Determination of Nitrate with Ion-Selective Electrodes

dinated trialkylamine groups of the macrocycle. The forma-
tion of the octahedral species accompanied by the protona-
tion is also affected by the coordinating ability of the anion.
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A method for determining nitrate in post treatment chromium plating solutions with PVC-based nitrate-selective
electrodes is described. PVC-based nitrate-selective membranes which contain TDMANO; ion-exchanger in PVC/NPOE,
PVC/DOA or PVC/DBP matrices, and a commercially available Corning electrode (No. 476134) have been compared
in respect of their detection limits, response slopes, selectivities at various pHs, and dynamic response to the hydro-
chromate ion in basic condition. The PVC/DBP/TDMANQ; membrane electrode was chosen as the ISE detector for
the determination of nitrate in the presence of hydrochromate interference. The amount of nitrate in real post treat-
ment chromium plating solution could be determined successfully with this electrode in both static and flow-injection
measurements when the sample was properly diluted with an alkaline buffer.

Introduction

Nitrate is commonlv monitored for environmental, ecologi-
cal and agricultural investigations, and for the control of
some industrial processes.? The amounts of nitrate in
various samples, such as in foods, industrial effluents, wastes,
soil and water, have been determined with numerous
methods.!™® Among many analytical methods developed to
date nitrate-selective electrodes have emerged as one of the

most promising tool for those purposes, especially for in situ
monitoring of industrial samples.®~1

Ion-selective electrodes offer many advantages over other
analytical techniques in the analysis of industrial samples
or in the control of a particular chemical species in a process
stream.? ISEs have high selectivities over a wide dynamic
range (typically from 107! to 10°% M), exhibit fast response
times (seconds to few minutes) and can be adapted easily
to a flow through analysis system. Unlike most photometric
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methods, sample color, turbidity and viscosity, which are co-
mmonly varying parameters of many industrial samples, ra-
rely affect the performance of electrode detectors. Aside from
the functional advantages of electrode detectors, analytical
methods involving ISEs are relatively simple and economical
to develop, install and operate.

In this article, a method for determining nitrate in post
treatment chromium plating solutions using nitrate-selective
electrode as the detector for a flow-injection analysis (FIA)
system is described. Post treatment of electrogalvanized steel
sheets with chromate is an important finishing process in
steel industry.”®® The chromate film on an electrogalva-
nized steel sheet not only increases its resistance against
corrosion, but also improves its surface appearance.l” A post
treatment chromium plating solution may contain Cr (VI)
complex, nitric acid, sulfuric acid and some organic compou-
nds: the exact composition which in many cases is a proprie-
tary information varies largely depending on the purpose
of plating.'*'” The time variations of all chemical constituents
including nitrate in plating baths are closely monitored to
control the quality of electroplating and waste effluents, and
to make an efficient management plan.'’~"

For our application we have chosen PVC-based nitrate-
selective electrodes prepared with tridodecylmethylammo-
nium nitrate (TDMANO,) ion-exchanger,”! and a commercial
one from Corning (Corning No. 476134).8 Since the selectivity
patterns of typical ion-exchange type nitrate-selective elec-
trodes are dictated by the Hofmeister series,”® a successful
determination of nitrate with ISE depends more on the sam-
ple pretreatment than the type of the electrodes employed;?
the anion interferents which are more selective than nitrate
should be suppressed or removed by adding an appropriate
reagent. Such sample pretreatment procedure can be imple-
mented easily in an FIA setup? In this work, we carefully
examined the response behavior of typical nitrate-selective
electrodes to possible interferents present in post treatment
chromium plating solutions and developed an optimal ISE-
FIA nitrate determination method for chromium plating in-
dustries.

Experimental

Reagents. The reagents used to prepare the buffers
(citric acid, TRIS and boric acid buffers) of different pH va-
lues and standard solutions for various anions (hydrochro-
mate, nitrate, nitrite, chloride, sulfate and acetate) were of
analytical-reagent grade. The real post treatment chromium
plating solutions which contain 0.01 M~0.1 M of chromium
(VD) complex, 1.0 M~10 M of nitrate, less than 002 M of
sulfate and small amount of some organic compounds were
obtained from POSCO (Pohang, Korea).” All sclutions were
prepared with deionized water (18 MQcm).

Nitrate-Selective Electrodes. Poly(vinyl chloride), 2-
nitrophenyl octyl ether (NPOE), bis(2-ethylhexyl) adipate
(DOA), and tridodecylmethylammonium nitrate (TDMANO;)
from Fluka AG (Buchs, Switzerland), and dibutyl phthalate
(DBP) from Scientific Polymer Products Inc. (Ontario, NY)
were used to cast the nitrate-selective membranes. Typical
membrane composition was 4 wt% TDMANO,, 29 wt% PVC
and 67 wt% plasticizer (NPOE, DOA or DBP). The electroac-
tive membranes were prepared and mounted in Phillips elec-
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Figure 1. Schematic diagram of a flow injection system and
a wall-jet flow cell

trode bodies (IS-561; Glasblaserei Moller, Zurich, Switzer-
land) as described in reference 22. The internal filling solu-
tion for the electrodes were 0.01 M NaCl and 0.1 M NaNQs.
A commercial nitrate-selective electrode (Corning No. 4761
34) was purchased from Corning (Corning, NY). All nitrate-
selective electrodes were preconditioned overnight in buffer
solutions before use. The external reference electrode was
an Orion Sleeve-type double-junction Ag/AgCl electrode
(Model 90-82).

Static Mode potentiometric Measurements. Initial
potentiometric evaluation of nitrate-selective electrodes was
conducted by employing a static arrangement: the indicator
and reference electrodes immersed in a magnetically stirred
buffer solution were connected through a high-impedance
amplifier to an IBM AT-type computer equipped with an
A/D converter.? Calculated amounts of various anion stan-
dard solutions were injected every 100 s to the measuring
system and the corresponding potentiometric responses to
the anions were recorded successively from 107 M to 107!
M at 32 C. Recovery study on the real chromium plating
solutions was also carried out in the static mode. The data
obtained here were then used to evaluate the selectivities
and dynamic responses for various nitrate-selective electro-
des employed in this study and to determine the optimal
sample pretreatment condition for the following FIA system.

Flow-Injection Measurements. FIA measurements
were made in the wall-jet configuration as shown in Figure
1. Two variable speed peristaltic pumps (Ismatech Model
7331-00, Zurich, Switzerland), a Rheodyne four-way rotary
valve (Model 5042) equipped with a sample loop and 80 cm
teflon mixing-coil (i.d.=0.056 inch) before the electrode de-
tectors completed the flow-injection setup. The arrangement
of electrodes in a large volume wall-jet cell was the same
configuration as was used in our previous study.” The re-
agent buffer consisting of 0.1 M boric acid and 0.01 M KCl,
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Figure 2. Dynamic response characteristics of three nitrate-se-

lective membranes containing TDMANQ; as an ion-exchanger

in PVC/NPOE, PVC/DOS or PVC/DBP matrices at pH 3.

adjusted with NaOH solution to pH 9 (boric acid buffer) was
used in a large volume beaker. Injected sample was carried
by a boric acid buffer and thoroughly mixed with another
stream of the same buffer solution at the mixing-coil. The
dilution ratio (1:100) was adjusted by varying the relative
speed of the two peristaltic pumps and the size of tubings
that carry the sample and mixing solutions. The emf values
were recorded every 05 s at 32 C, using the same data
acquisition system as described in the previous section.

Results and Discussion

Nitrate-Selective Electrodes. The PVC-based nitrate-
selective membranes containing TDMANO; ion-exchanger
were fabricated with three different plasticizers (NPOE, DOA
or DBP) and their potentiometric responses to nitrate were
evaluated at pH 3.0. The results are displayed in Figure
2: the membrane prepared with DBP exhibits lower detec-
tion limit and faster response times at low concentration
than the other two membranes. Thus, we conducted the rest
of this study with the membrane fabricated with 29 wt%
PVC, 67 wt% DBP and 4 wt% TDMANO;.

The potentiometric responses of these membranes may
be improved by varying the composition of plasticizers
and/or employing different type of ion-exchangers.””** How-
ever, we have not pursued such possibilities, since the con-
centration of nitrate in post treatment chromium plating so-
lution (greater than 1 M in usual) is expected to be much
higher than the detection limits of the membranes tested
in this study. Instead, we evaluated the Corning No. 476134
electrode, which is also a PVC-based liquid ion-exchange
type electrode? Its detection limit is claimed to be 107° M,
about a decade lower than that of the PVC/DBP/TDMANQ,
membrane electrode.

The Effect of pH. The effect of pH on the response
of the PVC/DBP/TDMANO; membrane was examined at four
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Figure 3. The effect of pH on the PVC/DBP/TDMANOQO; mem-
brane electrode at 32 €. The potentiometric response of the
Corning No. 476134 electrode was compared at pH 9. For the
sake of comparison, experimental E, values are adjusted to an
appropriate level to separate each line by 20-30 mV.

different pH values (3, 5, 7 and 9). The response characteris-
tics for the PVC/DBP/TDMANOQO; membrane improved as the
pH of the sample solution increased: the response slope and
the detection limit were 59.8 mV/decade (Nerntian slope:
60.5 mV/decade at 32 C) and 1.6X10°* M, respectively, at
pH 9, while they were 580 mV/decade and 5.0X107% M,
respectively, at pH 3. The response slope and detection limit
for the Corning electrode were 60.5 mV/decade and 69X
107% M, respectively, at pH 9. These results are summarized
in Figure 3: the variation of pH influences little on the res-
ponse slope, but changes the linear dynamic range of the
PVC/DBP/TDMANO; membrane electrode to some extent.
Apparently, the PVC/DBP/TDMANO; electrode exhibits bet-
ter potentiometric response in basic conditions.

The chromium complexes in post treatment chromium pla-
ting solutions are usually derived from chromium trioxide.
In acidic solutions below pH values<1, CrQ; forms H,CrQO,;
between pH 2 and 6, HCrO,™ and Cr,0/* are in equilibrium;
and at pH values >6 the main species is CrO "% As can
be seen from Figure 4, the PVC-based nitrate-selective elec-
trodes exhibited a large interference from the hydrochromate
ion in acidic condition (pH 3). However, in basic condition
(pH 9) the interference from the chromate ion was not as
serious as that from the hydrochromate ion. Thus, the mea-
surement of nitrate in post treatment chromium plating solu-
tions should be made by diluting the sample solution with
a basic buffer. In this study, we used a buffer solution con-
sisting of 0.1 M boric acid and 0.01 M KCl, and its pH value
was adjusted to 9 by titrating with a NaOH solution.

When the standard chromium trioxide solutions were ad-
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Figure 5. Dynamic response of two PVC-based nitrate selective
electrodes to the change in going from HCrOj to CrO;~ in basic
condition (pH 9): ——, DVC/DBP/TDMANO; membrane elect-
rode; ----- , Corning No. 476134 electrode.

ded to a pH 9 boric acid buffer with stirring, both the
PVC/DBP/TDMANO; membrane and the Corning electrodes
quickly responded first to the hydrochromate ion and then
gradually reached the equilibrium potential as chromate is
formed in basic condition (see Figure 5). Although the
PVC/DBP/TDMANQ; membrane and the Corning electrodes
exhibited a similar potentiometric response to the chemical
change, HCrO; — CrO%-, at pH 9, the PVC/DBP/TDMANO;
membrane electrode responded to chromate ions faster than
the Corning electrode did. The PVC/DBP/TDMANO; memb-
rane electrode also exhibited a negligible response to a low
concentration of hydrochromate (107* M) at pH 9. Based
on these results, we selected the PVC/DBP/TDMANO; mem-
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Table 1. Selectivity coefficients (logKY,;) for nitrate-selective
electrodes measured by seperate solution method in a pH 9 boric
acid buffer

j= NO; ClI° SO% NO; CrOj~ acetic acid
TDMANOQO; 0 —259 —290 —197 169 —292
Corning 0 —291 —383 —214 —197 —358
No. 476134

Table 2. Analytical recovery data for nitrate added to real post
treatment chromium plating solution as determined by the
PVC/DBP/TDMANO; electrode: the real sample was diluted by
100 times with a pH 9 boric acid buffer

Spike Amont found Percentage
(10 #/M) (10" M) Recovered
sample 1.63 —

0.35 2.00 1055

0.96 2.58 989

1.47 3.09 99.2

NQO; in real sample=163 M

brane electrode as the detector for an FIA steup.

Selectivity. Table 1 shows the logarithmic selectivity
coefficients (logKyg: , x-) for few possible anion interferents
that might present in post treatment chromium plating solu-
tions. Separate solution method was used to estimate those
values.?® The logarithmic selectivity coefficient for the chro-
mate ion was — 1.69 for the PVC/DBP/TDMANOQO; membrane
electrode and —1.97 for the Corning electrode in a pH 9
boric acid buffer. If we dilute the post treatmeut chromium
plating solution by 100 times with a basic buffer, the concen-
tration of chromate would be less than 107* M, while the
concentration of nitrate would be in the 107 '~10"2 M range.
Using these information and the Nikolskii-Eisenman formal-
ism, the level of interference for 1072 M of nitrate in the
presence of 107% M of chromate was estimated to be about
6% (worst case). The second most abundant anionic inter-
ferent in post treatment chromium plating sample is sulfate
(<0.02 M). However, the selectivity coefficient for the sulfate
ion (logKﬁoog so; = —2.90 for the PVC/DBP/TDMANO; mem-
brane electrode) is smaller than that for the chromate ion,
and thus the level of interference from sulfate would be
negligible (less than 0.2% for 1072 M of nitrate).

Recovery Study The analytical recovery of nitrate ad-
ded to the real plating sample obtained from POSCO was
examined. The results of this study are summarized in Table
2. It can be seen that the added nitrate can be recovered
with satisfactory accuracy; the results ranged from 989 to
105.5%, with an average of 101.2%. It indicates that the
PVC/DBP/TDMANQ; membrane electrode does not experi-
ence any significant matrix effects from the real plating sam-
ple diluted with a pH 9 boric acid buffer. The concentration
of nitrate in POSCQ’s post treatment chromium plating solu-
tion was determined to be 1.63 M.

Flow-Injection Analysis (FIA). As discussed in the
previous sections, the PVC-based nitrate-selective electrodes
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Figure 6. Potentiometric response obtained for injections of nit-
rate standards (107 M and 1072 M) and real post treatment
chromium plating sample with the PVC/DBP/TDMANQ; mem-
brane electrode detector.

exhibit a large interference from hydrochromate at the early
stage of measurement when the sample containing hydroch-
romate is added to a basic buffer. Thus, in order to eliminate
such a problem the FIA setup shown in Figure 1 was de-
signed in a way that the injected sample solution be thorou-
ghly mixed with the diluting buffer solution and equilibrated
in the mixing coil before the ISE detection.

Figure 6 shows the typical flow-injection response to nit-
rate when an electrode prepared with PVC/DBP/TDMANQO;
is used as the detector in the FIA arrangement shown in
Figure 1. The sample throughput of the system (about 20
samples/h) is limited by the time required to return com-
pletely to baseline potential. There were neither significant
drift in baseline nor peak heights for a series of injected
samples. The concentration of nitrate in real sample deter-
mined using FIA method was 1.65 M. This result is highly
comparable to the value obtained from recovery study.

Conclusion

The aim of this study was to develop an efficient analytical
method for the determination of nitrate in post treatment
chromium plating solution and in its waste effluent. Consid-
ering sample throughput, cost of analysis and the simplicity
of the measurement system, a flowinjection analysis system
that utilizes a PVC-based nitrate-selective electrode was in-
vestigated.

We first evaluated the potentiometric performance of
PVC-based nitrate-selective electrodes containing TDMANO,
as an ion-exchanger in PVC/NPOE, PVC/DOA or PVC/DBP
matrices, and the commercial Corning, No. 476134 electrode.
After carefully examining the detection limits and response
slopes for nitrate, and the dynamic response behavior to the
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chemical change, HCrO; = CrO;~, in basic condition, the
PVC/DBP/TDMANO; membrane electrode was chosen as the
FIA detector.

The analytical recovery of nitrate added to the real plating
sample obtained from POSCO was examined in static mode
prior to the FIA experiment. The added nitrate could be
recovered with satisfactory accuracy (101.2% on the average),
indicating that the PVC/DBP/TDMANO; electrode does not
experience any significant matrix effect from the real sample
if it is diluted by an appropriate proportion with a basic
buffer. Based on these results, an FIA setup was designed
in a way that the injected sample solution be thoroughly
mixed with the diluting buffer solution and equilibrated in
the mixing coil before the ISE detection. The FIA determi-
nation of nitrate in real plating sample gave essentially the
identical result to that from static mode measurement.
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The electronic structures of the Ce, (HsP),Pt(n-C;H,) and (HsP).Pt(n’-Cs) are calculated by using the EHMO method
with the fragment analysis. We have modified the EHT parameters so as to yield the orbital energy level correlation
and to fit the optical transition gap to the previous theoretical results of C. In Pt-derivatives, our FMO results
with the modified parameters show that the carbon-carbon double bonds of Cg and ethene react like those of electron-
poor arenes and alkenes, and also that Cg is more electron-susceptive than C.H,.

Introduction

In 1985, a soccer ball carbon structure, Ce or BF (Buckmi-
nsterfullerene), was obtained through laser vaporization of
graphite in a high-pressure supersonic nozzle (Smalley et
al.l). Since the development of the large-scale synthesis of
fullerenes, a variety of studies of the cluster have been pro-
moted in order to discern chemical and physical properties.?®
The stability of the Ce has been calculated using MNDO,*
ab initio SCF° and Hickel® methods. The 3D-Hiickel,” DV-
Xo® and Linear Muffin-Tin Orbitals (LMTO)® calculations
have been represented for the orbital energy levels of this
compound.

The interaction of fullerenes with molecules has been of
fundamental interest, so several papers showed the chemical
reactivity between metal (Os, Pt, Ir) complexes and Cg via
solution chemistry forming metal-Cs bonds. Hawkins et al.®
have synthesized a one-to-one Cg-osmium tetroxide adduct,
Ceo(OsO4)(4-tert-butylpyridine),, in which osmium was con-
nected through a pair of oxygen atoms to the exterior of
the Cﬁo.

Balch et al®® have shown that addition of an equimolar
amount of a purple solution of Cg in benzene to a yellow
benzene solution of Ir(CO)CI(PPh;), immediately forms a
deep brown solution from which black-brown crystals of (n*
Ce)Ir(CO)CI(PPh3),-5C¢Hs precipitate.

Fagan et al."® have shown that the addition of Cg to (PhsP)2-
Pt(n?-C;H,) results in displacement of ethylene and formation
of (n2-Cey)Pt(PPhy),. For the platinum complex [(CsHs)sP 1.Pt-
(n*Ce), the reactivity of Cs is not like that of relatively
electron-rich planar aromatic molecules such as benzene, that
is, the carbon-carbon double bonds of Cg behave chemically
like those of very electron-deficient arenes and alkenes. In
terms of the platinum coordination sphere, it was found that

this Ce complex formed at the junction of two fused 6-MRs
in Cg closely resembles the structures seen for other plati-
num alkene complex,”™ [(CzHs):P1.Pt(n’-ethylene). Also,
using NMR spectra and X-ray crystalographic results of the
hexa-substituted platinum derivative {[(CsHs):P1.Pt}sCs, Fa-
gan ef al. have shown that the molecule has a multiply-sub-
stituted buckminsterfullerene with an octahedral array of
platinum atoms.

Their structural studies for metal complexation suggest
that the bonds between two fused six-membered rings in
Cw are the most reactive, these bonds being shorter and
having the most double bond character. The fact that low-
valent metal centers like Ir(I) and Pt(0) add to the carbon
atoms at 6-6 membered ring fusions in Cg was consistent
with the predictions of bond localization energy calculations."

Fann et al."® have talculated for Cg and the bunnyballs (Os-
Ce, Ru-Ce and Mn-Cg complexes) by the Extended Huckel
(EH) method. The energy level correlation of Cg in his work
is similar to Figure 1 in this paper, but it is very different
from those of 3D-Huckel” DV-Xa,® and CNDOQ/S? Ab initio
molecular orbital calculations® for (n2-C,H)Pt(PH,); and (n*
Ceo)Pt(PH3), have shown that charge transfer from Pt frag-
ment is 0.347 to C;H; and 0.926 to Ce, and binding energy
(eV) with Pt(PH3), is 0.32 for C;H, and 0.95 for Ce.

Therefore, it suggests that it is interesting and important
to choose proper EH parameters for calculations of the inter-
mediate size cage cluster like Cg between molecule and sur-
face. EH method with and without Carbon parameter modifi-
cation is used to see a detailed molecular orbital (MO) des-
cription of the effect of addition of Ce to (PhsP);Pt(n*-ethyl-
ene) which results in displacement of ethylene and formation
of (n%-Ceo)Pt(PPhy).. All calculations are simplified by substi-
tuting the phenyl groups (C¢Hs-) in each complex with hyd-
rogen atoms.



