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Studied are the conditions for express determination of microamounts of iron with
4,7-diphenyl-1,10-phenanthroline (bathophenanthroline) in the form of ionic associate (IA)
with NO;™ ions. A technique is proposed for pumping sorption of the IA from the solution
by means of polyurethane foam. The statistically calculated lower limit of the determined
Fe (II, IIT) contents in the "unreliable reaction” region is 0.03 pg/ml, the determination
time does not exceed 10 min, the relative standard deviation of the determination of 0.03
to 0.20 pg/ml of Fe (II, III) is 0.36 and 0.21, respectively (n = 30). The developed test is
used for express visual determination of iron (II, III) at the level of 5007® % in the
mother liquid for potassium dihydrogen phosphate crystal growth.

W3yuenpl ycIoBUA SKCIPECCHOTO OIPENeJIeHUsA MUKpompuMeced skenesa ¢ 4,7-ngudeHni-
1,10-¢enanrponunom (6aTodeHanTpOoNMHOM) B Buje moHHOro acconmara (MA) ¢ NO; -uona-
mu. IlpemjoskeH cmoco6 TPECCHHTOBOro m3BjedeHus MA m3 pacTBopa HEHOHOJIUYPETAHOM.
CraTucTUUYECKN PACCUMTAHHBINA HMKHUN npemen obHapy:euusa Fe (ILIII) gnsa oGmactu
"HeHaméxHOM peaknuu cocraBager 0,03 MKr/miu. Bpemsa ompejesieHUs He IPEBBLINIAET
10 MUH., OTHOCUTEJILHOE CTaHJapTHOE OTKJOHeHUe npu ompeaenenuu oT 0.03 mo 0.2 MKr/mu
cocraBasger 0.36-0.21 (n = 30), coorBercTBeHHO. Ilpemnaraemplii TecT ObLI HNPUMEHEH IJII
ompeeeHns cymMMmapHoro conepskanusa Fe (ILIII) ma yposee 5007° % B TexHOIOrMYeCKUX
pacTBopax JJd BeIpAIlWBaHUA MOHOKpucTawIoB KH,PO,.

Optical characteristics of single crystals
used in laser radiation controlling devices
depend functionally on their microimpurity
composition. In particular, content of Fe
(IL,III) ions plays an essential part in forma -
tion of the potassium dihydrogen phosphate
crystal morphology [1]. To correct the com -
position of the mother solutions for KH,PO,
crystal growth, a great number of interme -
diate analyses should be performed outside
of laboratory immediately after sampling.
The final result must be obtained by one of
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standard methods of the analysis under
laboratory conditions.

The purpose of the present research is to
study the potentialities of solid phase ex-
traction of iron-bathophenanthroline (BP)
complex by polyurethane foam (PUF) sor-
bent for visual test determination of iron
(11, III) contained in amounts on the level of
50107 % in the mother solutions for
KH,PO, crystal growth.

Among the existing methods for iron de-
termination, the ones based on the forma-
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tion of thiocyanate complexes [2, 3] are to
be mentioned first of all. In [4, 5], the opti-
mum conditions and sorption chemism of
iron (III)-thiocyanate complexes on PUF
sorbents are studied in detail. The method
is characterized by high sensitivity, though
its selectivity is rather low: the determina -
tion process is hampered by the fact that a
large number of ions form complexes with iron,
which are more stable than those with thiocy -
anate. The use of more sensitive o-phenan-
throline reagent in the form of indicator
powder [6], on ion-exchange resin [7] or
PUF sorbent [8] for express test determina -
tion of iron also gives low results in the
presence of large amounts of phosphates.

As a reagent, we have chosen BP, a
highly selective complexing substance for
iron (II). There are but few papers devoted
to the use of this reagent for express deter -
mination of iron. In particular, described in
[9] is a visual method which implies the
application of the indicator powder consist -
ing of the of BP-sodium disulfonate mix-
ture with indigo carmine in sodium acetate
with L-ascorbic acid additive. The po-
lymethyl methacrylate powder with BP im-
mobilized thereon is reported to be used in
portable optical fiber probe for Fe(II) deter-
mination in water [10]. These two methods
are distinguished by high sensitivity. How -
ever, the first of them cannot be applied as
a test method, since the duration of the
analytical procedure is more than 40 min-
utes. The second method is not applicable in
analysis of media with high salt concentra -
tions.

We investigated the possibility to realize
visual determination of microgram amounts
of iron (II) in the form of its BP complex
after sorption on PUF sorbent.

High purity grade KJ, KCI, KBr, KNOg,
NaClO,4, KH,PO,4, HCI, Fe,O3, and acetone,
as well as ascorbic acid and chloroform for
medical purposes and chemical purity grade
n-butyl alcohol, KBF,, and H3PO,, were
used. The initial 102 M iron solution was
prepared by dissolution of an iron (III)
oxide precise weight in HCI solution (1 + 1).

The solutions with lower iron concentra -
tions were prepared by successive dilution
of the initial solution. The iron concentra -
tion in the standard solution was deter-
mined by complexometry. The solutions
with 0.1 M concentrations of KJ, KCI, KBr,
KNOj, KBF,4, NaClO, were obtained by dis-
solution of the corresponding weights in
bidistilled water, those with 11072 M con-
centration were prepared by dilution of the
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initial solutions. The buffer solution with
pH = 2.5+0.3 was prepared from 1 M
KH,PO, and H3PO, solutions. It was puri-
fied from iron by extraction with BP complex
using chloroform-butanol mixture (2 + 1).

To obtain 31073 M solution of BP in ace-
tone, analytical purity grade recrystallized
preparation was used. As the sorbent, PUF
of "T25-3,8" trade mark (Ukraine) was util -
ized. About 10x8x8 mm3 PUF cubes of
about 0.03 to 0.05 g mass were cut out of
the polymer sheet. Purification of PUF was
carried out according to the known tech-
nique [11], by keeping it in 0.1 M H,SO,4
solution during 30 minutes followed by
washing first with bidistillate to obtain
pH = 6-7 and then with acetone. Then PUF
was dried in air and stored in tightly packed
glassware. Immobilization of BP on PUF
cubes was carried out by saturatiing the lat-
ter with acetone solution of BP 31073 M dur-
ing 5 minutes. Then the cubes were kept in
drying chamber at a temperature not higher
than 30°C to remove acetone, and then
stored in tightly shut dark glassware.

Photometric determination of iron (II) to
find its equilibrium concentration before
and after sorption was realized in the follow -
ing way. The solution to be analyzed (1 -5 ml)
was placed into a 25-ml measuring flask;
the mother liquids of KH,PO, were prelimi-
narily diluted with water (1 +3) or (1 + 2).
Then the pH = 2.5+0.3 buffer solution (1-2 ml),
5002 M ascorbic acid (1 ml), acetone
(2 ml), 3003 M acetone solution of BP
(0.5 ml) and water to obtain the total
mixture volume of 25 ml were added into
the flask. The light absorption value for
the complex [Fe(BP)3]2+ was measured at
A =530 nm. The extraction degree value
(k) was determined from the expression
k,% = (Cy — C)/Cy100, where C is the iron
content in the solution before sorption (in-
troduced), C, is that after sorption (found).
The iron (IT) concentrations in the solutions
before and after sorption were established
according to the photometric technique de-
veloped before, without extraction in water-
acetone solutions by means of BP applied in
the present research as a standard. The op-
timum pH value for this method is 2.5+0.3.
Further, to determine iron by visual sorp-
tion test method with BP immobilized on
PUF, the same pH interval was used.

Sorption under static conditions was re-
alized by placing 1 to 5 ml of the KH,PO,
solution to be analyzed in a 25 ml flask and
adding 1 ml of 0.5 M H3PO,, one PUF cube
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and water to reach the required total vol-
ume of the mixture. The cube was pressed
down by a glass stick to remove air bubbles,
and the solution was agitated by a magnetic
mixer for some time. Then the sorbent was
taken out of the flask, pressed between
sheets of filter paper and dried in air.

The procedure for measurement of dif-
fuse reflectance spectrum is based on meas -
uring the diffuse reflectance coefficient R
at a certain wavelength and calculating the
Kubelka-Munk function F(R) using the formula
F=(1 - R?/2R = B/s = 2.3¢ [I/s, where B is
the absorption coefficient; € and ¢, the
molar absorption coefficient and the sorbent
concentration, respectively, s, the light
scattering coefficient.

In this research, BP was chosen as a
complexing substance for test determination
of Fe (II, III) in the mother KH,PO, solu-
tions due to high light absorption with a
maximum at 530 nm and a molar absorp-
tion coefficient of 2.210% moldlldm=1 [12]
characteristic of the formed [Fe(BP)s]?*
complex. Moreover, the complex is known
to have a rather high value of pK = 21.8
[13] which essentially exceeds the constants
of phosphate iron complexes. This allows to
use BP also for iron determination in phos -
phate media.

Prior to the investigation, we redefined
the optimum conditions of the [Fe(BP)3]2+
complex quantitative formation to deter-
mine iron in solutions with high contents of
KH,PO,. Increase of the solution ionic
strength with KH,PO, concentration within
the interval from 0.02 to 0.15 g/ml was
found to have no influence on light absorp -
tion of the analyzed solutions. As estab-
lished in our investigations, in the presence
of KH,PO, with a concentration reaching
0.1 g/ml, the complex [Fe(BP)3]?* is formed
during the first 2 or 3 minutes. Then the
light absorption of the solutions remains
practically unchanged for a long time (up to
30 min). The optical characteristics of the
formed iron complex are also constant
within the temperature interval from 20 to
60°C.

The influence of a number of factors on
iron (II) determination using the developed
method was studied. The degree of extrac-
tion (k) was chosen as a function of response
describing the process of complex formation
and the completeness of its sorption.

While developing the test method of iron
determination on PUF sorbent, the sorption
conditions of the iron-BP complex were pre-
liminarily chosen. Presented in Fig. 1 are
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Fig. 1. Time dependence of the extraction de-
gree (k, %) of [Fe(BP)3]2+ complex in the static
(1) and pumping (2) regimes: mpyp = 0.03 g,
C (Fe) = 0.4 pg/ml, C(KH,PO,) = 0.1 M.

the extraction degree values for [Fe(BP)3]2+
complex in static (1) and combined (2) re-
gimes. The latter (further referred to as
"pumping regime”) is a combination of
static and dynamic regimes with elements
of forced circulation of the analyzed liquid
under pressure through a layer of sorbent.
As seen from Fig. 1. the pumping regime is
characterized by more complete sorption
and shorter time of its attainment. It is
convenient to realize the pumping regime in
10 or 20 ml disposable syringes. In this
case, after sorption and complete removal
of the liquid from the syringe, PUF sorbent
becomes almost dry and suitable for sub-
sequent visual color testing.

However, even for the pumping regime,
while increasing the concentration of iron
ions in the solution up to 0.4 pg/ml and
higher, the extraction degree values gradu -
ally drop down to about 50 %. To improve
the sorption characteristics of the complex,
a search for anion partner for the formation
of ionic associate was carried out. This was
due to the fact that in the considered com -
pounds characterized by a specific influence
of the second-sphere particle on the proper -
ties of the first-sphere ion, the sorption
properties of the system might change. As
found while studying sorption of
[Fe(BP)3?* complex on PUF sorbent in the pres-
ence of some inorganic anions, the sorbent color
becomes more intense as the anion radius incre -
ases in the CI- <Br- < F <NO5~ < BF,~ < ClO4~
sequence. Although %k values are higher for
BF~4 and ClO74-ions, in the presence of ni-
trate ion, the sorbent color is distributed
more uniformly over the surface of PUF
sorbent and can be better differentiated.
This caused the choice of NO3~ ion for our
research. Shown in Fig. 2 is the dependence
of the extraction degree on Fe(II) concentra-
tion in the presence/absence of NOj3™.
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Fig. 2. Dependence of the extraction degree
(B, %) of [Fe(BP)3]2+ (1) and [Fe(BP)3](NO37),
(2) complexes on iron (II) concentration in the
pumping regime: mpyp = 0.03 g, T =10 min,
C(KNOg) = 21073 M, C(KH,PO,) = 0.1 M.

Thus, the formation of the ionic associ-
ate [Fe(BP)3](NO3;™), was found to result in
an essential improvement of the sorption
properties in the investigated system. Fur-
ther, all the experiments were conducted in
the presence of KNOj3 in the solution ((2 to
5)1073 molM1).

The diffuse reflection spectra of the
ionic associate [Fe(BP)3](NO3™), on the
PUF sorbent show a sharp maximum at
A = (530+5) nm coincident essentially with
the absorption maximum for the complex in
the solution. This fact shows that the na-
ture of the coordination environment of
iron (II) ions in the complex remains un-
changed, and this may testify that the in-
teraction with the polymer matrix of PUF
sorbent is absent.

In the course of this research, the range
of linear dependence between the Kubelka-
Munk function F(R) and the Fe(II) concen-
tration in the solutions was established. As
follows from Fig. 3, the linear dependence
is observed up to 0.8 pg/ml of iron (II) in
the solution. For the model solutions with
higher iron concentrations, the F(R) func-
tion values do not change and form a pla-
teau on the plot, which testifies to maxi-
mum saturation of the sorbent.

As to the time dependence of the of
[Fe(BP)3](NO3™), sorption completeness on
PUF sorbent, it is seen from Fig. 4 that the
complete extraction of IA from the solution
where the initial content of iron (II) is up
to 0.8 pg/ml, is observed since 6 to 7 min-
utes after the beginning of the procedure.

To estimate the detection limit for iron
in the proposed test method, we used the
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Fig. 3. Dependence of the diffuse reflection
F(R) of [Fe(BP)3](NO57), complex on the iron
(IT) concentration: mpyr = 0.03 g, T =10 min,
C(KNO3) = 2103 M, C(KH,PO,) = 0.1 M, pH =
2.8, A = 525 nm.
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Fig. 4. Time dependence of the extraction de-
gree (k, %) of [Fe(BP)3](NO5™), complex on the
concentration of iron (II) in the pumping re-
gime: mpyp = 0.03 g, CFe(II) (Mg/ml): 0.2 (1),
0.6 (2), 0.8 (3), C(KNOj) = 20073 M,
C (KHy,PO,) = 0.1 M, pH = 2.8.

approach based on study of the so-called
"unreliable reaction” region (in this region,
low concentrations give approximately equal
number of positive and negative detection
results [14]). As found experimentally, for
the considered method such a region corre -
sponds to the interval of iron(II) concentra-
tions from 0.004 up to 0.020 pg/ml.

It must be preliminarily established by
independent observers using a color scale,
which of the four types of distribution —
normal, lognormal, exponential or Waybull
distribution — allows to quantitatively esti-
mate iron (II) content most satisfactorily.
Presented in Table 1 are experimental rates
of iron (II) detection in the mentioned con -
centration interval and some calculated
auxiliary functions. Parameters of the
linearized dependences of the experimental
rates of Cp, for the said distributions are
contained in Table 2. For all the compared
distributions, experimental points fall on
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Table 1. Experimental rates of iron (II) detection limit and some calculated auxiliary func tions

for determination of distribution type

c; N; n; }A>(cl.) —Ing; Inz, Inlnz; qJ[;)(cl,)]
0.004 168 37 0.2203 5.521 0.2488 -1.3511 -0.7722
0.008 67 0.3988 4.828 0.5088 -0.6756 -0.2559
0.012 95 0.5655 4.423 0.8335 -0.1821 0.1636
0.02 132 0.7857 3.912 1.5404 0.4320 0.7926
0.028 161 0.9583 3.576 3.1773 1.1560 1.7279
0.04 156 154 0.9872 3.219 4.3567 1.4717 2.2323

* c; is the Fe concentration in the i-th experimental series; N;, the number of observations;
n;, the number of detections; P(c;) = n;/N;, the experimental frequency of detections;
W[P(c,)], the function reciprocal to the Gauss function; z; = [1 — P(ci)]’l.

Table 2. Types of distribution for Fe(II)-PUF test-method

Distribution x szy Ty
Normal C; WIP(c,)] 0.2077 0.9872
Lognormal Inc, WIP(e)] 0.2863 0.9755
Exponential C; ; 0.2787 0.9884
Waybull Inc; Inlnz, 0.1303 0.9943

the calculated straight lines of y =a + bx
type. Comparison of the estimated linear
correlation coefficients r,, as well as the
dispersions s,2 for charac%erization of the
scatter of the experimental points y; with
respect to the corresponding straight lines
does not give reasons for choosing one pref -
erable distribution type. Therefore, the de-
tection limit was calculated assuming the
normal distribution. To determine C,,;,, the
formula C,,;, = Cy 5 + 2.5¢ was used (where
Cy.5 is the average revealed concentration,
i.e. the concentration detected with 0.5
probability and equal to 0.011 pg/ml; g, the
probable deviation which characterizes the
width of the "unreliably” revealed iron con-
centration region and equal to 0.008 pg/ml;
2.5 is the coefficient which provides 0.95
probability for detection of the concentration
equal to C,,;,). Thus, the calculated value of
detection limit for the described test method
is C,,;, = 0.03 pg/ml Fe (II, III).

The method was tested while analyzing
mother solutions of potassium dihydrogen
phosphate used for crystal growth. Test de-
terminations of iron were carried out in 10
or 20 ml disposable syringes according to
the following procedure. Using a syringe
(without needle) containing one PUF cube
with immobilized BP and several crystals of
ascorbic acid and plugged by its plunger,
collected were: 4—5 ml of the analyzed
KH,PO, solution preliminarily diluted with
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water, 2 ml of KNO3 1(10~2 M dissolved in
0.5 M solution of H3PO, and water to ob-
tain 10 ml volume of the mixture. Then the
syringe with plugged cannula was being
shaken for a certain time. After sorption,
the liquid was squeezed out of the syringe
under pressure through a sorbent layer. The
iron concentration was determined visually,
by comparing the sorbent color intensity
with that preliminarily obtained for stand -
ard iron solutions using a computer-simu -
lated color scale.

The results of the performed investiga-
tion were used as a base for visual test
determination of the total iron (II, III) con -
tent in the mother solutions of potassium
dihydrogen phosphate used for -crystal
growth. The metrological characteristics of
the developed test method and its validity
verification results in comparison with
those of the photometric method of iron de-
termination based on ¢-criterion are con-
tained in Table 3. As seen from the pre-
sented results, the method described in the
present paper has no systematic error, the
relative standard deviation of the determi -
nation of 0.03 to 0.20 pg/ml of Fe (II, III)
are 0.36 and 0.21 (n = 30) and lies within
the limits permissible for semi-quantitative
test determination of such a type.

Functional materials, 11, 2, 2004
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Table 3. Comparison of the KH,PO, solution analysis results obtained by photometry and express

methods
Sample No. Found iron
Test method Photometry method Z = Cyp/Cp,
caot % N cao* % N
1 2.310.2 30 2.03+0.05 6 1.1
2 4.6+0.4 4.05£0.07 1.1
3 3.340.3 2.87+0.05 1.15
4 2.140.2 2.5340.05 0.8
5 0.60+0.08 0.69+0.04 0.9
6 6.0+0.6 5.10+0.06 1.2
7 1.8+0.2 2.30+0.05 0.8
8 1.440.2 1.62+0.04 0.9
9 1.740.2 1.98+0.05 0.9
10 0.8+0.2 0.77+0.04 1.0
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IIIBuaKe BU3HAYEHHA MIKPOJOMINIOK 3aJii3a BidyaJbHUM
TECT-MEeTO0M Y TEeXHOJIOTIiYHMX PO3YMHAX A
BUpomyBaHHA MOHOKpucrajgis KHoPOy

T.1.Iéxoéa, P.Il1.Ilanmanep, A.B.Brank, O.A.Pewemnsax,
10.€.Baxoecvra

BuBueHo yMOBU €KCIIPECHOrO BM3HAYEHHS MIKpOAOMIIIIOK 3ajisa 3 4,7-mudenia 1,10-de-
HaHTpOJiHOM (GarodeHaHTpoNiHOM) y BUraAxi iomoro acomiary (IA) 3 NOj; -iomamm. 3ampo-
MOHOBAHO IIPeCiHroBui cmoci®é BuayueHHA IA 3 PO3UMHY MiHOMOJiypeTaHOBUM COpPOEHTOM.
CraTucTUYHO pO3paxoBaHa HUWMKHS Meyka BusHaueHHsa Fe (ILIII) y oGmacti "meHaminiHOl
peakmii’ mopiBuioe 0.03 MKr/mi, BiJHOCHe CTaHAZADPTHE BiAXWJEHHS NPV BU3HAUEHHI Bij
0.03 go 0.2 mxr/ma popisaioe 0.36—0.21 (n = 10), BiznoBifHO, Yac BUBHAUEHHA HE IEPEBU-
mye 10 xBusmH. 3aIpPOIOHOBAHWU TecT OyJIO 3aCTOCOBAHO MAJIS BUSHAUEHHSA CYMapHOIO
Bmicry Fe (ILIII) ma pismi 501075 % y TexHOMOTiYHMX POSYMHAX AJA BU POILIYBAHHA MOHO-

xpucranis KH,PO,.
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