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INTRODUCTION

Heavy metals pollution is a persistent environmental concern
and a long-lasting threat to human health and the environment.
Lead is one such toxic heavy metals, which is characterized
by the low level of degradability, carcinogenicity, high toxicity,
bioaccumulation in living organisms and bioavailability [1].
Lead(II) exposure and poisoning can lead to decreased neur-
onal growth and neurotransmission, loss in memory, loss in
focus, kidney damage and failure, genomic instability, efc. [2-4].
Although aluminium is stable in its naturally occurring, how-
ever, AI**, one of its ionic forms is known to have neuro-
toxicological effects such as Alzheimer’s disease, Parkinson’s
disease, osteoporosis, impaired lung function, fibrosis, chronic
renal failure, efc. [5-7]. Several analytical techniques such as
atomic absorption spectroscopy (AAS) [8], inductively coupled
plasma emission spectrometry (ICP-AES) [9], electrothermal
atomic absorption spectrometry (ETAAS)[10], electrolumine-
scence[11], etc. have been used but most of these methods are
time consuming, sophisticated and expensive. Among various
detection techniques, fluorescence spectroscopy and electro-
chemical technique has taken over other analytical methods
due to its high sensitivity, simplicity, inexpensive operational
cost and low detection limit [12].
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In this work, metanil yellow (MY) dye was successfully encapsulated with layered double hydroxide (LDH) of nickel and aluminium was |
latter synthesized by hydrothermal process. The prepared sensor (MY @NiAl-LDH) was investigated through various characterization |
techniques. The sensor served as a fluorescent turn-on sensor for Pb** ion and an electrochemical sensor for AI** ion. The fluorescent
detection of Pb** is highly selective, reversible with relatively low limit of detection (LOD). It showed fluorescent enhancement mechanism |
through blocked PET process. Platinum disc electrode modified with MY @NiAl-LDH could selectively detect AI** ion by cyclic voltammetry |
in presence of other interfering metal ions. The present work aims to expand dye based layered double hydroxides sensors in the field of |
feasible detection of biological and environmentally important metal ions. |
|
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With the emerging growth of nanostructured materials,
layered double hydroxide (LDH)-based sensors have been
proven to be a suitable matrix for electrochemical and analy-
tical detection of heavy metals. Layered double hydroxides
(LDH) have emerged as a large group of nanomaterials with
the general formula [M",_ M"™ (OH),]** (A™),,,-mH,0, where
M" and M™ are di- and trivalent metal cations, occupying the
octahedral holes of brucite-like layers to form a lamellar struc-
ture, respectively and (A™) is the interlayer charge-balancing
anion [13]. A large variety of macromolecules and dye mole-
cules can be intercalated into the interlayer spaces of the LDH
by a simple anion-exchange procedure. The ordered structure,
surface charges and excellent exchange capacity of LDH can
provide stability to anionic dyes from sunlight and high temp-
erature degradation and photo-oxidation [ 14]. Amini et al. [15]
reported a hexacyanoferrate intercalated LDH nanozyme for
the determination of chromium. In another study, Senda et al.
[16] prepared Schiff base-intercalated LDHs for selective
copper(Il) ion capture. An electrochemical sensor based on
EDTA intercalated into LDHs of magnesium and aluminum
for ultra trace level detection of lead(Il) was reported by Dong
et al. [17]. In another resported work, Liu et al. [18] investi-
gated acridine orange dye encapsulated LDH as a potential
sensor for detection of Hg(II) ion in water.
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Herein, metanil yellow dye (MY) loaded into the matrix
of NiAl-LDH (MY @NiAl-LDH) acts a fluorescent “off-on”
sensor for Pb** ions and an electrochemical sensor for detection
of AI** ions. The new sensor exhibits excellent selectivity,
reversibility and sensitivity as a fluorescent sensor for Pb**
ions with low detection limits. The metal interference study
showed no intereference from other metal ions in the fluore-
scent detection of Pb** ions. Platinum disc electrode modified
with MY @NiAl-LDH sensor could selectively detect Al* ions
by cyclic voltammetry technique with low detection limit and
no interference from other metal ions.

EXPERIMENTAL

All chemicals were purchased either from Sigma Aldrich
or LOBA. The metal salts used for spectroscopic measurements
except for Pb(NOs),, CdCl, and HgCl, were sulphates. The
chemicals were of analytical grade and used without further
purification. The chemical solutions (10~ M) were prepared
in deionized water obtained from quartz double-distilled plant
and dissolved in phosphate buffer (pH 7.4). The FT-IR spectra
were recorded in a Perkin-Elmer RXI spectrometer as KBr
pellets. The fluorescence and UV-visible spectra were recorded
in HITACHI 2500 and Shimadzu UV 1800 spectrophotometer
respectively using quartz cuvette (1 cm path length). The electro-
chemical measurements were carried out on a CHI660DCH
Instrument electrochemical analyzer (USA) consisting of a
three-electrode system: Pt electrode as working electrode, Ag/
AgCl (3 M NaCl) as auxiliary electrode, Pt wire as reference
electrode and KCl as a supporting electrolyte. Scanning electron
microscopy was done using Zeiss FESEM Sigma 300 and energy
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dispersive X-ray spectroscopy was studied using Ametek EDAX.
The diffuse reflectance spectra of the samples were recorded
in a HITACHI, U-4100 spectrophotometer. Thermogravimetric
analysis (TGA) was done using Metter Toledo TGA/DSCl1
STAR® system in presence of N, atmosphere in the temperature
range 50-700 °C at a heating rate of 10 °C/min. Powder X-ray
diffraction (PXRD) patterns of the synthesized samples were
recorded using a Rigaku Ultima IV X-Ray diffractometer
(CuKo radiation, A = 1.5418 A) at 40 kV and 40 mA.

Synthesis of NiAl-layered double hydroxide: The NiAl-
layered double hydroxide was prepared as reported method
[19]. In brief, a mixture of Ni(NO3),-6H,O (3.48 g) and
AI(NOs)3-9H,0 (1.5 g) was dissolved in 40 mL deionized water
and subjected to stirring to form a clear solution. To a mixture,
0.4 M NaOH and 0.2 M Na,CO; were added dropwise under
continuous stirring to obtain a pH value of 9.6. The suspension
was transferred to a 100 mL Teflon-lined stainless steel auto-
clave. The autoclave was tightly sealed and heated at 180 °C
for 15 h. The resulting light greenish suspension was filtered
and washed with deionized water and ethanol. The resulting
precipitate was oven-dried at 180 °C for 12 h followed by calci-
nation at 1000 °C for 2 h.

Encapsulation of metanil yellow dye loaded NiAl-LDH:
The encapsulation of metanil yellow dye into NiAl-LDH was
done as per reported method [19]. In brief, the synthesized
LDH (2 g) was sonicated in 70 mL deionized water for 0.5 h,
to which 0.5 g of metanil yellow dye was added followed by
continuous stiring for 24 h. The resulting solution was centri-
fuged, washed with deionized water and oven dried at 100 °C
for 8 h (Scheme-I).
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Scheme-I: Synthetic route of metanil yellow (MY) dye encapsulated with layered double hydroxide of nickel and aluminium (MY @NiAl-LDH)
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RESULTS AND DISCUSSION

Infrared studies: The FTIR spectra of NiAl-layered double
hydroxide and metanil yellow dye intercalated NiAl-layered
double hydroxide are shown in Fig. 1. The broad bands around
3500-3400 cm™ are due to the stretching vibrations of the struc-
tural O-H groups in LDH and a sharp peak at 1640 cm™ can
be prescribed to the bending vibration of the interlayer water
molecules. Bands in the region around 800-500 cm™ can be
related to the metal-oxygen and metal-hydroxyl bending vibra-
tions, respectively. Moreover, sharp peaks at 1383 cm™ and
1549 cm™ can be attributed to the stretching modes of NO;~
and CO;* groups in the interlayer of LDHs. After the encapsu-
lation of dye into LDH, the intensity of the peak corresponding
to NOs™ decreases and several new peaks appear. Metanil yellow
loaded LDH shows peaks at 1625 cm™ due to C=C stretching
mode of benzene ring, 1213 cm™ due to the C-N stretching
vibration, the azo group peak appears at 1490 cm™ and the
SO;* asymmetric stretching and bending mode peak appears
at 1250 cm™ and 640 cm™, respectively.
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Fig. 1. FTIR spectrum of NiAl-LDH and MY @NiAl-LDH
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PXRD studies: The PXRD pattern of NiAl-LDH showed
peaks corresponding to symmetric reflections for (003), (006),

(110) and (113) planes and broad asymmetric peaks for (009),
(015) and (018) planes, respectively (Fig. 2). These results
indicated that the synthesized LDH has a well-ordered layered
crystalline structure (space group R3m). The dye loaded LDH
demonstrated some broadening of fundamental peaks. Also,
after encapsulation of the dye into the pristine LDH, the basal
spacing d value corresponding to (003) reflection has increased
from 7.49 to 9.25 A.
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Fig. 2. PXRD patterns of NiAl-LDH and MY @NiAl-LDH

SEM and EDAX studies: The SEM image of pure NiAl-
LDH has irregular shaped flake-like morphology stacked by a
large number of platelet-like units with rough surfaces (Fig.
3a). After encapsulation with the dye, the morphology slightly
changes as the nanoflakes exhibited rougher edges with more
aggregation (Fig. 3b). Moreover, some particles appeared on
the surface are mainly due to the adsorption of metanil yellow
dye. The EDAX profile of pure LDH and dye loaded LDH shows
the elemental presence of Ni, Al, O and Ni, Al, O, C, N, S,
respectively (Fig. 4), whereas the elemental mapping of the
nanosensor is depicted in Fig. 5.

UV-Vis/diffuse reflectance spectra: Fig. 6 shows the diffuse
reflectance spectrum of NiAl-LDH in which five absorption

Fig. 3. SEM images of (a) NiAl-LDH and (b) MY @NiAl-LDH
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Fig. 4. EDAX spectra of (a) NiAl-LDH and (b) MY @NiAl-LDH

Fig. 5. Elemental mapping of MY @NiAl-LDH

peaks appear at 205, 377,415, 645 and 1105 nm, respectively.
The peak corresponding to 205 and 377 nm can be attributed
to the charge transfer transitions originating from a transition
from oxygen to Ni** and AI** of LDH moiety. The peak at 415
and 645 nm can be assigned to the 3A,, — *T,(F) and *A,, —
T o(P) transitions of octahedral Ni-hydroxo complex in the
LDH. After the loading of dye into the LDH, the higher energy
bands suffer a blue shift whereas the lower energy bands are
found to be shifted into the red region.

Thermal studies: In thermogravimetric analysis of NiAl-
LDH (Fig. 7), the first weight loss at around 60-120 °C is due

to the loss of interlayer water molecules. The second weight
loss around 230-290 °C is attributed to dehydroxylation and
the final weight loss in the range of 320-450 °C is due to the
decomposition of interlayer ions in the LDH. In case of dye
intercalated LDH, the first weight loss in the temperature range
of 50-150 °C arises due to loss of surface adsorbed and inter-
layer water molecules. The second mass loss in the range of
160-260 °C occured due to the decarboxylation and dehydro-
xylation in the hybrid material. The third weight loss in the
range of 280-460 °C is ascribed to the hydrocarbon loss of
aromatic moiety of the dye molecule and breakage of the dye
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Fig. 6. UV-Vis/DRS spectra of NiAl-LDH and MY @NiAl-LDH

35
—— NiA-LDH
Step 1 —— MY@NIA-LDH
30 1
25 1

Weight loss (%)
N
o

—_
[9)]
A

10 4

L] L] LJ L]
0 500 1000 1500 2000
Temperature (°C)

Fig. 7. Thermogram curve of NiAl-LDH and MY @NiAl-LDH

linkages. The last mass loss at a slightly higher temperature
can be attributed to the loss of sulphate anions in dye molecule
and stable combustion of the encapsulated metanil yellow dye.

MY @NiAl-LDH as fluorescent sensor for Pb*: The
MY @NiAl-LDH (0.01 g) was dispersed in 5 mL methanol and
sonicated for 10 min to get a fine dispersion. A 10~ M metal
salt solutions were prepared in a double-distilled water using
quartz double-distilled plant in phosphate buffer solution (pH
=7.4). From the UV-Vis spectrum, the excitation wavelength
for the sensor was fixed at 275 nm. The fluorescence spectrum
of MY @NiAl-LDH in CH;OH/PBS buffer (1:1, pH = 7.4) was
recorded in a quartz cuvette of path length 1 cm and the solution
was irradiated with 275 nm of photons. The emission range
was kept constant within the range 275-600 nm wherein two
fluorescence peaks of intensity ca. 101 and 79 were observed
at Ama= 344 nm and 375 nm. A 100 pL of different metal
solutions (10~ M) was added one at a time into the cuvette
containing a solution of MY @NiAl-LDH and its fluorescent
spectrum was recorded. The fluorescence intensity increased

only in case of Pb**and AI**, however, an increment of intensity
in case of AI** is not gradual. The I/1, values of MY @NiAl-LDH
in presence of one equivalent of different metal ions is shown
in Fig. 8, where I is the fluorescent intensity of MY @NiAl-LDH
on addition of a particular metal ion and I, is the fluorescent
intensity of MY @NiAl-LDH in absence of any metal ions. It
can be inferred from the plot that only Pb* increases the inten-
sity of MY @NiAI-LDH to a considerable extent.
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12 4
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=

Fig. 8. The I/I, value of MY @NiAl-LDH in CH;OH/PBS buffer (1:1, pH
=7.4) in presence of different ions

Fig. 9 shows the gradual enhancement in fluorescence
intensity of MY @NiAl-LDH on the addition of different concen-
trations of Pb*. The peak at 375 nm disappears and the peak
at 344 nm gradually increases upon addition of Pb* solution.
The final enhancement of peak intensity MY @NiAl-LDH is
about 13 times the initial intensity upon addition of 20 equiv-
alents of Pb* (0-200 uL). The plot of fluorescence intensity
with respect to the analyte concentration fits linearly with R
=0.989 (Inset, Fig. 9b). The stoichiometry of binding and the
binding constant for the interaction of MY @NiAl-LDH with
Pb** was calculated from the plot of log [(Io-1)/(I-Tmu)] versus
[Pb™][20]. Here, Iyis the fluorescence intensity of MY @NiAl-
LDH in absence of Pb**; I is the fluorescence intensity of
MY @NiAl-LDH at different added concentrations of Pb** and
Imax 18 the highest intensity of MY @NiAl-LDH upon titration
with Pb*. The slope of the plot and R* was found to be 1.372
and 0.994 respectively (Fig. 10). The value of the slope indicates
a 1:1 interaction between MY @NiAI-LDH and Pb** and the
binding constant was found to be log B = 10*%. The limit of
detection (LOD) was calculated using the formula: 36/K[21],
where ¢ = standard deviation, K = slope obtained from the
plot of fluorescence intensity vs. concentration of Pb*. The
LOD was found to be 0.405 nM. A comparison of MY @NiAl-
LDH sensor with some other reported sensors with their LOD’s
for Pb** is displayed in Table-1.

Absorption studies: The UV-vis spectra of MY @NiAl-
LDH showed two peaks at 275 and 425 nm, respectively. On
titrating with gradual addition of Pb* ion, the peak at 425 nm
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TABLE-1
LIMIT OF DETECTION (LOD) OF DIFFERENT
FLUORESCENT SENSOR FOR Pb** ION

Limit of

Probe detection Ref.
GO/G-quadruplex @acridine orange dye 3nM [22]
GO/AgNPs nanocomposites 50 nm [23]
Xylenol orange functionalized CdSe/CdS 0.2 uM [24]
quantum dots
Glutathione-capped Mn-doped ZnS 0.93 M [25]
QDs@LDH
Metanil yellow @NiAl-LDH 0.405 nM This work

gradually increases whereas the peak at 275 nm showed a slight
blue shift to 260 nm with enhancement in absorbance value.
Fig. 11a depicts the effect of addition of Pb** ion on the UV-
Vis spectrum of MY @NiAl-LDH in CH;0H/PBS buffer. To
deter-mine the binding stoichiometry, plot of log [(A¢-A)/(A-
Ama)] vs. log [Pb**] is shown in Fig. 11b, where A, is the absor-
bance of MY @NiAl-LDH in absence Pb**; A is the absorbance
of MY @NiAl-LDH at different added concentration of Pb*
and A is the highest absorbance value of MY @NiAl-LDH
on adding one equivalent of Pb*. The slope of the graph was
found to be 1.112, hence confirming a 1:1 interaction of MY @
NiAl-LDH with Pb*".

Interference study: The possibility of interference by
other metal ions on the selective determination of Pb** by
MY @NiAl-LDH was studied by recording the fluorescence
spectra of MY @NiAl-LDH in the presence of one equivalent
of Pb* and other metal ion such as Na*, K*, Ca*, Cu*, Hg*,
Cd*, Zn*, Al**, Co™, Fe**, Fe** and Ni**. Fig. 12 depicts in the
form of a bar diagram that only Pb** could increase the fluore-
scent intensity of MY @NiAl-LDH even in the presence of one
equivalent of other metal ions. The red bar in the bar diagram
represents the fluorescence intensity of MY @NiAI-LDH in
presence of the other metal ions while the blue bar indicates
the fluorescence intensity of MY @NiAl-LDH with Pb** ions
in presence of other metal ions.

Reversibility study: The criterion of reversible binding
of sensor MY @NiAl-LDH towards Pb** was checked through
titration with EDTA*. When the metal ion chelator Na,EDTA
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Fig. 11. (a) Plot of UV-Vis spectra of MY @NiAl-LDH in CH;OH/PBS buffer (1:1, pH = 7.4) on addition of aqueous solution of Pb**. The

inset shows the plot of concentration vs. absorbance and (b) Plot of log [(A¢-A)/(A-Amx)] vs. log [Pb**] of MY @NiAl-LDH
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was added to a 1:1 solution of MY @NiAl-LDH and Pb*, the
fluorescence intensity was found to decline with the gradual
addition of EDTA* until it reached the intensity of MY @NiAl-
LDH. Fig. 13 shows the reversible binding of MY @NiAl-LDH
with Pb**, which indicates that EDTA*" chelates away the metal
from its complex with the sensor.
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Fig. 13. Fluorescence intensity curve of reversible behaviour of MY @NiAl-LDH

Probable mechanism: Upon titrating with Pb* ions, the
metal ion complexes with the azo dye loaded onto the outer
surface or interlayer space of the LDH. However, the comple-
xation of the metal ion with metanil yellow dye may be difficult
within the deep interlayer space of the NiAl-LDH due to diffi-
culty in diffusion of Pb** ions within the hydrophobic interlayer
space. Therefore, complex formation of Pb** is more favourable
with the azo dye adsorbed on the external surface of NiAl-
LDH. Furthermore, the increment in the fluorescence intensity
of the sensor upon its interaction with Pb** ion can be explained
on the basis of the thermodynamically favoured photo induced
electron transfer (PET) mechanism. The intercalated dye consists
of the chromophoric N=N group, the NH group and the O atom
from the electron withdrawing PhSO* group. Upon irradiation
with 275 nm, electron transfer takes place from the electron

rich group to the deficit group, thereby resulting in PET process.
However, upon titration with Pb** ion, it coordinates with the
N-atom of the azo linkage and O-atom of the sulphonate group
thereby snapping the PET process and this result in the enhan-
cement of fluorescence intensity.

MY @NiAl-LDH as electrochemical sensor for AI**: A
three-electrode electrochemical system consisting of modified
platinum electrode (working electrode), Ag-AgCl (reference
electrode) and Pt wire (auxiliary electrode) was used to study
the behaviour of MY @NiAl-LDH towards its detection of AI**
in presence of other metal ions. The platinum electrode was
cleaned prior to modification as per reported [26]. A 10 mg of
the prepared sensor was taken in 1 mL of acetonitrile contain-
ing a few drops of styrene and then 2 pL of this solution was
drop cast onto the surface of cleaned Pt electrode. The process
was repeated three times and the electrodes were allowed to
dry in the nitrogen environment to carry out the electrochemical
experiments. The cyclic voltammetry studies were performed
on the modified electrode in order to determine its sensing
capability. The successful modification of the Pt electrode
namely, MY @NiAl-LDH/Pt electrode is represented in its
cyclic voltammogram (CV) and chronocoulometry (CC) signal
(Fig. 14). From these plots, the total surface coverage of the
electrodes has been calculated employing the equation Ip =
n’FPATV/4RT [27]. The total surface coverage for the modified
electrode was found to be 2.38 x 10~ mol cm™, which was
137.4% larger than the bare Pt electrode. Hence, this justifies
the enhanced electrochemical sensitivity of the modified Pt
electrode compared to the bare Pt electrode due to presence
of an electroactive compound.

As depicted in Fig. 15a, the cyclic voltammogram response
of MY @NiAl-LDH/Pt electrode shows a cathodic peak at
-0.881V and an anodic peak at-0.702V in presence of an added
concentration of AI**. The peak separation was calculated to
be 0.179 V and E,, was found to be -0.791 V, respectively.
Fig. 15b depicts the CV response of MY @NiAl-LDH/Pt in
PBS at different added concentrations of Al**. With increasing
concentration of AI** ions, the reduction peak gradually incre-
ases while the oxidation peak is shifted to the left side. In this
case, Al** ions underwent strong coordination by complexing
with the hard site i.e. N and O atom in the sensor. The rise of
a new cathodic peak can be assigned to the electron transfer
between the complex formed with the sensor and AI** ions in
solution. The shift in the anodic potential can be attributed to
the involvement of azo group in complexation followed by its
consequent stabilization in the ring making it less available
for reduction [28]. The inset of Fig. 15b shows a linear plot of
the cathodic peak current with respect to concentration of Al**
ion with a good linear correlation of R* = 0.9936. The limit of
detection of AI** ions from the cyclic voltammogram data was
calculated as per the formula: 36/K [29], where ¢ = standard
deviation, K = slope obtained from the plot of cathodic current
vs. concentration (Fig. 15b, inset). The LOD was obtained to
be 1.57 nM.

The effect of an increase in scan rate on the modified
electrode is shown in Fig. 16a. As the scan rate is increased
from 10 to 100 mV s™', the cathodic and anodic peak current
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ion. (RE: Ag-AgCl, SE: 0.1 M KCl, scan rate: 10 mVs™) and (b) Cyclic voltammogram of MY @NiAl-LDH/Pt in PBS (pH = 7.4)
upon addition of different concentration of AI** ion. The inset shows the plot of peak current vs. AI** concentration
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Fig. 16. (a) Cyclic voltammogram of MY @NiAl-LDH/Pt with AI** (50 uL) in PBS (pH = 7.4) at different scan rates (RE: Ag-AgCl, SE: 0.1
M KCl), (b) Plot of cathodic and anodic peak currents vs. square root scan rate (n"?)
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increases gradually. The positions of the cathodic and anodic
current do not undergo any major shift of peaks with increasing
scan rates. This illustrates the reversible nature of detection,
which is kinetically controlled by diffusion of the analyte on
the surface of MY @NiAl-LDH/Pt electrode. The plot of
oxidation and reduction peak current vs. square root of scan
rate demonstrates a linear graph (Fig. 16b), which is also descr-
ibed by the Randle-Sevcik equation [30]. The correlation co-
efficient (R?) values for the oxidation and reduction wave were
observed as 0.9965 and 0.9921, respectively.

Interference from other ions: The cyclic voltammetry
were conducted to study the selectivity of MY @ NiAl-LDH/
Pt towards the detection of Al** ion in presence of other metal
ions such as Na*, K*, Zn*, Hg*, Fe*, Pb*, Mg*", Ni**, Ca”".
The CV responses showed that the other metal ions did not
show any significant peak and the presence of the metal ions
did not interfere with the determination of AI** by the modified
electrode. Furthermore, in presence of other metal ions, the
CV response for AI** ion showed a cathodic peak at -0.608 V
and an anodic peak at -0.424 V, respectively (Fig. 17).
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Fig. 17. Cyclic voltammogram of MY @NiAl-LDH/Pt in PBS (pH = 7.4) for
AI** ions in presence of other metal ions

Conclusion

In summary, a layered double hydroxide of nickel and
aluminium (NiAl-LDH) was successfully synthesized by hydro-
thermal process. Successful inclusion of the metanil yellow
dye into the LDH allowed for the use of the probe to detect
Pb** and AI’* ions exclusively using fluorescence spectroscopy
and electrochemical measurements. The sensor MY @NiAl-
LDH shows an excellent turn-on fluorescence signal for Pb**
ions with limit of detection (LOD) calculated to be 0.405 nM.
Platinum electrode modified with the sensor selectively detects
Al’*ions with distinctively separated cathodic and anodic peaks
and having low LOD value of 1.57 nM. The detection of the
metal ions were free from any sort of interferences. The deve-
loped method demonstrated excellent sensitivity, selectivity,
reversibility and simplicity and expected that dye-intercalated
LDHs have broad promising applications in the detection of
biological and environmentally important ions.
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