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Method for determining the composition of aqueous highly concentrated salt
mixture solutions by attenuated total-reflectance IR spectrometry
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In the table-salt manufacturing process. the mother liquid and the concentrated brine in a crystallizer are
highly concentrated salt-mixture solutions comprising NaCl. MgC2. KCI and CaCI2, and a determination of
their concentralions plays an important role A method is proposed to determine the concentration of each
component in the mother liquid and the concentrated brine using the absorbance change relative to the water
absorption at six wavearnbers by attenuated total-reflectance IR (ATR-IR) spectrometry: an experimental
confirmation can be used to accurately determine the composition. In particular. for MgCl2. whose spectral
change is larger than that of the other components, its concentration can be quantitatively detennined with an
accuracy nearly equal to thai of a chemical analysis.

1. INTRODUCTION detennination of the concentrations of aqueous
organic solutions [4]. However, the inorganic

In Japan. almost all of the commercially available components in the mother liquid and the
salt is produced by crystallizing NaCl from brine concentrated brine do not show any characteristic
obtained by concentrating seawater using an ion- IR absorption band. Therefore, the IR and ATR-IR
exchange membrane electrodialyzer [1]. The main methods can not be applied to identify inorganic
component of the mother liquid and the substances and to determine their concentrations.
concentrated brine in the crystallizer is NaCl. and Ions in an aqueous solution are usually hydrated.
their impurities are CaCl2, MgCl2. KCI and so on. and change the structure of water [5]. thus resulting
This composition varies with the concentrating in changes of the normal vibration. the harmonic
conditions and affecls the quality of the product salt tone and the combination tone relative to the
[21. Therefore. detennining the composition plays absorbance of water. It is well known that due to the
an impotant role in the quality control of the sorts and concentrations of ions, the degrees of the
product salt. Furthennore. from the view point of changes in the absorbance of each vibraion of water
automation. labor saving and optinmizaion of the are different. Nightingale measured the TR spectra
salt manufacturing processes. it will be necessary to of some aqueous salt solutions and proved that the
research and develop a method of an on-line wavenumbers of the water absorption are sifted and
quantitative determination that can determine the the width of the mesial magnitude is changed by
concentrations of the components of the mother hydration [6]. Also, Bergley ct al determined
liquid and the concentated brine, sodiumn chloride content in meat by near infrared

The IR method can be used to identify any method [7].
organic substance and to quantitatively determine its A method is proposed to wisely determine on-line
concentration if its solution to be analyzed has the concentrations of the components of the mother
characteristic absorption bands [3J. Parliculayl. the liquid and the concentrated brine using the
ATR-IR method can be applied to a quantitative absorbance changes relative to the pure water
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absorption at the six wavenumbers by ATR-IR without agitation; the sample solution was then
spectromCtry. returned and the procedure repeated ((2 to 44) 10

times. as shown in Fig. 1.

2. EXPERIMENTAL
Saturated Aqueous Impurity

2.1. Measurement of the ATH-IR spectra Solutions of which Weight Ratio 900 ml

The ATR-IR spectra of the test solutions on a Listed on Table 2

background of distilled water were measured with a
FT-IR spectrometer (Applied Systems Inc. React- Adding 100 ml of
IR) and an ATR attachment (ZnS crystal). The Distilled water

measurement conditions were as follows: repetitive Adding NaC 10
number of scanning. 128: measurement times
waxenumbers, ranging from 4000 to 800 cm': Agitation 10 min. (until NaCt
resolution. 4cm-' measurement temperature of dose not dissolve

single-salt solutions. 20 C : and measurement
temperatures of model solutions. 20. 40, 60 and Mesurement of ATR-IR Spectrum

80'C. F-srmn fAR pcr

(using 100 m/ of the model solution)
2.2. Preparation of test solutions

Twenty kinds of aqueous single-salt solutions Fig. I Flow chart of the prepantion method of the
were prepared using reagent-grade NaCl. KCI LiCl. model solutions of the mother liquid and the

CsCI. CaC2. MgCl2 - 6H20. SrC2 - 61120 and concentrated brine.

BaCl2 - 2H20 without further purification. The
concenlrations of the solutions tested are listed in
Table 1. Table 2 Concentration of impurities in saturated

Model solutions of the mother liquid and the aqueous NaCI solutions

concentrated brine containing three kinds of
chloride salts (MgCl2. KCI and CaCI2) as impurities No. Weight Ratio

in a saturated NaCl solution were prepared as CaCl2 MgC2 KCI
follows: I A mixture of the three salts (MgC2. 1 1 2 1KCI and CaCl2) of which the weight ratios are listed 2 2
in Table 2. were added to the distilled water until 2 I 2 2
the mixture did not dissolve: thus, 900 nil of the 3 1 2 3

saturated inpurity solution was prepared. 2 One 4 3
hundred milliliters of the distilled water was added I 3 2

6 1 3 3
to the solution. 3 NaCl was added to the solution
until NaCl did not dissolve even after 10 minutes 7 1 4

8 1 4 2
under solution agitation. -. The ATR-tR spectrum 9 1 4 3was measured using 100 nl of the model solution

Table I Salt species and concentration of aqueous single salt solutions

Concentration / M NaCl KCI LiCl CsC1 CaCl2 MgC12 SrCl2 BaCl2

0 0 0 0 0 0 0 0
2 0 0 X X O 0 X X
3 0 0 X X 0 0 X X
4 0 0 X X 0 0 X X

0: prepared: X: not nrepared
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2.3. Analysis some monovalent and divalent cations are shown in
The concentrations of the components in the Fig. 3. The spectral change of a LiCI solution was

model solutions were analyzed using the method larger than that of the other nonovalent cation
proposed by Japan Tobacco inc. [8]. The solutions. The reason might have been due to the
concentration of Cl (C(Cl)) was analyzed by a larger hydration energy of Li' than that of the other
titration method using a 0.1 M silver nitrate solution monovalent cations. The hydration Gibbs energies
and the concentrations of Ca' and Mg> (C(Ca) and (-AGh) of monovalent cations become larger in
C(Mg)) were analyzed by a titration method using a the order Li'(5l0kJmol')>Na*(4I0)>K*(337)>Cs*
0.01 M EDTA solution The concentration of K' (283) [9]. On the other hand, the absorbance at 1710
(C(K)) was analyzed by atomic absorption spectro- cm1 originates from the H-0-14 deformation
chemical analysis: also, the concentration of Na' vibration, and that at 3150 cm from the hamionic
(C(Na)) was calculated based on the analytical tone of the H-0-H deformation vibration. The
values of other ions using the following equation: values of the absorbance became larger in the order

LiCI>NaCI>KCI>CsC with the same tendency as
C(Na)=C(Cl)-2(C(Mg)+C(Ca))-C(K). (1) the hydration energies of these cations.

The spectra of SrC12 and BaC2 solutions showed
2.4. Identification of the spectra the same tendency, whereas the spectral changes of

The ATR-IR spectra of the model solutions of the MgC2 and CaC2 solutions appeared to be larger
mother liquid and the concentrated brine are shown than those of other divalent cation chloride solutions
in Fig. 2. The spectral absorption shows a H-O-H The reason might be due to the larger hydration
deformation vibration in a 1500-2200 cm' band. a energies of Mg> and Ca> than those of other
hannonic tone of the H-0-H defornation vibration divalent cations. The vanes of the absorbances at
in a 2800-3200 cm' band. and an O-H stretching 1710 cot and around 3150-3160 cm' became
vibration in a 3500-3700 o-' band. The larger in the order MgCI2>CaCI2>SrCI2>BaCl2 with

absorbanees in these bands change according to the the same tendency as the hydration energies of
compositional ratio and the concentrations of the cations
impurities. Regarding the effect of the valences of the cations.

the hydration energies of the divalent cations are
larger than those of the monovalent cations; also.

0.3 the spectral changes of the divalent cation chloride
solutions were larger than those of the monovalent
cation chloride solutions.

0.1

o0

-0.1

-0.2 0.03 006divalent

4000 3000 2000 1000 0.02 dvLi-c t
0.n01.0wavenumber / cm-' g o.0 LClCaC

-i 0 0.02

Fig. 2 ATR-IR spectra of the model solutions of 0 LiC NaCt KcI
the mother liquid and the concentrated brine in the .CSCI
crystallizer -0.02 rct

-0.03 mooaetBac1

-0.04Caon -0.04
4000 3000 2000 1000 4000 3000 2000 1000

3. RESULT AND DISCUSSION Wavenumber / cm1 Wavenumber / cm1

3.1. Spectral changes of aqueous single-salt Fig. 3 ATR-1R spectra of some aqueous chloride I
solutions M solutions for studying the spectral changes of

The spectra of I M aqueous chloride solutions of aqueous single-salt solutions.
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These results suggest that the spectra of aqueous valence of the cations. On the basis of the above
single-salt solutions change respectively due to the discussion on the spectra of the aqueous single-salt
sorts of salts. thus making it possible to determine solutions- the six measurement and reference
the concentlrtions of the components of the mother wavenumbers given in Table 3 were selected. The
liquid and the concentrated brine using the wavenumbers is the best selection at present, but not
absorbance changes at the wavenumbers relative to critical. The difference in the absorbance of the
the w ater absorption. measurement and reference wavenumbers will be

offered for calculating the concentration of each salt.
3.2. Selection of the characteristic absorption The details of the calculation will be discussed later.
band

The spectra of I M NaCl. KCI, CaCI2 and MgC2
solutions are shown in Fig. 4. As for the absorbance Table 3 Measurement and reference wavenumbers
of the 3650-3660 cm' band. which shows the 0-H
stretching vibration and the 3140-3160 cm' band. Wavenumber cm-'

hich represents the harmonic tone of the H-0-H No. Meumbe Rfrm Assignment

deformation vibration. although a slight difference Measurement Reference
was observed only between KCI and NaCI solutions. I 3650-3660 3800 0-H stretching
a large difference was observed between 2 3140-3160 2600 harmonic tone of
monovalent and divalent cation chloride solutions. H-0-H deformation
In particular, as for the absorbance of the 3140-3160 3 2230 2100 H-0-H deformation
cm' band. a MgCI2 solution had a positive value. 4 1710 2100 H1-0-H deformation
whereas the other solutions had negative values. 5 1657.5 2100 H-O-H deformation
Tbe absorbance of the 1500-2200 cm' band, which 6 1626.6 1657.5 H-0-H deformation
shows a H-O-H deformation vibration. varied
largely depending upon each sort of cation. The
inimun values of the absorbance of 1710 cm', as

in NaCl and KCI solutions. were observed with a
slight difference. The mininnun value of the 3.3. Effects of the concentration of aqueous
absorbance of 1657.5 cm' was observed in a MgC2 single-salt solutions
solulion. and the highest absorbance in a CaCl2 As an example of the spectra of aqueous single-
solution. At 2230 ci"'. all of the solutions had salt 14 M solutions, the spectra of NaCl and MgC2
different absorbance values. In all of the solutions solutions are shown in Fig. 5. The absorbances at

the miaxiuunmm absorbances were found at 1626.6 the wavenumbers relative to the water absorption
cmfl with some difference depending upon the showed large changes, depending upon the salt

concentrtion, thus showing the concentnon
dependency of the absorbance.

0.06 0.06 ________ ____ ____400 -2500 2300-1500 1626.6 0.15cm' 0.05 cm- 657.5 .
0.04 Mgch 719 i0 2.93M

365036 0.04 -. 0.10 t.95M- MDC0.10
0.02 3140 0.03 Mgc9M

-31 caCh C.99M 0.05 0-98M
o j CaCI 0.02 2100 -0.05

N.2230 .97MNaCI 0.01, 0
-0.02 CI 260.0 -0.15 2.97M

0'

4000 3500 3000 2500 2200 2000 1800 1600 3.
Wavenumber / cm-l Wavenumnber cm-1 4000 3000 2000 1000 4000 3000 2000 1000

Wavenumber / cm- Wavenumber / cm-i

Fig. 4 ATR-IR spctrM of aqueous chloride I M
soluion fo seectng (ie i~srciciaand Fig. 5 ATR-IR spectra of aqueous chloride 1-4 M

reference oar enumbers, solutions for studying the effects of the
conccntation of aqucous single-salt solutions.
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3.4. Analytical rsults
0.20 3I40-360cnri band 0.02 3n a material comprising many components, the

IR spectra of each Component are generally affected
E 0.10 0 by the other components in proportion to the

-0.02 contents of the respective components owing to
o0 mutual interference. Therefore, the concentrations

-004 of the respective components cannot be calculated
* 0 C.c 2  from the absorbance of only one vavenumber as an

<C-0.06 Ac independent variable. In such a case, a multiple-
-0.2 0.08 0 NaCi regression (MLR) method which takes account of

1.0 2.0 3.0 4.0 0 1.0 2.0 3.0 4.0 the effects of the components is used for a
Conc. of Salt I M Conn. of Salt / M quantitative determation of the concentrations of the

components [101.
Fig. 6 Correlation between the salt concentration Aqueois multicomponent salt solutions do not
and the absorbance difference. have any characteristic absorption. However. the

wavenumbers relative to the water absorption of
such a solution changes characeristically.

Figure 6 shows a correlation between the salt depending upon its components and their
concentration and the absorbance difference of the concentrations. Therefore. the regression
3140-3160 cm" band and the 3650-3660 cm" band coefficients of the MLR equation for model
The concentration of each component had a linear solutions of the mother liquid and the concentrated
correlation uith the absorbance difference, with brine (as explained in previous paragmph) were
large differences in its slope The gradient of the calculated using the concentrations of the respective
slope of the 3140-3160 cm' band depended upon components taken as dependent variables and the
the degree of hydration energy of each cation. The values of the absorbance difference of six
slopes of the 3650-3660 cm- band of NaCl and KCI measurement and reference wavenumbers as
solutions were slightly different, while the slopes of independent variables:
CaCI2 and MgC2 solutions largely differed.

At other wavenumbers. some components were C(i)-a(i,0)+(a(i,j)A(j)), (2)
found to have linear correlations, and the other j(
componcnts secondary curvilinear correlations and
sometimes non-linear correlations. Also, the where C(i) is the concentration (%) of the i
differential coefficient of the absorabance to the component (i=CaC12, MgC2, KC, NaCl). Alj) is
concentration varied according to the components. the absorbance difference (j=1,2,3,4,5,6). a(ij) is a

Table 4 Regression coefficient and 1-value calculated by the multiple-regression equation (Eq.(2)) at 20C

C(CaC2) C(MgC2) C(KCI) C(NaCl)

a(CaC12J) I-value a(MgCI2j) t-value a(KCIj) t-value a(NaCI~j) t-value

0 5.50 4.01 1520 -2.97
1 151.82 5.15 -125.23 -7.15 -187.55 -5.42 -38.31 -0.91
2 48.29 3.76 4.84 0.63 60.06 3.98 -98.56 -5.35
3 -216.26 -1.35 -101.01 -1.07 -674.19 -3.60 800.63 3.50
4 -157.16 -3.50 55.26 2.07 -275.83 -5.24 258.66 4.02
5 11.90 0.77 10.51 1.14 -239.88 -13.16 155.29 6.97
6 137.13 7.37 -49.49 -4.48 14.63 0.67 -104.94 -3.94

C(i): concentration of i component; a(ij): coefficient; i: component; j: no. of measurement and
reference wavenumbers corresponding to No. in Table 3.
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coeffcient and j is the No. of measurement and method can accurately determine the concentrations
reference wavenumbers corresponding to No. in of the components of the mother liquid and the
Table 3. concentrated brine in the salt manufacturing process.

Table 4 gives the regression coeffcieut and the I- In particular, MgCl2. whose spectral change is
value calculated by the MLR equation (eq.(2)) at larger than that of the other components, can be
20"C. The t-value shows the contribution of the quantitatively determined with an accuracy nearly
respective measurement wavenumbers based on the equal to that of a chemical analysis. The accuracy of
reference wavenumbers in determining the the determination can be improved by using a PLS
components. Each component had a different method instead of the MLR method. However our
coefficient and t-value. delennining method need using the spectra of many

kinds of model solutions for preparing the working
3.5. Calculation of concentrations curve. And the working curve sometimes must be

Figure 7 shows plots of the values of the calibrted. For calibration using at most two or three
concentration calculated using the regression kinds of standard solutions is desired. Therefore
coefficients shown in paragraph 3.4 versus the applying the PLS method to our detennining
analytical values of the components. The plots of method is difficult. Since the ZnS crystal used in the
CaCI2 and MgC2 were almost within the anCge of ATR attachnent has a high water resistance. it can

- 1.0 % dispersion. and the plots of KCI and NaCl be adapted to long-run applications to the salt

wcre almost within the range of s 1.5% dispersion. manufacturing process for an on-line quantitative

Also. the estimated values of the variances at 20'C determination by using the ATR attachment of flow

lre 0.201 for CaC2 0.071 for MgC2. 0.276 for cell type or probe type. Furthermore, considering

KC and 0.412 for NaCl. the capability of this method for determining the
concentrations of the components in aqueous
inorganic salt solutions that do not show

7 cac Mccharacteristic absorption, this method will be
6' applicable to other aqueous inorganic and/or organic

y1 solutions.
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