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Abstract: A new sorbent system for removing copper ions from aqueous solutions has heen investigated. This new
sorbent is cereal chaff, an agriculture product in middle-west region in China. Variables of the system include sorp-
tion time, pH, chaff dose and solution temperature. The experimental results were fitted to the Langmuir, Fre-
undlich model isotherms to obtain the characteristic parameters of each model. Both the Langmuir and Freundlich
isotherms were found to represent the measured sorption data best. According to the evaluation with the Langmuir
equation, the maximum sorption capacities of copper ion onto chaff increased from 4.46 t0 5. 62 mg-g~ ! with tem-
perature increasing from 293 K to 303 K. Using the thermodynamic equilibrium coellicients obtained at different
temperatures, various thermodynamic parameters, such as AG”, AH” and AS", were calculated. The thermody-
namics of copper ion/chaff system indicates spontaneous and endothermic nature of the process. The pseudo first-or-
der and pseudo second-order kinetic models were also applied to experimental data assuming that the external mass
transfer limitations in the system can be neglected and biosorption is sorption controlled. The results showed that
copper( Il ) uptake process followed the second-order rate expression and adsorption rate constants increased with
temperature. Using the second-order kinetic constants, the activation energy of biosorption was also evaluated.
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1 Introduction

Sorption has been an effective separation pro-
cess for a wide variety of applications. Since appli-
cating traditional treatment techniques need enor-
mous cost and continuous input of chemicals, which
become impracticable, uneconomical, an alternative
inexpensive sorbent able to drastically reduce the
cost of a sorption system has always been searched.
The process of heavy metal removal by biological
material is called biosorption. The major advan-
tages of biosorption include: (1) low cost, (2)
high efficiency of heavy metal removal from diluted
solutions, (3) regeneration of the biosorbent and
the possibility of metal recovery. Other advantages
of biosorption are that it avoids the generation of
toxic sludge and can be used under a broad range of
operating conditions (pH, temperature, metal con-
centration, presence of other ions in the solution,
etc). These demands led to increasing interest in
biosorption (Drake, 1996; Han, 2000).

In recent years, agricultural by-products such

8l

as wheat shell, rice husk, tree fern have been
widely studied for metal removal from wastewater
(Teixeira, 2004; Ho YS, 2003; Basci, 2004). In
this article, we selected cereal chafl as the biosor-
bent to adsorb copper (Il ) from the aquatic sys-
tems. Firstly, chaff contains abundant floristic
fiber, protein and some functional groups such as
carboxyl, hydroxyl and amidogen etc, which make
adsorption processes possible (Han, 2004 ). Sec-
ondly, obtained from agriculture as a byproduct,
the chaff yield is vast. Usually, chaff is fed to live-
stock and poultry and did not have any other use.
Biosorption for lead( Il ) from aqueous solution by
chaff in batch mode has been studied and the chaff
can be as a adsorbent to removal lead from aqueous
solution (Han, 2005).

The aim of this work was to study the possi-
bility of the utilization of chaff for sorption of cop-
per ions from aqueous solutions. The system vari-
ables studied included pH, biomass dose and the
initial metal ions concentration at different temper-
ature. The isotherm constants for the Langmuir,
Freundlich model have been determined. The ther-
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modynamics and kinetic parameters, such as AG?,
AH,AS% and E, , by, k, and so on have been cal-
culated.

2 Materials and Methods

2.1 Preparation of biomass

Fresh biomass of chaff was collected from its
natural habitats on the dead millet in the farmland,
Luoyang City, Henan Province, China. The raw
chaff was washed a few times with distilled water,
and dried in an oven at 373 K for a period of 24
hours, then ground and screened through a set of
sieves to get different geometrical sizes 104 — 120
pm. This produced a uniform material for the com-
plete set of biosorption tests, which was stored in
an air-tight plastic container for all investigations.
2.2 Metal solution

The chemicals used for study were analytical
grades of copper nitrate (Cu(NOj;),), and nitric
acid supplied by Luoyang Chemical Reagent Com-
pany (China). The stock solution (1000 mg-+1"1)
of copper was prepared by dissolving the salts in
distilled water.

2.3 Methods of adsorption studies

The process of experiment was as following:
put a certain mass of chall into conical flasks,
added the solute of metals of copper, vibrated for
some time, when reaching the biosorption equilibri-
um, took out the conical flasks, and filtrated to
separate the chaff and the solution. The concentra-
tion of the free metal ions in the filtrate was ana-
lyzed using flam atomic absorption spectrometer
(AAS) (AAanalyst 300, Perkin Elmer, USA).
Each procedure was repeated three times and the
results given were the average values.

The data obtained in batch model studies was
used to calculate the equilibrium metal uptake ca-
pacity. It was calculated for each sample of copper
by the following equation:

V(cg—ce)
g o (1)
Where: q. is the biomass biosorption equilibrium
metal ion uptake amount in mg*g ', V is the sam-

ple volume in ml, ¢g is the initial metal ion concen-
tration in mg- 17!, ¢, is the equilibrium metal ion
concentration in mg*1~ !, and m is the dry weight
of the biomass in g.

3 Results and Discussion

3.1 The effect of biosorption time

In this part of experiment, in order to find the
time of equilibrium, we studied the effect of time to
adsorb copper on chaff. Take 0.08 g chaff to sever-

al conical flasks, added contenting metal ions solu-
tion 10 ml separately. The concentration of copper
was 20 mg*1 . Then in different intervals we ana-
lyzed the concentration of metal ions in the solu-
tion. The results were shown in Figure 1. A two-
stage kinetic behavior was evident: a very rapid ini-
tial sorption over a few minutes, followed by a long
period of much slower uptake. As seen from Figure
1, with the beginning of biosorption the uptake of
metal ions increased quickly, then 10 minutes lat-
er, the change slowed down. So the adsorption of
copper on chaff was speedy, and in ten minutes,
the reaction of sorption nearly reached equilibrium.
After this equilibrium period, the amount of ad-
sorbed metals ions did not significantly change with
time. So the removal efficiency was high. Further-
more the adsorption capacity of copper attained
1.78 mg+g '(0.028 mmol*g !). Hence in the
following studies, we selected 30 minutes as the
time of adsorption equilibrium.
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Figure 1. The effect of biosorption time

3.2 The effect of biomass dose

In order to find out the effect of biomass dose
on biosorption of copper on chaff, studies were car-
ried out in stirred batch experiments using known
quantities of the chaff. We did the following exper-
iments. Put different weight chaff into conical
flasks, then added the solute of metals in the same
concentration, which copper was 20 mg+1~!,and vi-
brated for 30 minutes. The influence of adsorbent
dosage in equilibrium uptake and copper removal is
depicted in Figure 2.

The increase in adsorbent dosage from 2 — 12
g*17! resulted in an increase from 50.7% to 77.
0% in adsorption of copper( Il ) ions. This was be-
cause of the availability of more and more binding
sites for complexation of copper( || ) ions. Howev-
er, copper uptakes showed a reverse trend to the
percentage adsorptions (Figure 2). With increasing
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adsorbent dosage from 2 to 12 g*17!, the adsorp-
tion of copper( [ ) ion per unit weight of adsorbent
decreased from 5.1 to 1.2 mg*g~'. There were
many factors, - which contributed to this adsorbent
concentration effect. The first and most important
factor was that adsorption sites remain unsaturated
during the adsorption reaction. This was due to the
fact that as the dosage of adsorbent is increased,
there was less commensurate increase in adsorption
resulting from the lower adsorptive capacity utiliza-
tion of the adsorbent. The second cause may be the
aggregation/agglomeration of sorbent particles at
higher concentrations, which would lead to a de-
crease in the surface area and an increase in the dif-
fusional path length. Put together, the following
experiments were carried as the selected concentra-
tion of biosorbent 8 g+1~ "

q,(mg-g")

Dose (g-1")

Figure 2. The effect of biomass dose

3.3 The effect of pH values

The most important single parameter influenc-
ing the biosorption rate and capacity is the pH of
the biosorption medium. In order to examine the
pH variation as well as its effect on metal ions
biosorption in batch, copper ions adsorption experi-
ments were done in the pH ranging from 2.0 to
6.5 at 293 K. The concentration of copper was 20
mg-1"!. The adsorptive time was 30 minutes. Fig-
ure 3 showed the effect of pH values on adsorption
of copper by chall.

From Figure 3, we observed that the adsorp-
tion capacities increased with pH value at the range
of 1.8 t0 5.2. While, when the value of pH was
higher than 5.2, the decrease of adsorption capaci-
ties were observed. The reason may be as follows:
at very low pH values, the surface of adsorbent
would also be surrounded by the hydrogen ions
which competed with metal ions binding the sites of
the biosorbent. While with the pH wvalues in-
creased, especially when the pH value was above
3.0, and the concentration of proton was very low,
the carboxylic acid sites can be appreciably deproto-

nated, the effect of proton competition was feeble,
and metal ions removal was increased. As for the
decrease of adsorption capacities after the pH value
of 5.2, it was because when above this pH value,
copper ions in solution were in two forms: Cu®*
and (CuOH) " . Since in the later state copper in
solution would present a larger size that it would be
adsorbed less easily and therefore a diminution in
the biosorption capacity would be expected. Fur-
thermore, if the pH value was over 7.0, the ions of
copper would deposit, so in the course of experi-
ment, we selected that the pH wvalues near 5. 0.
Similar results were reported using wheat shell as

the biosorbent at pH 2 —7 (Basci, 2004).
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Figure 3. The effect of the value of pH on the biosorption of cop-
per on chaff

3.4 The effect of initial copper concentration on
temperature-dependent biosorption

The biosorption of copper by chaff at' the
biomass concentration of 8 g+ 1 ! was studied at
several different initial metal concentrations ranging
from 5 mg-1"" to 30 mg-1"! of copper at pH 5.0
and 293 K. The result was shown in Figure 4. As
seen from Figure 4, equilibrium uptake increased
with the increasing of initial metal ions concentra-
tions at the range of experimental concentration.
This was a result of the increase in the driving force
from the concentration gradient, as an increase in
the initial copper ( Il ) ion concentrations. In the
same conditions, if the concentration of metal ions
in solution was higher, and the active sites of chaff
were surrounded by much more metal ions, the re-
action of adsorption would be carried out more suf-
ficiently. So as it was observed, the biosorption
amount for copper increased with the increase of
initial metal ion concentrations.

The equilibrium uptake at different tempera-
tures were also showed in Figure 4 with respect to
initial metal ion concentration (5—30 mg-1"!). It
was clear that the uptake increased with increasing
temperature. The increase of the equilibrium up-
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take at increased temperature indicated that the ad-
sorption of copper( [l ) ions to chaff was endother-
mic by nature. The endothermic nature of metal
adsorption has also been reported previously for ad-
sorptive removal of copper( [l ) by tree fern (Ho
YS, 2003) and wheat shell (Basci, 2004).
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Figure 4. Equilibrium quantities of copper at different initial con-
centrations at different temperature

3.5 Application of adsorption model

Adsorption isotherms show the distribution of
solution between the liquid and solid phases. Many
different isotherm models have been proposed for
the adsorption of solutes in a liquid solution on a
solid surface. And it can be described by several
mathematical relationships such as the standard
Langmuir and Freundlich models. In this article,
Langmuir and Freundlich models were both applied
to the adsorption data.

Langmuir model is probably the most popular
isotherm models due to its simplicity and its good a-
greement with experimental data. It can be de-
scribed by the linearized form (Langmuir 1,1916):

1 1 1 1

Ge KLQmax Ce ' 4 max (2)
Where ¢,.(mg+g ') is the maximum amount of
metal ion per unit weight of chaff and K| is the e-
quilibrium adsorption constant. ¢, is the equilibrium
metal ion concentration in mg+1 ! and g, is the
biomass biosorption equilibrium metal ion uptake
capacity in mg*g '. By plotting 1/g.versus 1/c,,

Gmax and K can be determined.

-~ As to Freundlich model, the equilibrium es-
tablished between the adsorbed metal ions (¢,.) and
that remained free in the solution (c.) is represent-
ed by the Freundlich adsorption isotherm, which
has the general form (Freundlich,1906),

g.=Kgecl™ (3)
A linear plot of this equation is as the following
form,

Ing.= InKg+ i,llll’-‘e (4)

This equation gives an intercept Ky denoting
the adsorption and slope, the value of 1/n indicat-
ing the intensity of adsorption.

The data obtained in different temperature
were applied to the Langmuir and Freundlich model
and the results were shown in Table 1. SD is the
residual standard deviation of regressive lines.

Table 1. The application of Langmuir and Freundlich model to the adsorption of copper on chafl at different temperatures
Langmuir constant Freundlich constant
B K., dans: R SD Ky n R SD
(I'mg™")  (mg-g ')
293 0.0437 4.46 (). 987 0.160 0. 188 1.130 0.990 0.097
298 0.0484 4.51 0.982 0. 180 0.210 1.134 0.976 0.153
303 0.0533 5.62 0.996 0.074 0.344 1.359 0.975 0.155

From Table 1, as the R >0.97 and SD <
0.2, it could be concluded that the adsorption of
copper on chaff was both fitted well to Langmuir
model and Freundlich model. It could be observed
that with the temperature increasing, the value of
equilibrium adsorption constant became bigger and
the maximum amount of metal ion per unit weight
of chaff increased, too. When the temperature was
lower than 300 K, the adsorption capacity rose
with temperature increase. It could also be ob-
served that with the temperature increasing, the
values of Ky and n rose. This also indicated that

with the temperature increasing, the ability of ad-
sorption increased. It was consistent with the result
obtained from Langmuir model.

Kp,one of the Freundlich constants has been
used as a relative measure of adsorption capacity,
n ,the other Freundlich constant was related to in-
tensity of adsorption. From Table 1, all measured
values of Ky showed easy uptake of copper with
high adsorptive capacity of chaff and significant dif-
ferences in sorption capacities due to temperature.
In general, the values of Ky increased with temper-
ature from 293 K to 303 K. The obtained values of
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n indicated a higher adsorb ability of the copper at
all temperatures studied.

While the Freundlich model does not describe
the saturation behaviour of the sorbent, ¢, the
mono-component Langmuir constant represents the
monolayer saturation at equilibrium or the total ca-
pacity of chaff for copper. From Table 1, the values
of ¢pay increased with temperature till 303 K. At
303 K, the maximum loading capacities of chaff was
determined as 5.62 mg*g . The other mono-com-
ponent Langmuir constant K| indicated the affinity
for the binding of copper. Its value was the recipro-
cal of the concentration at which half of the satura-
tion of the adsorbent was attained (or copper
amount of g,,,/2 was bound). A high K, value
indicates a high affinity. The higher values of K|
obtained at 303 K also implied the strong bonding
of copper to chaff at this temperature. But for ad-
sorption Ph( Il ) on chaff, the results were inverse
to the effect of temperature. The adsorptive capaci-
ty decreased which implied the weaker bonding of
lead to chaff with temperature increasing (Han,
2005).

3.6 Estimation of the specific surface area S of
chaff

The solubility of a metal is an essential proper-
ty to enable the metal to penetrate into the porous
structure of chaff. The concentrations of metal
species (i.e. CuOH™, Cu(OH),, Cu(OH); ", and
Cu(OH),>" ) were too small to affect the concen-
trations of Cu®" in this study. Although many metal
species can be viewed as potential adsorbates in the
uptake of Cu®" from solution, the data presented in
this study suggested that, under experimental con-
ditions (pH = 5.0), the species responsible for the
adsorptive removal of Cu?" was the predominant
one in the species distribution, namely the Cu?*
(Ho YS, 2003; Basci, 2004 ). Thus, biosorption
could be explained by elucidating the mechanism
whereby the Cu?* molecules were accommodated
by chaff surface.

Monolayer coverage of the surface by the metal
ions can be used for the calculation of the specific
surface area S according to following equation (Ho
YS, 2003):

+NA
G = Tmax

e ()
where S is the specific surface area,m?*+g ! chaff;
@ max 15 monolayer sorption capacity,gram metal per
gram chafl; N is Avogadro number, 6.02 X 10%%; A
is the cross sectional area of metal ion, m>; M is
molecular weight of metal. For Cu®" ion, the
molecular weights are 63. 5 and the cross sectional

area Cu?" has been determined to be 1. 58A2(C?*
radius is 0. 71A) in a close packed monolayer.
Therefore, the specific surface areas can be calcu-
lated for Cu?™ . Table 2 listed the S values at three
different temperatures.

Table 2. Specific surface areas for copper ion

T(K) G E) S(mPeg 1)
293 4.46 0.67
298 4.51 0.68
303 5.62 0.69

From Table 2, the maximum specific surface
area of chaff towards Cu?' binding was 0. 67 m?
g 1, 0.68m’ g ', 0.69 m* g ! with the tem-
perature 293 K, 298 K, 303 K, respectively.

3.7 Ky values at different initial concentrations.

The effect of isotherm shape can be used to
predict whether a sorption system is favourable’
or ‘unfavorable’ (Ho YS, 2003). The essential
features of the Langmuir isotherm can be expressed
in terms of a dimensionless constant separation fac-
tor or equilibrium parameter Ky, which is defined
by the following relationship(Ho YS, 2003):

1
KR_IJFKLCU (6)
where Ky, is a dimensionless separation factor, ¢ is
initial concentration (mg+1"! and K| is Langmuir
constant (1*mg™1). The parameter Ky indicates
the shape of the isotherm accordingly:
Values of Ky Type of isotherm

Kg>1 Unfavorable
Kr=1 Linear
0<Kg<1 Favorable
Kr=0 Irreversible

The values of Ky at 293 K, 298 K and 303 K
were given in Table 3. The Ky values indicate that
sorption was more favorable for the higher initial
copper concentrations than for the lower ones. It
was apparent that the sorption of copper on chaff
was favorable with the conditions used in this
study. '

3.8 Thermodynamic parameters of biosorption

The original concepts of thermodynamics as-
sumed that in an isolated system, where energy
cannot be gained or lost, the entropy change was
the driving force. In environmental engineering
practice, both energy and entropy factors must be
considered in order to determine what processes will
occur spontaneously.  The Gibbs free energy
change, AG", is the fundamental criterion of spon-
taneity. Reactions occur spontaneously at a given
temperature if AG" is a negative quantity.
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Table 3. Ky, values based on the Langmuir isotherm
Jo(mg-171) 293 K 298 K 303 K
] 0.821 0.805 0.790
10 0.696 0.674 0.652
15 0.604 0.579 0.556
20 0.534 0.508 0.484
25 0.478 0.452 0.429
30 0.433 0.408 0.385

Value of AG" can be determined from the fol-
lowing equation (Ho YS, 2003; Tewari, 2005)
AG’= - RTlnK (7)
The change of enthalpy (AH®) and entropy
(AS") can be obtained from the slope and intercept
of a van’t Hoff equation of AG® versus T (Tewari,
2005; Aksu,2002) ,
AG®= AH? - TAS® (8)
Where AG" is standard free energy change,];
R is universal gas constant, 8.314 J+mol 'K and
T is absolute temperature, K.

Values for the biosorption process obtained
from Eq. (7) and Eq. (8) are listed in Table 4.

Table 4. The AG",AH" and AS” values of copper and cop-
per adsorption on chaff at different temperatures
T/K 293 298 303
AG"(kJ mol 1) -19.3 -19.9 -20.5
AH®(k]-mol 1) 14.6
AS’(kJ-mol 'K™1) 0.116

The negative values of AG® confirm the feasi-
bility of the process and the spontaneous nature of
sorption with high preference of copper ( Il ) on
chaff. The value of AH" is positive, indicating that
the sorption reaction is endothermic. The positive
value of ASY reflects the affinity of the chaff for
copper ion and suggests some structural changes in
copper and chaff (Gupta, 1998). In addition, posi-
tive value of AS” shows the increasing randomness
at the solid/liquid interface during the sorption of
copper ion on chaff.

3.9 Kinetic parameters of biosorption

In order to calculate the kinetic parameters,
the change of the amount of metal ion per unit
weight of chaff with adsorbing time increasing at
different temperatures was shown in Figure 5.

From Figure 5, we observed that the value of
q. increased with time and in the same condition of
adsorption, the higher temperature was, the higher

of the capacity quantities of chaff were. Hence as to
copper adsorption, it took advantage of higher tem-
perature.
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Figure 5. The effect of temperature and time on biosorption of
copper

3.9.1 Kinetic modeling

There were several reports on the use of differ-
ent kinetic models to adjust the experimental data
of heavy metals adsorption on biomass. One of them
was the pseudo-first-order Lagergren model that
considered that the rate of occupation of adsorption
sites was proportional to the number of unoccupied

sites( Aksu, 2005):

% = (g~ q) (9)

Where g, and g are the amounts of adsorbed metal
ions on the biosorbent at equilibrium and at any
time ¢, respectively, and k& is the Lagergren rate
constant of the first-order biosorption. The range
of ¢t is from 0 to ¢ and ¢ is from 0 to g.. It can be
described by the linearized form as following:

lOg(QC_ q):l()g QC_Z‘k:)’lo:;t (10)
Linear plots of log(g.— ¢) versus ¢ indicate the ap-
plicability of this kinetic model. However, before
application Eq. (10), the value of ¢, must be pre-
estimated by extrapolating the experimental data to
=00,

The second model is the pseudo-second-order
model reaction. The observed kinetics can be mod-
eled that the rate of occupation of adsorption sites is
proportional to the square of the number of unoccu-
pied sites (Ho YS,1999) .

dg

% (11)

Where k, is the rate constant of second-order
1

=ky(g.—q)?

biosorption (g*mg !*min"!), which corresponds
to the integrated rate law for a second-order reac-
tion, is obtained:
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L_Lipyee (12)
e ™4 Y
Eq.(12) can be rearranged and linearized to ob-
tain:
t_ l,, 5 1;: (13)
q kg Qe
The plot /g versus ¢t should give a straight
line if second-order kinetics is applicable and %, and

q. can be determined from the slop and intercept of

Table 5.
. First-order kinetic maodel
1 (K) = — - = -
ki(min ') g.mg-g ) R
293 0.0260 0.27
208 0.0286 0.23
303 0.0316 0.20

0.980
0.951
0.940

the plot, respectively. Furthermore, the value of ¢.
may not be known.
3.9.2 Kinetic parameters

Aiming at evaluating the biosorption kinetics
of copper and copper ions on chaff, the pseudo-first-
order kinetic model and pseudo-second-order model
were used to fit the experimental data. The initial
concentration of copper and copper was 20 mg+1"!.
The result was shown in Table 5.

The application of kinetic model to the biosorption of copper on chafl

Second-order kinetic model

kolgrmg 'emin 1) g.(mgeg™") R
0.939 1.65 1.000
1.305 1.73 1.000
3.685 2.09 1.000

From Table 5 we came to a conclusion that the
biosorption data of copper on chaff was perfectly
fitted the second-order kinetic model. The linear co-
efficients were all 1. 000, which indicated that the
linearity was good. Furthermore the value of ¢, ob-
tained from the Eq. (13) fitted the experiment da-
ta well. The value of £, was increased with the in-
creased temperature, which indicated that the rate
of reaction became speedy.

According to the Arrhenius-type correlation
(Tewari, 2005 ; Aksu,2002;Ho YS,1999) ;

(14)
where kg is the temperature independent factor in
T |
reaction of biosorption in kJ *mol !, R is the gas
constant,8.314 J+mol !+K ™! and T is the sorp-
tion absolute temperature, K. The linear form is:

Ink = ~ 2+ Inky (15)
Linear plots of Ink versus 1/T should give a
straight line. The value of E, can be obtained from
the slope of the line. According to the Eq. (15), the
activation energy of biosorption of copper on chaff
was evaluated as 100. 3 k] *mol ! by the value of
the rate constant of second-order biosorption. This
value was of the same magnitude as the activation
energy ol activated chemisorption. The result also
suggested that the process of the chaff adsorbing
copper was endothermic.

s ba
k= kyexp( RT )

*min ', E, is the activation energy of the

4  Conclusion

The Freundlich and Langmuir adsorption
models were used for the mathematical description

of the biosorption equilibrium of copper( Il ) ions to
chaff depending on temperature. The isotherm con-
stants evaluated from the isotherms were used to
compare the biosorptive capacity of the dried
biomass. It was seen that the isotherm constants
decreased with temperature increasing. The ob-
tained results showed that the adsorption equilibri-
um data fitted very well to both the models in the
studied concentration range at all the temperatures
studied. The equilibrium sorption of copper ions
was determined from the Langmuir equation and
was found to be 5.62 mg+g ! at 303 K. Various
thermodynamic parameters, such as AG", AH’
and AS", were calculated. The suitability of the
pseudo first and second order kinetic models for the
sorption of copper( [l ) ions onto biomass was also
discussed. It was decided that the biosorption ki-
netics of copper ( Il ) ions to chaff obeyed the
psendo second-order adsorption kinetics. with the
pseudo second-order kinetic constants increasing
with temperature, the activation energy of biosorp-
tion was evaluated as 100.3 kJ +mol '. The ther-
modynamics and kinetics of copper ion/chaff sys-
tem indicated spontaneous and endothermic nature
of the process.
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