA 10 38.2 37.5 14.3 8.0

1637 cm ™! is assigned to the C=C stretching vibration
(v), and the band at 820 cm ™' is assigned to out-of-
plane =C—H bending (3). These assignments agree
with the results reported for wood.***”

The surface chemistry of corncobs was investigated
with the XPS technique. High-resolution XPS spectra
were recorded in the carbon region. Figure 6 shows
the Cls spectra of Eu-Feeds R and its modified sam-
ples (Eu-Feeds MA 10, Eu-Feeds SA 18, and Eu-Feeds
SA 30). In each case, the carbon peak consists of four
component peaks: C;, C,, C3, and C, at approximately
284.6, 286.2, 287.6, and 289 eV, respectively. These
values agree with those reported in the literature for
wo0d,”* ™ where C; is assigned to carbon atoms
bound to carbon or hydrogen (C—C and/or C=C
and/or C—H), C, is assigned to carbon singly bonded
to a single oxygen (C—OR and/or C—OH), C; is
assigned to carbon singly bonded to two oxygen at-
oms or double-bonded to a single oxygen (O—C—0O
and/or C=0), and C, is assigned to carbon of carbox-
ylic acids and esters (O—C=0). The C; component
arises mainly from lignin, and C, arises from both
carbohydrates and lignin. C; can be assigned to an
acetal linkage and reducing end groups of carbohy-
drates, with a small contribution possibly coming
from carbonyl groups of lignin. Finally, C, arises
mainly from the carboxylic acid or acetyl groups of
hemicelluloses. Table I summarizes the relative com-
positions of C;, C,, C;, and C,. The C; and C, atomic
ratios of unmodified corncobs appear to be substantial
in comparison with what is usually observed at the
surface of wood.”® This result is consistent with the
higher hemicellulose content usually found in non-
woody lignocellulosic materials such as corncobs.'*?°

Esterification led to an increase in the C, atomic
ratio commensurate with the WPG, confirming the
introduction of new ester and carboxylic acid groups
at the surface of the modified corncobs. With SA, a
decrease in the C, atomic ratio was observed with
increasing grafting and could be attributed to the
grafted groups that screened, to some extent, the un-
derlying C,. This trend was not observed with MA,
but in that case, the WPG may have been too small to
be critical.

The changeable behavior observed for the C; atomic
ratio has not been explained.
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Interactions of copper with modified corncobs

The results of the copper retention experiments, per-
formed at pH 4, are reported in Figure 7. The retention
capacities of Eu-Feeds 1 (crude sample), Eu-Feeds R,
Eu-Feeds MA 10, Eu-Feeds SA 18, and Eu-Feeds SA 30
are then compared.

First, the retention capacity of Eu-Feeds R is im-
proved with respect to that of the crude sample (Eu-
Feeds 1). This can be explained by the fact that extrac-
tive compounds have been eliminated in Eu-Feeds R
because of extensive extraction with a mixture of tol-
uene, acetone, and methanol. The noninvolvement of
these extractives in the retention process will naturally
lead to an increase in the retention capacity per mass
unit, after extraction.

The effect of chemical modification must be dis-
cussed with respect to Eu-Feeds R. At pH 4, corncobs
modified by MA (ca. 1 mmol of grafted carboxyl
group/g, as predicted from the WPG) lead to higher
copper retention than Eu-Feeds R, as expected from
the presence of a larger number of carboxylic acid
groups. Surprisingly, with SA (Eu-Feeds SA 18), the
grafting of a larger number of carboxylic acid groups
(ca. 1.8 mmol g~ ' predicted from the WPG) does not
enhance adsorption with respect to Eu-Feeds R. Be-
sides, only a slight improvement is observed with
increasing grafting (Eu-Feeds SA 30). This behavior
can be attributed to the formation of a large amount of
diester in the case of modification with SA, but the
contrasting results observed at pH 5 (Fig. 8) have led us
to propose another interpretation. Because copper bind-
ing involves an ionic interaction, the lower efficiency of
Eu-Feeds SA compared with that of Eu-Feeds MA can be
attributed to a difference in the pK, values of the grafted
acidic functions, which may be higher for Eu-Feeds SA.
An increase in the retention capacity of Eu-Feeds SA will
then be expected at higher pH values.

Figure 8 presents the results obtained at pH 5. With
respect to Eu-Feeds 1 alone, the curve reveals a lower
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Figure 7 Kinetics of copper binding at pH 4: (#) crude
Eu-Feeds 1, (M) Eu-Feeds R, (A) Eu-Feeds MA 10, (O) Eu-
Feeds SA 18, and (O) Eu-Feeds SA 30.
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retention capacity at pH 5 than at pH 4, and this
confirms the existence of an optimum value for crude
corncobs below pH 5, as explained previously. How-
ever, the amount of copper adsorbed on Eu-Feeds SA
increases drastically, and this is consistent with our
previous hypothesis. Comparatively, this increase is
less pronounced with Eu-Feeds MA 10, as expected.

The difference in behavior between MA- and SA-
grafted corncobs may be explained with Figure 3, in
which the possible conformations of the grafts are
considered. We might expect that the carboxylic func-
tions would be closer to the corncob matrix in the case
of MA. They are subjected to the electrostatic influence
of the negatively charged groups present mainly on
hemicelluloses and cellulose, which may favor their
deprotonation and lead to a lower pK, value.

The maximum measured binding capacity is 0.64
mmol g~ '. This value has been obtained with Eu-
Feeds SA 30 at pH 5 and is 6 times higher than that for
unmodified corncobs.

Some additional XPS analysis has confirmed the
adsorption of copper on corncobs. In agreement with
the results of Figure 8, the quantitative data show that
the amount of copper on the surface of Eu-Feeds SA 30
at pH 5 is higher than that obtained with Eu-Feeds
MA 10 and Eu-Feeds SA 18.

CONCLUSIONS

This work emphasizes the ability of corncobs to bind
pollutant divalent cations such as copper. The adsorp-
tive capacity of crude corncobs is not excessively high,
but the low cost of such subproducts can compensate
for this moderate efficiency. Optimal conditions for
their use as complexing agents have been determined:
pH 4, small granulometry, and powders prepared
from the low-density inner part. The adsorption prop-
erties demonstrated by corncobs can be explained by
electrostatic interactions between the divalent cations
and hemicellulose carboxylate groups.

CLAVE ET AL.

Additional carboxyl sites were introduced to corn-
cobs via a esterification reaction with MA and SA, this
modification leading to a notable increase in copper
retention. Under our experimental conditions, encour-
aging results were obtained because the ionic reten-
tion was multiplied by a factor of about 5 when SA
was used at pH 5. However, the optimum pH ap-
peared to be different according to the anhydride
used, and this was explained by the assumption of a
higher pK, value for SA-grafted corncobs.

Finally, we have demonstrated that modified corn-
cobs can reasonably compete with synthetic materials.
This result may be confirmed with other metallic cat-
ions. However, the stability of the grafted carboxylate
groups should be carefully investigated because re-
cent unpublished results seem to indicate that less
than 1% of the grafted functions may be cut through
hydrolysis during copper adsorption experiments.

References

. Nriagu, J. O. Science 1996, 275, 223.

. Nriagu, J. O.; Pacyna, ]. M. Nature 1988, 333, 134.

. Ricka, J.; Tanaka, T. Macromolecules 1984, 18,83.

. Linden, L. A.; Rabek, J. ] Appl Polym Sci 1990, 50, 1331.

. Candau, S.; Leroy, M.; Brunette, J. P.; Mallo, P.; Loret, J. F.;

Waton, G. Eur. Pat. 0275763 (1989).

. Biver, C.; Razet, J. C. WO 942903 (1994).

. Staccioli, G.; Sturaro, A.; Rella, R. Holzforschung 2000, 54, 133.

. Cracium, R.; Kamdem, P. D. Holzforschung 1997, 51, 207.

. Zhang, J.; Kamdem, P. D. Holzforschung 2000, 54, 119.

. Ravat, C.; Dumonceau, J.; Monteil-Rivera, F. Water Res 2000, 34,

1327.

11. Costa, E. T. H.; Winkler-Hechenleitner, A. A.; Gomez-Pineda,
E. A. Sep Sci Technol 1995, 30, 2593.

12. McDonald, M.; Mila, I; Scalbert, A. ] Agric Food Chem 1996, 44, 599.

13. Aoyama, M.; Sugiyama, T.; Doi, S.; Cho, N.-S.; Kim, H.-E. Hol-
zforschung 1999, 53, 365.

14. Gaballah, I.; Goy, D.; Allain, E.; Kilbertus, G.; Thauront, ]. Metall
Mater Trans B 1997, 28, 13.

15. Lehrfeld, J. ] Appl Polym Sci 1996, 61, 2099.

16. Freer, J.; Baeza, J.; Maturana, H.; Palma, G. ] Chem Technol
Biotechnol 1989, 46, 41.

17. Chan, W. H.; Lam-Leung, S. Y.; Cheng, K. W.; Yip, Y. C. Anal
Lett 1992, 25, 305.

18. Teles de Vasconcelos, L. A.; Gonzalez Beca, C. G. Eur Water
Manage 1998, 1, 43.

19. Marchetti, V.; Clément, A.; Gerardin, P.; Loubinoux, B. Wood
Sci Technol 2000, 34, 167.

20. Hon, D. Chemical Modification of Lignocellulosic Materials;
Marcel Dekker: New York, 1996.

21. Mandel, M; Leyte, J. C. ] Polym Sci Part A: Gen Pap 1964, 2, 3371.

22. Mandel, M; Leyte, J. C. ] Polym Sci Part A: Gen Pap 1964, 2, 28831.

23. Frangois, ].; Heitz, C.; Metsdagh, M. Polymer 1998, 40, 3331.

24. Randall, J. Forest Prod ] 1977, 27, 51.

25. Seiki, K.; Saito, N.; Aoyama, M. Wood Sci Technol 1997, 31, 441.

26. Matsuda, H. Wood Sci Technol 1987, 21, 75.

27. Banks, W. B.; Din, R. H.; Owen, N. L. Holzforschung 1995, 49, 104.

28. Sebe, G.; Brook, M. A. Wood Sci Technol 2001, 35, 269.

29. Kamdem, D. P.; Riedl, B.; Adnot, A.; Kaliaguine, S. ] Appl
Polym Sci 1991, 43, 1901-1912

30. Hon, D. N.-S. ] Appl Polym Sci 1984, 29, 2777.

Ul W N =

O O 0N



