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A methodology for quantitative chemical analysis of the complex “borohydride-borate-hydroxide-carbonate-water” mixtures used
as fuel in the borohydride fuel cell was developed and optimized. The methodology includes the combined usage of the acid-base
and iodometric titration methods. The acid-base titration method, which simultaneously uses the technique of differentiation and
computer simulation of titration curves, allows one to determine the contents of hydroxide (alkali), carbonate, and total “borate +
borohydride” content. The iodometric titration method allows one to selectively determine borohydride, so the content of each of
OH−, BH

4

−, BO
2

−, and CO
3

2− anions in the fuel becomes estimated. The average determination error depends on the number and
ratio of compounds in a mixture. Specific details of the analysis of various fuel mixtures are discussed.

1. Introduction

The intense progress of electric vehicles, portable electronics,
mobile communication tools, and other systems, which
require independent power supply, stimulates the design of
new chemical power sources [1, 2]. These sources have to
possess high-energy specific characteristics but also they
must be safe and comfortable in use. In this connection, the
development of fuel cells (FC) in which chemical energy is
directly converted into electrical one becomes most topical.
Especially, direct borohydride fuel cells (DBFCs) are inten-
sively evolved in which alkaline aqueous solutions of such
salts as LiBH

4

, NaBH
4

, and KBH
4

are used as fuel [3–9].
In these systems, electrical energy is generated by means
of hydrolysis and electrochemical oxidation of borohydrides
into borates. In alkaline media, these are LiBO

2

, NaBO
2

,
and KBO

2

[10–12] whose solubility essentially influences the
power characteristics of FC [13–15]. The difficulty of the
design of effective and sustainable anode electrocatalysts for
the anodic oxidation of borohydride limits the efficiency and
power density attainable in these devices [16–18].

The fuel of DBFCs is a multiple mixture whose specific
characteristics directly depend on the ratio of its components

BH
4

−

/OH−/H
2

O [19–24]. It can be an aqueous solution of
NaOH andNaBH

4

in the initial state and an aqueous solution
of NaOH, NaBH

4

, and NaBO
2

in the discharged (partially
or fully) state. Besides, the fuel composition is changed due
to side reaction; it can dry up or water out, and it also can
be acidified and/or carbonated by chemical interaction with
carbon dioxide from air. In this case, additional components
will appear in the solution, such as carbonate Na

2

CO
3

and
bicarbonate NaHCO

3

at deeper carbonization in accordance
with the ionic reactions:

I stage (carbonate formation)

2OH− + CO
2

= CO
3

2−

+H
2

O (1)

II stage (bicarbonate formation)

CO
3

2−

+ CO
2

+H
2

O = 2HCO
3

− (2)

These side reactions have high significance for the proper
functioning of FC, since the salts Na

2

CO
3

and NaHCO
3

(as
well as the corresponding lithium and potassium salts) poorly
dissolve in aqueous alkaline solutions. These salts and their
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crystal hydrates are deposited in the porous structure of the
electrodes to deteriorate them. So it is important, on the one
hand, to preserve the fuel from contact with CO

2

and, on the
other hand, to control the carbonate concentration in it.

In this connection, for the development andmaintenance
of FCs, regularmonitoring of the chemical composition of the
fuel used is necessary. It requires control of the concentration
of each dissolved component during the working process
of FC, determination of the discharge degree of the fuel,
and evaluation of the conformity of the current state of the
fuel mixture to its theoretical composition calculated from
material balance.

Earlier, a number ofmethods were proposed for quantita-
tive determination of the total boron and boron compounds
in analyzed samples [25–31]. To analyze borates and boric
acid, the titrimetric [28–31], photometric [32], and fluores-
cent methods [33–35] have been suggested. It is also possible
to carry out the selective determination of borohydrides by
the hydrogen volumetric method [36, 37], titration [38–41]
with permanganate [36], hypochlorite [42], iodate [10, 43],
and the voltammetric [44–46] or potentiometric [47–49]
titration methods. Titration of borohydride solutions with
acid, in particular, HCl, was suggested in a few papers [36,
40, 50], where the reaction equation was written as

NaBH
4

+HCl + 3H
2

O = 4H
2

+H
3

BO
3

+ NaCl (3)

In the case of potentiometric acid titration of aqueousNaBH
4

solutions, it is pointed [36] that actually it is sodium borate
formed as a result of NaBH

4

hydrolysis which is titrated:

BO
2

−

+H
3

O+ = H
3

BO
3

(4)

Thus, there is no unified method of quantitative analysis
of boron-containing compounds and other anions presented
in the fuel solution of DBFC. For selective determina-
tion of each component, it is necessary to consecutively
apply several techniques. In the present paper, we have
developed a methodology for quantitative analysis of com-
plex “borohydride-borate-alkali-carbonate-water” mixtures
based on the methods of acid-base and iodometric titration.
The first method allows simultaneous estimation of the
contents of hydroxide, carbonate, and the “borate + boro-
hydride” total with their joint presence in the sample. The
secondmethod allows selective determining the borohydride
content.

2. Experimental Section

The contents of hydroxide ions, carbonate ions, and total
borate and borohydride ions were determined by the acid-
base titration method with a 0.1mol⋅L−1 HCl solution as the
titrant. A fuel sample taken from FC for analysis is a highly
alkaline medium. For acid-base titration, it was repeatedly
diluted. A sample of a certain weight (0.1 to 0.5 g) was
taken from the fuel analyzed, quantitatively transferred to
a 250mL glass for titration, and brought to 100.0mL with
distilled water. A homogeneous solution with pH ≈ 11–13
resulted. The analysis result was then recalculated in terms

of the initial fuel in view of the dilution factor. A fixed
initial volume of the titratable mixture 𝑉

0

= 100.0mL is
required to further correct modeling of the titration curve.
Titration was started from some initial pH value and ended
at pH ≈ 2-3. The positions of peaks were defined, and both
titration curves (integral and differential) were saved in a
data file for subsequent computer simulation. To analyze
borohydride ions, the iodometric redox titration method
was used. The analogous sample of the analyzed fuel (0.1
to 0.5 g) was quantitatively transferred into a 50mL flask
and brought to the mark with a 1mol⋅L−1 NaOH solution.
Then, a 5mL aliquot was sampled, transferred to a glass
for titration, and brought to 50mL with a 1mol⋅L−1 NaOH
or KOH solution with further titration with a 0.1mol⋅L−1
standard iodine solution up to a preset potential value. An
automatic ATP-02 titrator (“Aquilon”, Russia) was applied.
The software package of the titrator provides titration up to
a preset electrode potential value or pH at an automatically
changed rate of the titrant. A glass indicator electrode and
a silver-chloride reference electrode were used for acid-base
titration; a platinum indicator electrode and a glass reference
electrode were applied for iodometric titration. All analyses
were carried out under thermostating at 25∘C.

Chemically pure reagents (reagent grade) were used to
prepare reference solutions of a desired composition for
checking our analytical methodology. The chemicals used
were NaBO

2

⋅ 4H
2

O (Vecton Corp, Russia, the analytical
reagent content 𝑤NaBO

2

= 0.490 ± 0.003); KBO
2

⋅ 1.25H
2

O
(Vecton Corp, the reagent content 𝑤KBO

2

= 0.767 ± 0.001),
NaOH ⋅ 𝑥H

2

O (Ecros Corp., Russia, the reagent content
𝑤NaOH = 0.989 ± 0.002; water content 𝑤H

2
O = 0.01 ±

0.003), KOH ⋅ 𝑥H
2

O (Ecros Corp., the reagent content
𝑤KOH = 0.898 ± 0.003; water content 𝑤H

2
O = 0.101 ±

0.003), NaBH
4

(Aviabor Corp, Russia, the reagent content
𝑤NaBH

4

= 0.974 ± 0.005), KBH
4

(Aviabor Corp., the reagent
content 𝑤KBH

4

= 0.971 ± 0.006), and distilled water without
dissolved carbon dioxide. Every reagent had undergone com-
mon chemical analysis to analyze the basic substance, water
content, and carbonate content. No analytically detectable
carbonate impurity in the solid reagents was found. The
exact composition of the solid-state reagents was taken into
consideration at preparing reference solutions. The error of
each controlled concentration of the reference solutions can
be estimated less than 1.5%.

3. Results and Discussion

3.1. Determination of Borohydride, Borate, Hydroxide, and
Carbonate by Acid-Based Titration. The analyzed object was
an aqueous solution containing a mixture of anions OH− +
BO
2

−

+ BH
4

−

+ CO
3

2− in a random ratio as highly soluble
sodium and potassium salts. During the titration process
by an aqueous solution of acid, the following reactions
proceed:

OH− +H+ = H
2

O (5)

BH
4

−

+ 2H
2

O H+
→ BO

2

−

+ 4H
2

↑ (6)
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BO
2

−

+H+ = HBO
2

(7)

CO
3

2−

+H+ = HCO
3

− (8)

HCO
3

−

+H+ = H
2

CO
3

(9)

In the presence of BH
4

−, the first stage is the irreversible
hydrolysis of BH

4

− catalyzed with acid which is not con-
sumed. Protons are consumed at the second stage only
(reaction (9)). As a result, the total boron (BO

2

−

+ BH
4

−) is
titrated out at the acid-base titration.

Reactions (5)–(9) proceed concurrently. The predomina-
tion of this or that reaction is determined by the ratio of the
corresponding dissociation constants of HBO

2

, H
2

CO
3

, and
waterH

2

O.This predomination changes as the titration curve
goes with gradual change of pH from the initial pH value ≈
11–13 to the final one ≈ 2-3. The values of the dissociation
constants are such [51, 52] that at the addition of acid, the
first reactions (5) and (6) occur, then the reactions (7) and (8)
proceed, and the titration process is completed with reaction
(9). It should be noted that the reaction (7) is written in
a simplified form, as it is known about the existence of
a number of borate anion forms but the final product of
protolysis is orthoboric acid H

3

BO
3

. This may be ignored
within our pH range.

Borohydride hydrolysis reaction (6) takes place in aque-
ous alkaline solutions even at high pH but its rate is extremely
low [21]. Table 1 comprises approximate rates of BH

4

− decom-
position due to hydrolysis at 25∘C. One can see that the
hydrolysis of BH

4

− slowly proceeds at pH ≈ 11–13 in the
solutions at acid-base titration, but this hydrolysis is part of
the analytical procedure. Hydrolysis is sharply accelerated
at pH ≈ 7–9 and the borate ions formed are further bound
in reaction (7). No complex mechanism of the protolysis of
BH
4

− ions [8, 21, 34] is reflected on the titration curve pH
versus 𝑉

𝑡

.
Let us assume that the initial aqueous solution has a

volume 𝑉
0

, containing 𝑛OH− of alkali, 𝑛BH
4

− of borohydride,
𝑛BO
2

− of metaborate, and 𝑛CO
3

2− of carbonate. Hydrocar-
bonate cannot exist in the initial (highly alkaline) solution;
that is, 𝑛HCO

3

− = 0. The formation and consumption of very
small amounts of water during the neutralization reaction
are neglected but the dilution degree of the initial mixture
titrant is taken into account. The titrant (𝑡) is an aqueous
HCl solution with a concentration 𝑁

𝑡

to be added into the
mixture at the current time in the amount𝑉

𝑡

mL.Then, taking
into account the titrant-caused dilution, the overall molar
concentrations 𝐶

𝑖

are

𝐶
𝑡

=
𝑁
𝑡

𝑉
𝑡

𝑉
, (10)

𝐶alc =
𝑛OH−

𝑉
; 𝐶

𝐵

=
𝑛BH
4

− + 𝑛BO
2

−

𝑉
; 𝐶carb =

𝑛CO
3

2−

𝑉
.

(11)

Here𝑉 = 𝑉
0

+𝑉
𝑡

is the total volume of the mixture at the cur-
rent instant of titration. Unlike the overall concentrations 𝐶

𝑖

,
the current equilibrium values of the molar concentrations
[H+], [OH−], [BH

4

−], [BO
2

−], [CO
3

2−], [HCO
3

−], [HBO
2

],

Table 1: Approximate rates of borohydride ion BH
4

− decomposition
due to hydrolysis at 25∘C.

Concentration [OH−] or pH Initial rate of BH
4

− decomposition
2.33mol⋅L−1 <0.1%⋅day−1

pH = 13 ≈1.5%⋅day−1

pH = 11 ≈7%⋅hr −1

pH = 9 ≈0.2%⋅s−1

pH = 7 >10%⋅s−1

and [H
2

CO
3

] are marked with symbols in square brackets
and they are calculated from the equilibrium constants of the
titration reactions.

An additional correction is taken into account for the
average ionic activity coefficient. We used the 2nd approxi-
mation of Debye-Huckel’s theory as Gyuntelberg’s equation
where the activity coefficient is only determined by the ionic
strength of the solution and the squared ion charges [53].
Then, 𝑓 is the activity coefficient of all single-charged ions,
but in the equations containing the double-charged carbonate
ion concentration, the factor 𝑓4 will appear. Gyuntelberg’s
equation at 25∘C looks like

lg𝑓 = −0.5092
√𝐼

1 + √𝐼
, (12)

where 𝐼 = 0.5∑
𝑖

𝑐
𝑖

𝑧
2

𝑖

is the ionic strength of the solution
calculated by the formula in our case:

𝐼 = 0.5 × {𝐶
𝑡

+ 𝐶alc + 𝐶𝐵 + 2 × 𝐶carb

+ [H+] + [OH−] + [BH
4

−

] + [BO
2

−

]

+ [HCO
3

−

] + 4 × [CO
3

2−

]}

(13)

Gyuntelberg’s equation has an advantage over other approx-
imations of having no arbitrary parameters and describing
well electrolyte solutions when 𝐼 ≈ 0.1, which is the case
in our acid-base titration (the concentration of any ions
in solution at different stages of titration did not exceed
0.1mol⋅L−1). The concentration of solutions was chosen so as
not to blur steps on the titration curve and, at the same time,
the correction to the activity coefficients should be small.

As a result, with the experimental data arrays 𝑉
𝑡

, pH,
𝑑pH/𝑑𝑉

𝑡

, and using (10) and (11), we obtain the data arrays
𝐶
𝑡

, 𝐶
𝐵

, 𝐶alc, and 𝐶carb. The current values of the equilibrium
concentrations at every titration point can be calculated from
the conditions of chemical equilibrium and material balance
by means of the appropriate formulae:

[OH−] =
𝐾
𝑊

𝑓2 [H+]
;

[BH
4

−

] + [BO
2

−

] =
𝐶
𝐵

1 + 𝑓2 [H+] /𝐾
𝐵

;

[CO
3

2−

] =
𝐶carb

1 + (𝑓4 [H+] /𝐾
2

) (1 + 𝑓2 [H+] /𝐾
1

)
;
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[HCO
3

−

] =
𝐶carb

1 + 𝑓2 [H+] /𝐾
1

+ 𝐾
2

/𝑓4 [H+]
;

[H
2

CO
3

] =
𝐶carb

1 + (𝐾
1

/𝑓2 [H+]) (1 + 𝐾
2

/𝑓4 [H+])
,

(14)

where

[H+] = 𝑓−110−pH. (15)

Here the ionic product of water (autoprotolysis constant)
is 𝐾
𝑊

= 𝑓
2 [OH]⋅[H] = 1 × 10

−14 at 25∘C [52]; the
dissociation constant of metaboric acid HBO

2

is 𝐾B =

𝑓
2

(([BO
2

] ⋅ [H])/[HBO
2

]) ; the dissociation constant of
carbonic acid H

2

CO
3

at the first stage is 𝐾
1

= 𝑓
2

(([HCO
3

] ⋅

[H])/[H
2

CO
3

]) = 4.45 × 10
−7 at 25∘C [52]; the dissociation

constant of carbonic acid H
2

CO
3

at the second stage is 𝐾
2

=

𝑓
4

(([CO
3

] ⋅ [H])/[HCO
3

]) = 4.69 × 10
−11 at 25∘C [52].

Moreover, processing the titration curves of simple solutions
of a fixed composition (e.g., 0.01mol⋅L−1 NaBO

2

) can be used
for refinement of these dissociation constants.

Let us determine the calculated volume 𝑉calc of the
titrant from the material balance by acid, by boron, and
by carbon, only considering the acid consumption by the
titration reactions (5), (7)–(9).Thematerial balance equation
is thus written as

𝐶
𝑡

= [H+] + (𝐶alc − [OH
−

])

+ [HBO
2

] + [HCO
3

−

] + 2 × [H
2

CO
3

] ,
(16)

(the initial content of acid in an alkaline solution [H+]0 <
10
−11mol⋅L−1 is ignored).
The calculated value of𝑉calc is estimated from the current

pH value and (10) and (15). As a result, the calculated points
of the titration curve of solutions containing a mixture of
anions OH−, BH

4

−, BO
2

−, and CO
3

2− are determined by the
equation

𝑉calc =
𝑉

𝑁HCl
([H+] + Calc − [OH

−

] + 𝐶
𝐵

− [BH
4

−

]

− [BO
2

−

] + [HCO
3

−

] + 2 × [H
2

CO
3

]) ,

(17)

where the current equilibrium values ofmolar concentrations
are determined by (14) and (15). Equation (17) is very
convenient for computer simulations. It allows calculating
the pH − 𝑉calc dependence and plotting the whole calculated
titration curve. By means of fitting the calculated curve to the
experimental curve, we find the amounts of components in
the sample: 𝑛OH− , 𝑛BH

4

−
+BO
2

− , and 𝑛CO
3

2− . The concentration
of borate is calculated by the difference of total boron minus
borohydride; that is, 𝑛BO

2

− = 𝑛BH
4

−
+BO
2

− − 𝑛BH
4

− . The amount
of borohydride in the mixture is selectively determined by
iodometric titration.

3.2. Determination of Borohydride in Solution by Iodometric
Titration. As shown in [39], the quantification of BH

4

−

in solution by direct iodometric titration is based on the
reaction proceeding quantitatively in an alkaline medium:

4I
2

+ BH
4

−

+ 8OH− = BO
2

−

+ 8I− + 6H
2

O (18)

Usually, the direct titration is made in a low alkaline medium
(pH < 11) because iodine interacts with hydroxide ions to
form nonactive iodate ion IO

3

− in higher alkaline solution
[34]:

3I
2

+ 6OH− → IO
3

−

+ 5I− + 3H
2

O (19)

However, borohydride ions are insufficiently stable at
room temperature when pH < 11. Table 1 comprises approx-
imate rates of BH

4

− decomposition due to hydrolysis. One
can see that the fuel with alkalinity above 2mol⋅L−1 is almost
not subjected to hydrolysis at 25∘C. The same applies to the
iodometric redox titrationmethod used by us, which requires
a 1mol⋅L−1 NaOH solution. In a 1mol⋅L−1 alkaline solution,
the addition of iodine to borohydride is also accompanied by
extremely slight hydrogen release as a result of borohydride
decomposition. Under these conditions, about 0.5–1% of
BH
4

− ions is decomposed, while a negligible amount of
iodate is formed by reaction (18) with iodine consumption
of ∼0.5–1%. Thus, any mistakes are compensated and direct
iodometric titration allows one to obtain the result closest to
the true value of borohydride concentration (the error not to
exceed 0.05%).

3.3. Processing Titration Curves and Estimation of Accuracy.
The titration curves pH versus𝑉

𝑡

and the appropriate depen-
dences 𝑑pH/𝑑𝑉

𝑡

versus 𝑉
𝑡

obtained by acid-base titration of
aqueous solutions of various anion mixtures are shown in
Figure 1 and the analogous curves obtained by iodometric
titration are shown in Figure 2. The first distinct step pre-
sented (not always) on the iodometric titration curve reflects
a complex mechanism of the chemical reaction (18) and is
neglected. The determination of the amount of the titrant
is carried out by the second sharp leap within the potential
range 0 to 600mV (Figure 2).

The titration curves were processed by two ways, namely,
a simple method of differentiation and a more complex
method of computer simulations. For the iodometric deter-
mination of borohydride it is enough to use the method of
differentiation only, while for acid-base titration, the best
results are obtained when both methods (differentiation and
simulation) are used.

Themethod of differentiation is based on the equivalence
points coinciding with the inflections on the pH versus
𝑉
𝑡

curve and with appropriate maxima on the differential
𝑑pH/𝑑𝑉

𝑡

versus 𝑉
𝑡

curve (Figure 1). The positions of the
maximum points 𝑉∗

𝑡

are fixed, the titrant volume consumed
for titration of the 𝑖th component Δ𝑉∗

𝑡

= 𝑉
∗

𝑡,𝑖

− 𝑉
∗

𝑡,𝑖−1

is
measured, and the amount of each component is calculated.
However, in few complex cases, it is possible to state that
an extreme point on the differential 𝑑2pH/𝑑(𝑉

𝑡

)
2 = 0 curve

is close to an equivalence point at sharp changes of pH. If
smoothed inflections with a small pH difference are observed
or two points of inflection are near each other, a significant
systematic error arises.

The method of simulation is based on the theory
explained above.The program for calculating titration curves
uses the appropriate theoretical equations (10)–(17) and com-
bines the experimental pH versus𝑉

𝑡

curvewith the calculated
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Figure 1: Calculated titration curves, experimental titration curves, and the corresponding 𝑑pH/𝑑𝑉
𝑡

versus 𝑉
𝑡

curves for aqueous solutions
of several mixtures of anions: (a): OH−; (b): OH− + CO

3

2−; (c): OH− + BH
4

− or OH− + BO
2

− or OH− + BH
4

−

+ BO
2

−; (d): OH− + BH
4

−

+

BO
2

−

+ CO
3

−.

pH versus 𝑉calc one. The variable parameters are the sought
quantities of components in the aliquot 𝑛OH− , 𝑛BH

4

−
+BO
2

− , and
𝑛CO
3

2− . The criterion of optimum is the minimum dispersion:

𝑆
2

=
∑
𝐾

𝑘=1

(pH
𝑘

− pHcalc,𝑘)
2

𝐾 − 1

=
∑
𝐾

𝑘=1

((𝑑pH/𝑑𝑉
𝑡,𝑘

) (𝑉
𝑡,𝑘

− 𝑉calc,𝑘))
2

𝐾 − 1
.

(20)

Here𝐾 is the number of points on the titration curve. Figure 1
shows the experimental and calculated titration curves for
few solutions of various multicomponent mixtures. It is

visible that the applied computational methods allow exact
simulating experimental curves.

Error Analysis and Estimation of Accuracy.Anumber of refer-
ence solutions of a desired composition were prepared using
KBO
2

, NaBH
4

, KBH
4

, NaOH,KOH,Na
2

CO
3

, andK
2

CO
3

for
validation of our analytical methodology (the concentration
ranges of each analyzed ion in the considered samples are
presented in Table 2). In order to detect systematic errors,
the dependences of the “measured/weighted” ratios on the
anionic fraction 𝜔

𝑖

were plotted (𝜔
𝑖

is the mole fraction of
the 𝑖th anion in the total amount of the analyzed anions; 𝜔
varies from 0 up to 1). The results are given in Figure 3. The
average value of the “measured/weighted” ratio for each ion
is presented in Table 3.
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Table 2: Considered concentration ranges of analyzed ions in the
sample.

Ion Concentration range in the analyzed sample, mol⋅L−1

OH− 0.02–1.2
BH
4

− 0.02–0.2
BO
2

− 0.05–0.2
CO
3

2− 0.008–0.1

It is apparent from Table 3 that the simulation method
also gives a systematic error. The causes can be simplification
of the theory, the impossibility to consider all side processes,
the inability to exactly calculate activity coefficients, and so
forth, so the shape of the calculated curve may not com-
pletely coincide with the experimental curve. In particular,
in the titration process of borate solutions, the formation
of poliborates and their hydrated forms is possible. In the
case of simulation, the lower branch of the titration curve
should be limitedwhen all equivalence points are passed over.
Accelerated titration or cold solutionmay cause an additional
error due to the inhibition of reaction (6) and the failure of
chemical equilibrium.

The concentration of OH− ions is estimated with an accu-
racy of 0.959 and 0.956 for the differentiation and simulation
methods, respectively.The total of (BH

4

−

+BO
2

−) is estimated
with an accuracy of 1.023 and 1.012 for the differentiation
and simulation methods, respectively (Table 3). Thus, for the
OH−+BH

4

−

+BO
2

− system, the differentiation and simulation
methods give similar results and have no advantages over
each other, and the systematic error is small but naturally
increases with decreasing share of the analyzed ion.The trend
of the systematic error is shown in Figure 3(a) by means of
solid lines. Both methods overestimate the content of boron
in the sample and underestimate the content of alkali. For
compensation of the systematic error, the following equations
have been obtained for the method of differentiation:

𝛽OH− = [1.38 − 0.4𝜔
−0.05

OH− ]
−1

;

𝛽
(BH
4

−
+BO
2

−
)

= [𝜔
−0.05

BH
4

−
+BO
2

− − 0.025]
−1

(21)

and for the method of simulation:

𝛽OH− = [1.39 − 0.4𝜔
−0.08

OH− ]
−1

;

𝛽
(BH
4

−
+BO
2

−
)

= [0.7𝜔
−0.05

BH
4

−
+BO
2

− + 0.28]
−1

.

(22)

After analysis and the determination of the components
𝑛OH− and 𝑛BH

4

−
+BO
2

− , a correction procedure was carried out
by multiplying the values 𝑛

𝑖

found by the corresponding
correction coefficients 𝛽

𝑖

, calculated from formulae (21) or
(22). Finally, the corrected amounts of the 𝑖th component in
the sample 𝑛

𝑖,cor are

𝑛
𝑖,cor = 𝛽𝑖𝑛𝑖. (23)

Figure 3(b) shows the result of correction of the data given in
Figure 3(a).The systematic error was totally compensated for
all the variants of analysis (Table 3).
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Figure 2: Curve of direct iodometric titration of borohydride ions
in an aqueous solution with the mixture of anions OH− + BH

4

−

+

BO
2

−

+ CO
3

2− (𝑉∗
𝑡

is equivalence point).

When the value of the anionic fraction 0.4 < 𝜔
𝑖

< 1, all
points lie within the “measured/weighted” range 0.95–1.05;
that is, the random error does not exceed 5%; all points lie
within the range 0.88–1.12 when 0.05 < 𝜔

𝑖

< 0.4; that is,
the random error does not exceed 12%. It is only possible
to perform semiquantitative analysis of any component at its
very small content in the mixture (𝜔

𝑖

< 0.02). On correction,
the average accuracy parameter of the OH− concentration
is 1.000 for differentiation and 1.001 for simulation and the
average accuracy parameter for the (BH

4

−

+ BO
2

−

) total is
1.008 for differentiation and 1.004 for simulation (Table 3).

The feature of titration of alkaline-carbonate solutions
is the existence of three leaps on the titration curve
(Figure 1(b)).The first leap belongs to alkali, while the second
and third ones are due to carbonates. Correspondingly, when
the quantities of components are determined by the location
of peaks on the differential curve, the quantity of CO

3

2− is
included twice.The analysis of carbonate bymeans of the sec-
ond peak gives a worse result than by the third one. At a very
small content of carbonate, the second peak is not detected.
The average “measured/weighted” value is 1.215 for CO

3

2−

ions by the second peak on the differential curve and 1.115
in the case of the third peak and the “measured/weighted”
value is 1.089 for the method of simulation. The results of
control determination of the alkali and carbonate contents in
the reference solutions OH− + CO

3

2− are shown in Figures
3(c) and 3(d) for the two methods as the dependence of
the accuracy parameter on the anionic fractions 𝜔

𝑖

. In all
cases, the points of differentiation are more distant from
the “correct” level than those of simulation. Consequently,
the method of simulation gives more correct results for the
OH− + CO

3

2− system while the method of determination
cannot be recommended because of its high systematic errors
in carbonate analysis.

The systematic error naturally increases with decreasing
fractions of the analyzed ions. In Figure 3(c), the trend of
systematic errors is shown by means of solid lines for the
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Table 3: Average values of the “measured/weighted” ratios for each ion in the mixture before and after correction of systematic errors.

System Ions Method “Measured/weighted” ratio
Before correction After correction

OH− + BH
4

− + BO
2

−

OH− Differentiation 0.959 1.000
Simulation 0.956 1.001

BH
4

− + BO
2

−

Differentiation 1.023 1.008
Simulation 1.012 1.004

OH− + CO
3

2−

OH− Simulation 0.985 1.003
CO
3

2− Simulation 1.089 0.996

OH− + BH
4

− + BO
2

− + CO
3

2−

OH− Simulation 0.874 0.958
BH
4

− + BO
2

− Simulation 1.040 0.992
CO
3

2− Simulation 0.934 1.008
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Figure 3: Dependence of the “measured/weighted” ratios for anions on their mole fraction 𝜔
𝑖

in the mixture: (a) for the OH− + BH
4

−

+

BO
2

− system before correction of systematic errors; (b) for the OH− + BH
4

−

+ BO
2

− system after correction of systematic errors; (c) for the
OH− +CO

3

2− system before correction of systematic errors; (d) for the OH− +CO
3

2− system after correction of systematic errors; (e) for the
OH− + BH

4

−

+ BO
2

−

+CO
3

2− system before correction of systematic errors; (f) for the OH− + BH
4

−

+ BO
2

−

+CO
3

2− system after correction
of systematic errors. The solid lines show the average trend of errors. The dotted lines show the error interval for the method of simulation.
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method of simulation. The following equations have been
suggested for compensation of this trend:

𝛽OH− = [2.9 − 1.9𝜔
−0.055

OH− ]
−1

,

𝛽CO
3

2− = [7.5𝜔
−0.01

CO
3

2− − 6.5]
−1

.

(24)

After analysis and the determination of the 𝑛OH− and 𝑛CO
3

2−

values, a correction procedure is carried out by formula
(24). Figure 3(d) shows the result of such correction. The
systematic error is completely compensated (Table 3). All
points lie within the “measured/weighted” range 0.95–1.05
for the anionic fractions within 0.4 < 𝜔

𝑖

< 1; that is, the
random error does not exceed 5% and the random scattering
does not exceed 12% when 0.15 < 𝜔

𝑖

< 0.4. If the fraction
of carbonate is less than 0.15, the reliability of its analysis
decreases because of the high random dispersion; therefore,
it is required to increase the number of replicate samples.The
direct titrimetric analysis of carbonate becomes impossible
when 𝜔CO

3

2− < 0.015.
A feature of titration of alkaline-borohydride-borate-

carbonate solutions is the existence of three weak leaps on
the titration curve (Figure 1(d)). The first leap belongs to
alkali, while the second belongs to the “BH

4

−

+ BO
2

−

+

CO
3

2−” total, and the third one belongs to carbonate ions.
Respectively, at the quantification of components by means
of the position of peaks on the differential curve, the total
content of boron 𝑛BH

4

−
+BO
2

− can be only calculated after the
determination and extraction of the carbonate quantity.

The results of our control determination of the anion
contents in the OH− + BH

4

−

+ BO
2

−

+ CO
3

2− mixtures
by both methods are shown in Figure 3(e). The method
of differentiation gives an unsatisfactory result for car-
bonate, underestimating its content significantly, the mean
“measured/weighted” value being 0.615. The carbonate peak
disappears when 𝜔CO

3

2− < 0.15, which leads to incorrect
determination of the BH

4

−

+ BO
2

− total. Therefore, for the
OH−+ BH

4

−

+ BO
2

−

+ CO
3

2− system (the highly carbonated
and discharged fuel), the method of differentiation cannot
be recommended because of its large systematic errors in
carbonate analysis and the method of simulation is only
suggested for use. The mean “measured/weighted” values are
shown in Table 3. The determination accuracy is 0.874 for
OH− ions, 1.040 for the BH

4

−

+ BO
2

− total, and 0.934 for
CO
3

2− ions. After correction, these parameters become 0.958,
0.992, and 1.008, respectively. The correcting coefficients are

𝛽OH− = [1.98 − 𝜔
−0.05

OH− ]
−1

,

𝛽
(BH
4

−
+BO
2

−
)

= [𝜔
−0.085

BH
4

−
+BO
2

− − 0.03]
−1

,

𝛽CO
3

2− = [1.95 − 𝜔
−0.01

CO
3

2−]
−1

.

(25)

The systematic error is thus compensated; however, the
random scattering of the points is higher than with more
simple options. The random dispersion for alkali and boron
does not exceed 15% (all points arewithin 0.85–1.15); however,
it is only fair for carbonatewhen𝜔CO

3

2− > 0.1. If the carbonate

content is less than 0.1, its semiquantitative analysis is only
possible. But very small amounts of carbonate will not affect
the functioning of DBFC and only higher concentrations of
carbonate exceeding the solubility limit can be deposited in
the electrode to hinder the functioning of DBFC.

4. Conclusions

Theanalytic technique presented in our paper includes taking
a small fuel sample from DBFC and performing two types of
titrations (acid-base and iodometric ones) which supplement
each other.Thenecessity of exactly two techniques of titration
is due to the fact that iodometric titration determines the
BH
4

− quantity in the sample only, while the quantities of
other fuel components are provided by acid-base titration
(OH−, BO

2

−, CO
3

2−).Therefore, the joint application of these
titration techniques allows one to most fully quantify the
current state of fuel in the process of DBFC functioning.
The determination correctness of the technique has been
shown on artificial mixtures with a wide variation of their
composition. The average error depends on the number of
components and their ratio in the mixture. The investigation
results show that in the most complex case of highly carbon-
ated and discharged fuel the maximal error of determination
does not exceed 15%.
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