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Thermodynamic studies of the interaction at the solid/liquid interface
between metal ions and cellulose modified with ethylenediamine
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Abstract

The chelate molecule, ethylenediamine, has been incorporated onto the surface of cellulose by sequential reaction of cellulose fibres with
phosphorous oxychloride followed by the chelating agent. The modified material (CelNN) retained its fibrous nature and was shown to be efficient
at adsorbing divalent metal cations from water by complexation. Adsorption isotherms were determined for suspensions of CelNN in metal ion
solutions of different concentrations, and the data were adjusted to fit the modified Langmuir equation. The maximum numbers of moles of Cu2+,
Ni2+ and Zn2+ adsorbed per gram of modified cellulose were 1.64× 10−3, 5.25× 10−4 and 1.06× 10−3, respectively. The thermodynamic effects
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elated to the adsorption of metal ion onto the cellulose surface were determined by calorimetric titration. Gibbs free energy was spon
ll interactions. The adsorption processes all exhibited endothermic enthalpy values and were accompanied by increases in entropy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metal contaminants are often present in the wastewa-
er effluents produced by industries involved in, for example,
etal processing (particularly finishing and plating), mining
nd tanning. In general, heavy metals are not biodegradable
nd tend to accumulate in living organisms[1–3]. In natural
ater supplies, even low concentrations of such contaminants
ay be harmful to wildlife and can be the cause of various dis-
ases in human beings[3,4]. For this reason, the monitoring
f local water sources for heavy metal content is of paramount

mportance in ensuring the well-being of a given community
5]. However, in order accurately to determine concentrations
f metal cations at trace levels, it is often necessary to carry out
pre-concentration step, typically involving specific adsorption
f analyte onto a solid substrate[6]. In this respect, cellulose is a
articularly attractive support since it is available at low cost as
renewable feedstock, and presents excellent mechanical and

hermal resistance, and thermal and dimensional stability[7,8].

Furthermore, the active hydroxyl group present on C6 of
monomeric unit of cellulose (Fig. 1) has the ability to react wit
appropriate groups of organic ligands. In this manner, the su
of cellulose may readily be modified, through low-cost chem
processes, to produce materials with considerable ion exc
capacity[9,10].

The aim of the present study was to examine the adsor
from aqueous solution of divalent metal ions (Cu2+, Ni2+ and
Zn2+) by a novel form of cellulose fibre, the surface of wh
had been modified with ethylenediamine. An understandin
the thermochemical characteristics of the adsorption intera
was developed by determination of the calorimetric adsorp
data at the solid/liquid interface.

2. Experimental

2.1. Chemicals

Reagent grade cellulose fibre and phosphorus oxychl
were purchased from Merck, and ethylenediamine and xy
∗ Corresponding author. Tel.: +55 61 307 2166; fax: +55 61 32734149.
E-mail address: agsprado@unb.br (A.G.S. Prado).

were from Aldrich: reagents were used without prior purifica-
tion.
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Fig. 1. The modification of cellulose by reaction with phosphorous oxychloride to give the precursor cellulose (CelCl).

2.2. Synthesis of modified cellulose

Cellulose fibre (6.0 g) was suspended in xylene (50.0 ml) and
stirred mechanically for 1 h at 70◦C under an atmosphere of dry
nitrogen. Phosphorus oxychloride (10.0 ml) was added dropwise
to the resulting suspension, and the reaction mixture maintained
under the same conditions for 24 h in order to obtain the precur-
sor cellulose, CelCl (Fig. 1) [11]. Subsequently, ethylenediamine
(5.0 ml) was added to the reaction mixture and the whole main-
tained under the same conditions for a further 24 h in order to
yield the final product, CelNN (Fig. 2). The resulting solid mate-

rial was washed with ethanol and water, and dried under vacuum
at room temperature.

2.3. Characterisation of modified cellulose

The amount of ethylenediamine incorporated into the cellu-
lose was determined by Kjeldahl analysis. In order to study the
morphology of CelNN, samples were coated with carbon using
a Balzer model MED 020 metalliser and subsequently examined
by scanning electron microscopy performed on a JEOL model
JSM-6360 LV instrument[12].

l) and
Fig. 2. Reaction between precursor cellulose (CelC
 ethylenediamine to produce the modified cellulose CelNN.
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2.4. Determination of adsorption isotherms

The process of adsorption by CelNN of the metal ions Cu2+,
Ni2+ and Zn2+ was followed in a series of batchwise experi-
ments. Samples (25.0 mg) of CelNN were suspended at 25◦C in
50.0 ml aliquots of aqueous solutions of CuCl2, ZnCl2 or NiCl2
with concentrations in the range 0–15.0× 10−3 mol l−1, pH was
controlled at 5 by using Na3PO4/H3PO4 buffer[13]. The amount
of metal ion adsorbed was determined from the difference in
metal ion concentration (measured by atomic adsorption spec-
trometry using a Buck model A-200 instrument) in the aqueous
sample before and after treatment with CelNN. All experiments
were carried out in triplicate.

2.5. Calorimetric analyses

The adsorption of metal ion by CelNN was monitored calori-
metrically by titration using an Isoperibol CSC model ISC 4300
calorimeter. In a typical experiment, a sample (0.50 g) of mod-
ified cellulose was suspended in 50.0 ml of water, equilibrated
at 25± 0.02◦C (thermostatically controlled), and titrated with
metal ion solution (0.50 mol l−1) under continuous stirring. The
metal ion solution was added in increments of 0.40 ml, via a
syringe coupled to the calorimetric vessel, up to saturation of
the active surface sites of the modified cellulose. Following each
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Fig. 3. Scanning electron micrograph of the modified cellulose CelNN showing
fibre morphology.

whereCs is the concentration of cation in solution at equilibrium
(mol dm−3), Ns the maximum amount of cation adsorbed per
gram of CelNN (mol g−1), which depends on the number of
adsorption sites, andK is an equilibrium constant (mol dm−3).
All further data were derived from the linearised form of the
adsorption isotherm, i.e. from plots ofCs/Nf as a function ofCs;
values ofNs andK were obtained from the slope and intercept as
shown in (Fig. 4). Table 1presents the values ofNs, from which
it can be seen that Zn2+ was more efficiently adsorbed than Ni2+,
which in turn was adsorbed more efficiently than Cu2+.

The CelNN material adsorbs at around 100 times more
than unmodified cellulosic material as described before[17,18].
Indeed, the modification of cellulose with ethylenediamine
improve the adsorption ability of the cellulose. Furthermore, the
amount of metal ions adsorbed by CelNN was similar to cations
amount adsorbed by chitosan as reported before[19–21], this
fact proves the quality of this new modified cellulose material.

The thermodynamic effects related to the adsorption of a
compound onto a material surface at a solid/liquid interface
may be derived from theoretical consideration[22,23], adsorp-
tion studies at different temperatures[24,25], or calorimetric
titration [26–28]. In the present study, a suspension of CelNN
was calorimetrically titrated with divalent metal ion in order to
obtain more information about the interactions between cation
and the basic centre on the CelNN surface. The thermal effects
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ddition, the constant heat flux (�titQ) was recorded at the e
f the operation, and the mixture allowed to re-equilibrate
imilar procedure was employed to monitor the heat flux a
iated with the dilution of the cationic solution (�dilQ) in the
bsence of CelNN, and also the heat flux of solvation o
uspended modified cellulose (�solQ) [12].

. Results and discussion

The modification of cellulose fibre with ethylenediam
ormed a new material (CelNN) that exhibited the ability
omplex with metal ions. The amount of ethylenediamine in
orated onto the cellulose was determined by Kjeldahl ana

14], which gave 8.13× 10−4 mol g−1 CelNN. The modified
aterial retained its fibre morphology, as indicated by scan
lectron microscopy (Fig. 3), hence the material was read
ecoverable from the reaction medium. Retention of the fib
ature of the material is an important characteristic of the m

fied cellulose and contrasts with the situation typical of si
erivatives of which become difficult to recover following mo

fication.
The number of moles of cation adsorbed per gram of cellu

bre (Nf ) was obtained from the initial number of moles of cat
dded to the adsorbent system (ni ) and the number of moles
ation remaining in solution at equilibrium (ns) for a given mas
m) of CelNN by application of the expression:Nf = (ni − ns)/m.
hese experimental data were applied to the general equ

or the modified Langmuir model[15,16]

Cs

Nf
= Cs

Ns
+ 1

Ns

1

K

n

ssociated with each interaction were determined from a s
f calorimetric experiments and the complete thermodyn
ycle obtained by summation. Three independent titration e
ments were carried out to measure: (a) the heat evolved b

able 1
aximum adsorbed amounts (Ns) of the cations Cu2+, Ni2+ and Zn2+ per gram
f CelNN and thermodynamic data for these interactions at 298.15± 0.02 K

Ns (mol g−1) �H
(kJ mol−1)

�G
(kJ mol−1)

�S
(J mol−1 K−1)

u 1.64× 10−3 7.91 −2.59 35
i 5.25× 10−4 16.31 −2.82 64
n 1.06× 10−3 6.70 −1.90 29
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Fig. 4. Adsorption isotherms (A), and the corresponding linearised forms (B), for the interaction between CelNN fibre and aqueous solutions of CuCl2 (�), NiCl2
(©) and ZnCl2 (�) at 298± 1 K.

Fig. 5. (A) Heat output (
∑

rQ) obtained by calorimetric titration of a suspension of CelNN fibre (50.0 mg in 50.0 ml of water) with 0.50 mol l−1 of CuCl2 (�), NiCl2
(©) and ZnCl2 (�) at 298.15± 0.02 K. (B) The linearised form of the isotherm showing integral enthalpy of adsorption vs. the molar faction.

host/metal ion interaction (Qtit ), (b) the heat of solvation of the
solid (Qsol), and (c) the heat of dilution of the metal ion solution
(Qdil ). (d) The net heat change (Qtot) is given by the equation∑

Qtot =
∑

Qtit − ∑
Qdil −

∑
Qsol. Since the heat of solvation of

the aqueous, suspended modified material was zero, the expres-
sion reduced to

∑
Qtot =

∑
Qtit − ∑

Qdil , the results of which
are shown inFig. 5A [12,29].

The enthalpy of interaction,�RH, was obtained from an
expression fitted to the modified Langmuir equation (Fig. 5B),
viz.,

∑
X

∑
�RH

= 1

(K − 1)�imonoH
+

∑
X

�monoH

where
∑

X is the sum of the molar fractions of the metal
ion remaining in solution after adsorption and

∑
�RH is

the enthalpy of interaction per gram of adsorbent. Based on
the Langmuir equation, it is possible to calculate the reac-
tion enthalpy of the monolayer formed,�monoH, from plots
of

∑
X/

∑
�RH versus

∑
X. The molar enthalpy,�H, of the

interaction process was calculated from�monoH and the max-
imum number of moles inserted,Ns, using the expression

�H =�monoH/Ns. The Gibbs free energy changes were calcu-
lated[29,30]from�G =−RT ln Keq. All thermodynamic values
obtained are presented inTable 1.

Consideration of the set of thermodynamic data obtained for
the adsorption processes indicated that the reactions between
divalent metal ions and CelNN were spontaneous. However,
all of the interactions presented endothermic enthalpy values

Fig. 6. The adsorption of divalent metal cations by CelNN with the formation
of a chelate.
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produced by chelating effect of metal ion complexation by
ethylenediamine (Fig. 6). Hence, the spontaneity of adsorption
was a consequence of the increase in entropy[31].

4. Conclusion

Cellulose modified with ethylenediamine (CelNN) is a low-
cost material that is readily synthesised in a form that retains
the fibre morphology ensuring facile recovery from the reac-
tion mixture. The modification of the cellulose improved the
adsorption capacity of this material, as result, the modified
cellulose (CelNN) presented adsorption ability similar to chi-
tosan biopolymer. The modified material is efficient at adsorb-
ing cations from water by complexation in which chelates
between CelNN and metal ions are formed. Such interactions are
accompanied by an increase in entropy and exhibit endothermic
enthalpy values. CelNN represents a promising new material for
the adsorption of metal ion contaminants from aqueous systems.
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