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Abstract Removal of Cu®" and Pb>" from aqueous solutions by adsorption onto
amidoximated bacterial cellulose (Am-BC) was investigated. The effects of pH,
initial concentration, contact time and temperature were studied in batch experi-
ments. The pseudo-first and pseudo-second orders and intraparticle diffusion
equation were used to evaluate the kinetic data and the constants were determined.
The experimental data fits well to the pseudo-second order kinetic model, which
indicates that the chemical adsorption is the rate-determining step, instead of mass
transfer. The equilibrium adsorption data were described by the Langmuir, Fre-
undlich, and Temkin isotherms. The Am-BC showed a better fit to the Langmuir
isotherm. The separation factor (R;) revealed the favorable nature of the isotherm.
The thermodynamic parameters (AHoys, ASSys, AGoys) for Cu®™ and Pb** adsorption
onto Am-BC were also determined from the temperature dependence. The values of
enthalpy and entropy indicated that this process was spontaneous and exothermic.
The experimental studies indicate that Am-BC would be a potential effective
adsorbent to remove the metal ions from wastewater.

Keywords Adsorption - Kinetics - Thermodynamics -
Amidoximated bacterial cellulose
Introduction

With the rapid increase in global industrial activities, heavy metal pollution has
become serious [1]. Heavy metals may come from various industrial sources such as
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electroplating, metal finishing, textile, storage batteries, lead smelting, mining,
plating, ceramic and glass industries. Cu”* and Pb*" are common contaminants of
industrial wastewaters. Because they pose serious environmental problems and are
dangerous to human health, considerable attention has been paid to methods for
their removal from industrial wastewaters [2, 3].

There are various methods for removing heavy metals including chemical
precipitation, membrane filtration, ion exchange, liquid extraction or electrodialysis
[4, 5]. However, these methods are not widely used due to their high cost and low
feasibility for small-scale industries [6]. In contrast, the adsorption technique is one
of the preferred methods for removal of heavy metals because of its efficiency and
low cost [7]. Conventional adsorbents such as granular or powdered activated
carbon are not always popular as they are not economically viable and technically
efficient [8]. Non-conventional materials have been tested in a large scale for this
purpose, such as concrete materials [9], lignite [10], tree fern [11], etc.

In this research, amidoximated bacterial cellulose (Am-BC) was used as an
adsorbent to remove Cu®" and Pb>" from aqueous solutions. Bacterial cellulose
(BC) is an extracellular cellulose produced by bacteria of genus Acetobacter [12]. It
is composed of microfibrils, which have a ribbon-like structure, and the thickness
(0.1 x 107® m) is two orders of magnitude smaller than that of plant cellulose
(10 x 107® m). In addition, the microfibrils retain a fine network structure. BC has
been studied to introduce amine, or phosphonic groups on the surfaces for adsorbing
some metal ions from aqueous solutions [13], but the adsorption capacity is far from
approving. In this work, we focused on BC as a starting material to prepare a new
adsorbent, Am-BC, and investigate the adsorption properties. A series of
experiments have been performed to characterize heavy metals adsorption
equilibrium on Am-BC. Three different kinds of kinetic models (intraparticle
diffusion models, pseudo-first-order and second-order equations) were selected to
determine which of these mechanisms predominates in heavy metals adsorption by
Am-BC. Equilibrium adsorption isotherms were analyzed to obtain the Langmuir,
Freundlich, and Temkin constants. Full thermodynamic investigations were also
undertaken. This information will be useful for further application for the metal
ions’ removal.

Experimental
Materials

Am-BC was prepared in our laboratory according to the method reported by Saliba
and Gauthier [14]. Acrylonitrile, hydroxylamine, sodium carbonate, and the salts of
copper and lead (CuSO4-5H,0, Pb(NOs;),) used in the experiments were purchased
from Sinopharm Chemical Reagent Co. Ltd. Deionized water was used for the
preparation of the standard solutions for the adsorption tests. The standards for
analysis were prepared from stock solutions of 1,000 ppm supplied by Shanghai
Institute of Measurement and Testing Technology.
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Fourier transform infrared (FTIR) spectroscopy

The powder of BC, cyanoethyl bacterial cellulose (CE-BC) and Am-BC were dried
at 50 °C under vacuum firstly. And the samples were prepared mixing 1 mg of
material with 100 mg of spectroscopy grade KBr, dried at 50 °C under vacuum, and
pressed into a small tablet. FT-IR spectra were recorded on a NEXUS-670 Nicolet
FTIR instrument equipped with a MCT detector in the absorption mode with a
resolution of 4 cm_l, in the range of 4,000—400 cm™ L.

Elemental analysis

The amount of amidoxime groups grafted on BC was calculated based on the
nitrogen content, determined by an elemental analyzer (Germany Elemental
Analysensysteme GmbH, Vario EL III).

Adsorption experiments

Batch adsorption experiments were conducted in 50 ml flasks. Am-BC (0.02 g) was
added into 10 ml solution with a desired pH value (adjusted with 0.1 M NaOH or
0.1 M HNOs;) and a known metal ion concentration (made by CuSO,4-5H,O or
Pb(NOs),). The mixture was shaken in a thermostatic water-bath shaker operated at
298.15 K and 200 rpm. Samples were taken at predetermined time intervals for the
analysis of metal ion concentrations in the solution until adsorption equilibrium was
reached. The concentrations of Cu®" and Pb>" ions in the samples were analyzed
with an atomic absorption spectrophotometer (ZEEnit 700, German). The initial
concentrations of metal ion in all of the test solutions were 200 mg/1, but the initial
pH values of the solutions were different, ranging from 2 to about 7. The amount of
metal ions adsorbed on the adsorbent at adsorption equilibrium and the distribution
constant Kp (ml/g) were calculated from the following equations [15]:

ge = (Co — C)V/W (1)
KD = madsV/msolw (2)

where Cy and C, are the initial and equilibrium metal ions concentrations (mg/l),
respectively, m,qs and mg, are the amount of metal in adsorbent and in solution
(mg), Vis the volume of the solution (1) and W is the weight of the Am-BC used (g).

Results and discussion

FTIR spectroscopy

FT-IR spectra are a useful tool to identify the presence of certain functional groups
in a molecule as each specific chemical bond often has a unique energy absorption

band. The FT-IR spectra of BC, CE-BC, Am-BC are shown in Fig. 1. The peaks at
1,066 and 2,899 cm™' corresponding to C—-O—-C and C—H stretching bands are
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Fig. 1 FT-IR spectra of BC (a),
CE-BC (b), Am-BC (c¢)
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observed in all the samples. The major peak located at around 3,400 cm™' in BC
(Fig. 1a) is attributed to —OH stretching vibration. When cyano groups were grafted
onto BC, a sharp peak appeared at 2,252 cm ™' is observed in CE-BC shown in
Fig. 1b. Then the peak disappeared and two new absorption peaks at 1,657 and
917 cm™" appeared in Am-BC (Fig. 1c), corresponding to the stretching vibration
of C=N and N-OH bonds, respectively. The phenomena indicated that cyano groups
were converted to amidoxime groups by reaction with hydroxylamine. Moreover,
the peak at around 3,445 cm ™' becomes broader compared with that of BC which
might come from the combination of the stretching vibration bands of both —OH and
—NH, groups. Besides, the increase of intensity around 1,378 cm ™' related to the N—
H bending band is observed, which also confirms the existence of -NH, in Am-BC.

Elemental analysis

Nitrogen content is 7.99% in CE-BC by elemental analysis, and 12.63% in Am-BC.
Under similar reaction condition, a nitrogen content of amidoximated plant
cellulose is only 6.12%, which is similar to what Saliba and Gauthier [14] have
reported. The results suggested that the amination (%) can be influenced by the
morphology of cellulose. As BC microfibrils are much thinner than fibers of plant
cellulose, much more reactive hydroxyl groups on the surface of BC can be
functionalized.

Effect of pH on adsorption

Figure 2 shows the experimental results for the Cu®>" and Pb*" removal under
various initial solution pH values at adsorption equilibriums. The pH values were
varied between 2 &+ 0.1 and 7 £ 0.1. It shows that the adsorption capacity increases
significantly with the increase of pH when pH values less than 5.0. When pH value
is between 5.0 and 5.5, Cu?" and Pb>" adsorption onto Am-BC decreases with the
increase of solution pH values. The maximum adsorption capacity of Cu®*" and
Pb>" are found to be 84 and 67 mg/g, respectively, which is obviously higher than
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Fig. 2 The effect of pH on the 90 r 24
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the amidoximated cellulose previously reported [14]. The value is also higher or can
be compared with other adsorbents such as chitosan, dead microbial biomass, and
agriculture waste materials easily available as adsorbents [16, 17]. From pH 5.5-7.0,
the amount of adsorption increases again with the increase of solution pH values,
which might be resulted from the precipitation of Cu®" and Pb*" at higher pH
values. From the results, we can conclude that pH values play an important role in
the Cu>" and Pb>* adsorption onto Am-BC.

Effect of adsorption time

The adsorption mixture set in constant temperature (7' = 298.15 K) was sampled at
different time ranging from 15 to 300 min to investigate the effect of contact time
on the adsorption rate. The result was plotted in Fig. 3. A rapid adsorption was
observed at the initial stage and more than 70% of the Cu®* and 90% of the Pb*"
were adsorbed during the first 60 min. The adsorption equilibrium was established
after 180 min.

Fig. 3 The effect of contact 2
time on the amount of Cu®* 80 —=—Cu e
and Pb** adsorbed onto —e_Pb2+
Am-BC. Initial metal ion
concentration 200 mg/1, pH 70|
5 & 0.1, amount of Am-BC )
0.02 g D g |
é 60
[
o
50  /
40 |

0 50 100 150 200 250 300
t(min)
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Adsorption kinetics

In order to investigate the mechanism of adsorption, the pseudo-first order, pseudo-
second order and intraparticle diffusion model were used to study the obtained
experimental data. The pseudo-first order model of Lagergren is given as [18]:

—in(1 -4y, ) = ki (3)

where ¢, and g, are the amounts of metal ions adsorbed onto Am-BC (mg/g) at
equilibrium and at time ¢, respectively, and k; is the rate constant of first-order
adsorption (1/min). The straight-line plots of —In (1 — ¢,/q.) against ¢t were used to
determine the rate constant, k; and correlation coefficients, R*. In many cases, the
first-order equation of Lagergren does not fit well to the whole range of contact
time. It would only be applicable at the initial stage of the adsorption process [19].
Figure 4 represents the pseudo-first order plots for Am-BC.
The pseudo-second order model can be expressed as [18]:

t/fIt = 1/76243 + t/CIe (4)

where k, is the rate constant of second-order adsorption (g/mg min). The straight-
line plots of #/g, against r were used to determine the rate constant (k;) and
correlation coefficient (R?). Figure 5 represents the pseudo-second order plots for
Am-BC. This model is more likely to predict the adsorption behavior over the whole
time range of adsorption and is in agreement with chemical adsorption being the
rate-controlling step [20], which may involve valency forces through sharing or
exchange of electrons between metal ions and adsorbent.

Based on the data from Table 1, it was found that the correlation coefficients for
the pseudo-first order kinetic model were lower than those of the pseudo-second
order kinetic model, which means the pseudo-second order kinetic model fits better
on the real adsorption process. The pseudo-second order assumes that chemisorp-
tions were the rate controlling mechanism. Both of the pseudo-first and pseudo-
second order cannot identify the diffusion mechanism; thereby the kinetic results
were further analyzed using intraparticle diffusion equation.

Fig. 4 Pseudo-first order plot 51
for the adsorption of Cu*" and = cu2+t

Pb>" onto Am-BC o pp2+

-In(1-a4/qe)

0 20 40 60 80 100 120
t (min)
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Fig. 5 Pseudo-second order 5
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Table 1 Pseudo-first, pseudo-second-order and intraparticle diffusion equation constants and values of
R? for the adsorption of Cu*" and Pb** onto Am-BC

Metal Pseudo-first order Pseudo-second order Intraparticle diffusion
ion model model equation
Co ky R k> qe R3 kin, 1 R kint, 2 R
(mg/l)  (1/min) (g/mg min)  (mg/g) (mg/g min”?) (mg/g min'/:)
cu*t 200 0.0124  0.9889 0.0005 86.13  0.9989 5.0014 0.9998 1.8459 0.8970
Pb*" 200 0.0315  0.9556 0.0031 68.82  0.9999 4.3067 0.9813 0.1406 0.9452

The adsorbate can be transferred from the solution phase to the surface of the
adsorbent in several steps. The steps may include film or external diffusion, pore
diffusion, surface diffusion and adsorption on the pore surface. The overall
adsorption can occur through one or more steps. The intraparticle diffusion equation
is given by the equation [21]:

4 = kint'? (5)

where ¢, is the amount of metal ions adsorbed onto Am-BC (mg/g) at time ¢, and k;j,,
is the intraparticle diffusion rate constant (mg/g min'/?). The straight-line plots of g,
against '"? were used to determine the intraparticle diffusion rate, ki, and
correlation coefficient, R,

Figure 6 represents the plot for the intraparticle diffusion equation for Am-BC.
The straight-line plot for all the obtained data showed a first straight line portion
which represents macropore diffusion and the second one represents micropore
diffusion.

According to the Eq. 5, if the plot gives a straight line, the adsorption is
controlled solely by the intraparticle diffusion. Nevertheless, if the adsorption data
shows multilinear plots (shown in Fig. 6), it indicates that there are two or more
steps involving in the adsorption process [22]. If the lines pass through the origin, it
indicates that intraparticle diffusion is the rate-controlling step. In the present study,
the slope of the first straight line was used to derive the values for k;,, 1 and the
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Fig. 6 Intraparticle diffusion . Cult
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slope for the second one was used to obtain the k;,, 2 value. Based on Table 1, ki,
1 > kiy, 2 can be seen which indicated that the lines did not pass the origin and it
shows that intraparticle diffusion is not the rate-controlling step [23, 24]. Moreover,
it can be concluded that Am-BC shows a very good correlation coefficient to the
first portion of the straight line, which represents macropore diffusion. And the plot
showed a curvature which is normally attributed to boundary layer diffusion effect
or external mass transfer effects [22].

Adsorption isotherms

Adsorption isotherms describe how adsorbates interact with adsorbents and are
important in optimizing the use of adsorbents. The experimental adsorption data of
Cu®" and Pb>" on the Am-BC are shown in Fig. 7. The results clearly indicate that
with an increase of initial Cu>" and Pb®>" concentration, the adsorption capacity of
both Cu®" and Pb>" increases significantly. At lower initial metal ions concentra-
tion, the adsorption capacities increase linearly with the initial metal ions

Fig. 7 Adsorption capacities of 180
met_al io_ns_ onto the Am-BC at —a_ Cu?t "
various initial metal ions 160 o4 —
concentrations (initial solution —e— Pb /
pH 5) _ 140}
\g
£ 120 t
) o
o
100
80
60
200 400 600 800 1000
Co(mg/L)
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concentration, suggesting that the adsorption sites on the Am-BC are sufficient, and
in this case, the amount of adsorption is dependent on the number of metal ions
transported from the bulk solution to the surfaces of the Am-BC. At higher initial
metal ions concentration, however, the adsorption capacities no longer increase
proportionally with the initial metal ions concentration, indicating that the number
of adsorption sites on the surfaces of the Am-BC actually limit the adsorption
capacities.

The adsorption data have been subjected to different adsorption isotherms,
namely the Freundlich, Temkin and Langmuir models. These models suggest
different adsorption modes with different interactions between the adsorbed
molecules or ions. In the case of the Freundlich models, the energetic distribution
of sites is heterogeneous, due to the diversity of adsorption sites or the diverse
nature of the metal ions adsorbed, free or hydrolyzed species. The Temkin isotherm
model assumes that the heat of adsorption of all the molecules or ions in the layer
decreases linearly with the thickness of the coverage due to the sorbate/adsorbate
interactions. The Langmuir model supposes a monolayer adsorption with a
homogenous distribution of adsorption sites and adsorption energies, without
interactions between the adsorbed molecules or ions. In order to optimize the design
of a adsorption system to remove metal ions from effluents, it is important to
establish the most appropriate correlation for the equilibrium curve. Three isotherm
equations have been tested in the present study, namely, Freundlich, Temkin and
Langmuir.

The Freundlich isotherm

The well-known Freundlich isotherm [25] is often used for heterogeneous surface
energy systems. The form of the Freundlich equation is given as:

g = KrC,'" (6)
This expression can be linearized to give
In g, = In Kp + (l/n)ln C, (7)

where Kr and n are Freundlich constants indicating adsorption capacity and
intensity, respectively. Freundlich model considers a multi-layer adsorption pattern.
It also assumes that the adsorbent has energetically heterogeneous surface and has
different affinity for adsorption [26]. The values of the Freundlich constants together
with the correlation coefficient were presented in Table 2 and the theoretical

Table 2 Isotherm constants and values of R? for the adsorption of Cu®* and Pb>" onto Am-BC

Metal ion  Langmuir parameter Freundlich parameter Temkin parameter

b (lmg) g¢m (mg/g) R* K n R* B AWl R
Cu** 0.0150 191.94 09976 25.16 321 09659 36.77 02214 0.9701
Pb>* 0.0090 191.57 0.9950 14.18 256  0.9594 4242 0.0797 0.9853
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Fig. 8 Freundlich adsorption 5.4
isotherm of adsorption Cu®* and

Pb>* onto Am-BC. Temperature 52|
298.15 K; pH 5.0 = 0.1;

amount of Am-BC 0.02 g 5.0 |
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Freundlich isotherm was plotted in Fig. 8. The plot is in linear agreement with the
correlation coefficient (R%) of 0.9659 and 0.9594 for Cu*"and Pb>", respectively. It
can be concluded that the Freundlich isotherm is not fit for the adsorption isotherm
perfectly under the testing conditions.

The Temkin isotherm

The Temkin isotherm [27, 28] has been used in many sorption processes. A linear
form of the Temkin isotherm can be expressed as:

ge =R nA + RTjinC, (8)

where RT/b = B. The adsorption data can be analyzed according to Eq. 8.
Therefore a plot of ¢, versus In C, enables one to determine the constants A and
B. The values of the Temkin constants A and B were listed in Table 2 and the
theoretical plot of this isotherm was shown in Fig. 9. The correlation coefficient
was also listed in Table 2. From the slope the value of B was evaluated as 36.77
and 42.42 for Cu?* and Pb>", respectively. And the value of A was calculated as

Fig. 9 Temkin adsorption 180
isotherm of adsorption Cu®" and
Pb>* onto Am-BC. Temperature 160 |
298.15 K; pH 5.0 & 0.1;
amount of Am-BC 0.02 g ~ 140 ¢
S
E 120
[}
© 100 |
80 |
60 |

3.5 4.0 4.5 5.0 5.5 6.0 6.5
InCo
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0.2214 and 0.0797 (1/g) for Cu*" and Pb** from the intercept. It is clear from the
plot that the Temkin isotherm can not be used to describe the adsorption isotherm
suitably.

The Langmuir isotherm

The widely used Langmuir isotherm [29] has found successful application in many
real adsorption processes and its linear form is expressed as:

“ae = “lan + g ©)

where C, is the equilibrium concentration of remaining metal ions in the solution
(mg/l); g, is the amount of metal ions adsorbed per mass unit of adsorbent at
equilibrium (mg/g); g, is the amount of metal ions at complete monolayer (mg/g)
and b, the Langmuir constant related to the affinity of binding sites (I/mg) and is a
measure of the energy of adsorption. The model assumes that the binding sites are
homogeneously distributed over the adsorbent surface. These binding sites have the
same affinity for adsorption of a single molecular layer. The binding to the
adsorption sites can be either chemical or physical but must be strong enough to
prevent displacement of the adsorbed molecules [30].

The values of the Langmuir constants g,,, and b with the correlation coefficients
were listed in Table 2. The theoretical Langmuir isotherm was plotted in Fig. 10.
The monolayer saturation capacities for Cu”" and Pb*", g,,, were 191.94 and
191.57 mg/g, respectively. Based on the b values (Langmuir constant related to the
affinity of binding sites), Am-BC showed a higher affinity for Cu®" ions. This
correlated well with the higher adsorption capacity obtained for the Am-BC. The
value of the correlation coefficient was higher than the other two isotherms values.
In this case, the Langmuir equation represents the best fit of experimental data than
the other isotherm equations.

Additionally, an important parameter, R;, called the equilibrium parameter was
calculated to identify whether an adsorption system is favorable or unfavorable
[31, 32].

Fig. 10 Langmuir adsorption
isotherm of adsorption Cu®* and 4t
Pb>* onto Am-BC. Temperature
298.15 K; pH 5.0 & 0.1;
amount of Am-BC 0.02 g

Celag(a/L)

0 150 300 450 600 750
Ce(mglL)
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Fig. 11 Separation factor R
for the adsorption of Cu>* and
Pb>* onto Am-BC
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R =11 1 pcy) (10)

where b is the Langmuir constant and Cj is the initial concentration (mg/l), the R,
values between O and 1 indicates favorable adsorption. The values of R; for
adsorption of Cu®* and Pb*" onto Am-BC are shown in Fig. 11. They indicate that
adsorption of metal ions is more favorable at higher initial concentrations than at

lower ones.

Effect of the temperature on adsorption

The effect of temperature on the adsorption of Cu®" and Pb*" was studied from
298.15 to 333.15 K. The results are presented in Fig. 12. It can be observed that the
amounts of Cu?" and Pb>" adsorption decreased with the increase of the
temperature, which indicates that the process is exothermic in nature. Further, the

adsorption is favored at lower temperature.

Fig. 12 Effect of temperature
on Cu*" and Pb>* adsorption
onto Am-BC. Initial metal ions
concentration 200 mg/1; pH
5.0 £ 0.1; temperature
298.15-333.15 K; amount of
Am-BC 0.02 g
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Fig. 13 Graphical 8.0 - 24
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Thermodynamics studies

The thermodynamic parameters for the adsorption process were calculated using the
equation [33, 34]:

anD = ASgds/ — AI_Ia?ds/RT (11)

where K, is the distribution coefficient (ml/g), ASY. is standard entropy (J/mol K),
AHY,, is standard enthalpy (kJ/mol), T is the absolute temperature (K), and R is the
gas constant (8.314 J/mol K).

The experiments were carried out at 298.15, 313.15, 323.15, and 333.15 K with a
metal ions concentration of 200 mg/l. The values of AHgds and ASgds were
calculated from the slopes and intercepts of linear regression of In K versus I/T
(Fig. 13). The standard Gibbs free energy AGY, values (kJ/mol) were calculated
from the equation:

Angs = AHz(l)ds - TASaOds (12)

The values of AHgds, ASgds, and Angs are listed in Table 3. In fact, the negative
value of enthalpy change AHY for the processes further confirms the exothermic
nature of the process, the negative entropy of adsorption ASY confirms the
decreased randomness at the solid—solution interface during adsorption which
reflects the affinity of the adsorbent material toward metal ions, and the negative
free energy values AGuy indicate the feasibility of the process and its spontaneous
nature without an induction period.

Table 3 Thermodynamic parameters for the adsorption of Cu®* and Pb*" onto Am-BC

Metal ion Cy AHY;, AS2us AGL4, (kJ/mol)
(mg/1) (kJ/mol) (J/mol K)

298.15 K 313.15 K 323.15 K 33315 K

Cu** 200 —21.46 —7.86 —-19.12 —19.00 —18.92 —18.84
Pb** 200 —-17.79 —1.46 —17.35 —17.33 —17.32 —17.30
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Conclusions

In conclusion, Am-BC was synthesized and characterized by FT-IR and element
analysis. The capacity of Am-BC in adsorption Cu?* and Pb*" was investigated.
The experimental data showed that Am-BC was a good metal ions adsorbent which
had shown the best adsorption performance for Cu®" and Pb>" in the solution of pH
5.0 & 0.1. The adsorption process was fast. It reached the adsorption equilibrium
within 180 min. The adsorption kinetics closely followed the pseudo-second order
kinetic model, which assumes that chemisorptions are the rate controlling
mechanism. Meanwhile, based on the intraparticle diffusion equation, it can be
concluded that the adsorption process follows macropore diffusion and boundary
layer diffusion or external mass transfer effects. The adsorption isotherms could be
well fitted by the Langmuir equation. Based on Langmuir isotherms, the maximum
monolayer adsorption capacity for Cu®" and Pb>" were 191.94 and 191.57 mg/g,
respectively. The dimensionless separation factor R; had shown that Am-BC could
be used for removal of Cu®>" and Pb*" from aqueous solutions. The temperature was
found to have an inverse effect on adsorption of Cu>™ and Pb*". Thermodynamic
constants were also evaluated using equilibrium constants changing with temper-
ature. The negative value of AGYy,, AHY and ASS, indicated the spontaneity, the
exothermic nature, and the probability of favorable nature of adsorption, respec-
tively. The results of the present investigation show that Am-BC is a potentially
useful adsorbent for the adsorption of the metal ions.
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