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Objectives. Herein, the effects of cationic polyelectrolytes on the properties of solid substrate
immobilized acid-base indicators are investigated to predict shifts in their spectral patterns and
characteristics.

Methods. The properties of the silica gel immobilized indicator dye in a solution of the cationic
polyelectrolyte were studied using automatic photometric titration in the visible region and
spectrophotometry using a specialized computerized setup.

Results. The measured pK_ value of the immobilized dye, which had shifted by three units to
the acidic region, was very similar to the pK_ value observed for the indicator in the modifying
polymer solution. The observed change in pK_ of the immobilized dye and the influence of the
solution’s ionic strength were attributed to the local electric potential of the polymer globule.
In contrast to the processes associated with covalent immobilization, the effect exerted by the
solution’s ionic strength on the indicator reaction diminishes, which, in turn, affects the measured
values obtained.

Conclusions. The creation of a sensor for continuous visualization of pH levels based on Congo Red
immobilized on silica gel was described. Here, a color transition was noted between pH 1 and 4.
These materials can be used to monitor metal extraction processes from industrial effluents or
to optimize the extraction of valuable actinides. The approach demonstrated in this work can
be applied to immobilize other indicators for pH level monitoring purposes or the production of
sensors for other analytes.

Keywords: immobilization of indicators, acid-base indicators, optical pH sensors, Congo Red,
organic dyes.
For citation: Naumova A.O., Melnikov P.V., Dolganova E.V., Yashtulov N.A., Zaitsev N.K. Shifts in the pK value of acid-base

indicators caused by immobilization on solid substrates via water-soluble polycationic polymers: a case study of Congo Red. Tonk. Khim.
Tekhnol. = Fine Chem. Technol. 2020;15(4):59-70. https://doi.org/10.32362/2410-6593-2020-15-4-59-70

© A.O. Naumova, P.V. Melnikov, E.V. Dolganova, N.A. Yashtulov, N.K. Zaitsev, 2020
59



Shifts in the pK value of acid-base indicators caused ...
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Ienu. ILlenvto Hacmosiueli pabomsl 6610 USYUEHUE BAUSTHUSL KAMUOHHO20 NOAUINEKMPOAUMA
Ha ceolicmaa KUC/OMHO-0CHO8HbIX UHOUKAMOPO8 NPU UX UMMOOUNAUZAYUU HA MEEPOOTL NOO0IK-
Ke U ycmaHoeleHUe 3aKOHOMepHOCmell c08U2A UX CNeKMPANbHBLX U KUCTOMHO-0CHOBHBIX XAPAK-
mepucmux.

Memoouwt. Ceolicmea uHOUKaAmMOpa 8 pacmeope KAmuoHH020 NOJAUINEKMPOAUMA U UMMOOULU-
3080HHO020 HA NOBEPXHOCMU CUNUKARENSL USYUANU MEMOOAMU ABMOMAMUIUPOBAHHO020 homome-
mpuuecKozo mumpog8aHus 8 sUOUMOl obracmu, cneKkmpogomomempuu U ¢ NOMOUWbIO cneyua-
AUBUPOBAHHO20 KOMNBIOMEPUIUPOBAHHO20 CMEHOA.

Pesynemameot. Hamepenroe sHauerue pK kpacumens npu sakpensieHuu Ha CULUKazene cme-
waemes Ha 3 eOUHUYbL 8 KUCAYT0 0baiacmb u 6usKo Kk sHaueHuo pK, ons uHoukamopa 6 pacmeo-
pe moougduyupyowezo norumepa. Habmodaemoe usmenenue seaudurovl pK npu ummobunusa-
UUU U 8AUSIHUE UOHHOU CUMbL pACME0Pa OOBSCHSIIOMECSL C MOUKU 3PEHUsL BAUSIHUSL JIOKATbHO20
2NIeKMpUUEecKo20 NOMEHUUANA NOAUMEPHOU 2106ysbl. B omauuue om KO8ANEHMHOU UMMOOU-
AU3AYUUU, YMEHbULAEMECSL 8IUSTHUE UOHHOU CUbL pacmaopa Ha UHOUKAMOPHYHO peaKyuro, U OHO
MozKkem 6blmb Sle2Ko YumeHo NPU UMepeHUsIX.

Bobieoodst. Ilokazana NPUHUUNUANLHAS. 803MOKHOCMb CO30aHUSL damuuKa OJist HenpepbleHOo20
susyanbHozo KoHmposas pH Ha ocHoge Koreo KpacHoz20, UMMOOUNU308AHHO20 HA CUNUKAZENE C
nepexodom ygema 8 unmepaane 1-4 pH. Takoli mamepuan moxem Ucnosib308amscst 0151 KOH-
Mposisl 8 NPOUECCax U3sneueHUss Memasiog U3 NPOMbLUIEHHBIX CMOK08 UMW OJisl ONMUMU3AUUU
usesieueHust YeHHblX aKkmuHuoos. IIpodemoHcmpuposaHHsblil 8 Hacmosiuiell pabome nooxoo Mo-
oKem 6blmb NPUMEHEH Ol UMMOOUAUIAUUU OPY2UX UHOUKAMOPO8, KaK 015 obecheueHusl usme-
peHust 8 Opyeux ouanazoHax pH, max u ons cozoarust ceHcopog Ha Opyaue aHAUMbL.

Knroueesvte cnoea: ummobunusauus UHOUKAMOpPO8, KUCJLOMHO-OCHO8HblE UHOUKAMOPbL,
onmuueckue ceHcopul pH, KoHzo KpacHblii, opeaHuueckue Kpacumeiu.

Jna yumuposanua: Haymosa A.O., MensaukoB I1.B., [lonranosa E.B., fAmrtynos H.A., 3aiines H.K. Cmemenue Be-
JHYMHBI PK KHCIOTHO-OCHOBHBIX HHJHKATOPOB, BHI3BAHHOE MMMOOMIIM3AaLMENH Ha TBEPIOMH IOIJI0XKKE 3a CUET BOJOPACTBO-
PUMOTO TMOJMKATHOHHOTO Tojumepa, Ha npuMepe Konro Kpacuoro. Toukue xumuuecxue mexnonocuu. 2020;15(4):59-70.
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INTRODUCTION

Acid-base indicators enable researchers to
quickly and accurately control the composition of
liquid or gaseous media, monitor changes related
to the progress of a chemical reaction, and convert
chemical information about the composition of
the reaction medium into an optical signal. They
are viable alternatives to electrode based indicator

systems. The use of indicators in some cases may be
preferable, particularly in high pressure systems or in
reactions that exhibit high electrical resistivity where
the use of conventional electrode systems results in
unreliable readings.

Acid—base indicators usually consist of organic
dyes whose molecules contain acidic or basic
functional groups. Changes in the pH of the reaction
environment lead to the loss or attachment of a proton
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by the chromophore moiety, and the proton transfer
process is accompanied by observable changes in
the absorption spectra (or the emission spectra in
the case of luminescent systems) associated with the
appearance or disappearance of certain electronic
transitions in the molecule [1, 2]. These indicators are
typically used as aqueous or alcohol based solutions
added to the analyte sample. There are also known
indicator test systems that include an indicator or a
mixture of indicators adsorbed to a substrate, thereby
enabling researchers to quickly determine the acid—
base properties of analyte solutions [3—6]. Despite the
associated benefits, there are significant drawbacks to
these measurement systems, namely, the consumption
of the indicator, the inability to perform continuous
analysis, and the increased risk of contaminating the
analyte solution. These shortcomings highlight the
need to develop in situ reusable dye based sensors
that are fixed on solid substrates [6, 7]. Such a
system would avoid the issues associated with the
consumption of the immobilized indicator during
analysis and enable researchers to measure acidity
and media composition in living cells [8]. Another
potential application of these systems is for nuclear
fuel reprocessing purposes, which require real-time
monitoring of nitric acid concentrations to optimize
the recovery of valuable uranium and plutonium
actinides [9]. Furthermore, it is crucial to control the
pH when extracting metals from industrial effluents
[10, 11].

Although the properties of the acid—base
indicator solutions have been extensively studied
and documented, the immobilization may alter
the observed patterns, in particular, the pK of a
system [9, 12—14]. In light of this, the study of such
regularities is invaluable. Porous microspheres [15,
16] and mesoporous membranes obtained via the sol-
gel process [8, 17, 18] were previously proposed as
substrates for affixing acid—base indicators as they
possess a large inner surface area [16]. Unfortunately,
achieving uniformed immobilization of the indicator
across the entire surface of the microsphere or
mesoporous materials, as well as the even penetration
of the analyte [13, 19], is challenging at best.
Previously, a procedure was developed to manufacture
composite sensors for quantifying molecular oxygen
via high-temperature phosphorescence quenching
mechanisms [20]. The material consisted of
mesoporous microparticles with an indicator affixed
in a polymer matrix as a continuous, uniform coating.
The success of that experiment prompted us to
employ a similar approach to the creation of acid—
base indicator systems.

In this paper, the immobilization of the Congo
Red indicator in a composite matrix is studied with a

particular focus on creating a flow sensor capable of
monitoring the composition of the aqueous solutions.
The proposed sensor would take the form of a fiber
optic probe [14]. The effects of the solution’s ionic
strength on the pK value of unbound and immobilized
indicators, as well as the influence exerted on the
indicator in a solution of cationic polyelectrolytes
used for the sorption of the indicator, were studied.

MATERIALS AND METHODS

Reagents

The  4,4'-bis-(1-amino-4-sulfo-2-naphthylazo)
biphenyl indicator commonly referred to as Congo
Red (LenReaktiv, Saint Petersburg, Russia) and
silica gel LS 5/40 (GOST 8984-75, NevaReaktiv,
Saint Petersburg, Russia) were used. A solution of
polydiallyldimethylammonium chloride (PDDA)
with a concentration of 0.1% was obtained by diluting
the initial 20% solution (Sigma—Aldrich, USA) with
distilled water (GOST 6709-72). Fluoroplast 42 (F42,
GaloPolymer, Moscow, Russia) was used to affix the
colored silica gel particles onto the substrate. The ionic
strength of the solutions was regulated using sodium
chloride and potassium chloride (LenReaktiv, Saint
Petersburg, Russia). The necessary salt solutions at the
required concentrations were prepared from the initial
dry reagents via a volumetric method. The appropriate
acid solutions were prepared by successive dilutions
of the initial solution that had been prepared from the
primary standard (Uralkhiminvest, Ufa, Russia). All
reagents were classified as “pure” or “p.a.”, and were
used without additional purification. All experiments
were performed at a temperature of 25 + 2°C.

The immobilization of the indicator

The immobilization of Congo Red on the SiO,
surface using cationic polyelectrolyte was performed
according to Scheme 1.

The silica gel was kept in the 0.1% PDDA
solution for 30 min with periodic stirring. Next, the
sample was washed repeatedly (at least 10 times)
with distilled water to remove remnants of any non-
adsorbed polymers before being kept for 30 min in a
solution containing the indicator at a concentration of
C., at 1.4 x 107 mol/dm’, which had been prepared
by dissolving Congo Red (0.1 g) in 100 cm?® of
distilled water. The colored silica gel was repeatedly
washed with distilled water, and the completeness of
processing was controlled by measuring the optical
density of the wash water. Washing was considered
completed when an optical density A < 0.001 was
reached. Next, the silica gel was dried at T=80°C until
constant weight readings were obtained. The resulting
bright red powder was mixed with a 5% solution of
fluoroplast 42 in acetone before being placed in an
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Scheme 1. Immobilization of Congo Red on the SiO, surface using cationic polyelectrolytes.

ultrasonic bath for 10 min. The mixed product was
then applied to substrates such as sandblasted glass or
polyethylene terephthalate films using a knife coating
device with a gap of 300 um.

Conducting measurements

Determining the pK of the free indicators, i.e.,
the indicators that had not been immobilized using
the above mentioned method, in aqueous solutions
containing PDDA was conducted using the Titrion
automatic titrator (Econics-Expert, Moscow, Russia)
equipped with an Expert-001 pH meter combined with
an ESK-10601/7 electrode (Izmeritelnaya Tekhnika,
Moscow. Russia) and an Expert-003 photometer with
a photometric cell (Econics-Expert, Moscow, Russia).
Hydrochloric acid of various concentrations (i.e., from
1 x 107 to 2 mol/dm?®) was used as the titrant, and the
dye concentration was 7 x 107 mol/dm®. The spectral
data of the solutions were measured using the small
scale DT-MINI-2-GS combined spectrophotometer
(Ocean Optics, Rochester, NY, USA). The pK_ value
of the immobilized indicator was determined using
the setup shown below (Fig. 1).

The color changes noted in the sample were
recorded as digital micrographs using an eScope
Pro DP-M17 USB microscope (OiTEZ, Shatin, New
Territories, Hong Kong). The pH value corresponding
to a given color range was determined using the
Expert-001 pH meter. Data processing was conducted
using in house software. The acidity of the medium
was adjusted by adding the previously mentioned
hydrochloric acid of various concentrations (from

__________________________________________________

Digital
PC microscone

Stirrer

pH meter

Fig. 1. Setup for determining the pK, of the immobilized
Congo Red indicator.

1 x 107 to 2 mol/dm?®). Data was automatically
acquired after the stabilization of pH meter readings.

Generally, each pixel of a digital image represents
a set of three basic colors: red, green, and blue. Since
the indicator used in this study exhibited a red to blue
transition in an increasingly acidic environment, the
analytical signal obtained was represented as a ratio
of the intensity of the red and blue color channels.
Moreover, this assessment was conducted for each
pixel of the image independently, making it possible
to quantify local changes in pH.

RESULTS AND DISCUSSION

The mechanism governing the indicator’s
reaction and the observed color changes is described
in Scheme 2 [21].
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Scheme 2. The mechanism governing the indicator’s reaction and the observed color changes.

The formation of an indicator—polyelectrolyte
surface salt was the driving force behind the
immobilization process. The Congo Red indicator
molecule contains negatively charged sulfo groups
that, in the presence of the polycationic polymer
PDDA, resulted in effective adsorption and
immobilization onto the surface of the glass substrate.

It was clear that the polyelectrolyte significantly
influenced the optical properties of the indicator.
Here, we noted that the optical density (A) at a
particular wavelength (A) was heavily influenced by
the pH of the aqueous solution. This was exemplified
in the differences observed between the spectral data
obtained without and with PDDA (Figs. 2a and 2b,
respectively).

In Figure 3, the maxima of the absorption
peaks of the protonated (seen in blue, absorption

0.7

350 450 550 650 750 850 950
A, nm
a

band 2 =650 nm) and the initial (seen inred, = 505 nm)
forms of the indicator did not shift. However, the
ratio of the peak intensities of the two forms changed
significantly in the presence of PDDA. The maxima
of the peaks of both forms of the free indicator are
changed in almost equivalent proportions, with a
clearly defined isosbestic point. The intensity of the
blue band (/,, ) in the presence of PDDA was much
lower, with no clearly defined boundary between
the peaks. The I /I, = ratio exhibited a sigmoidal
relationship with the pH of the medium (Fig. 3),
and the pK  value of the color transition was easily
identified via the inflection point [22]. If the ultimate
ratio of / /I, ~maxima for the free indicator did not
exceed 3.5, then the ultimate ratio of / /I, ~maxima
increased by almost an order of magnitude to 29 units

in the presence of the polycationic polymer. In the

0.9
0.8 -

350 450 550 650 750 850 950
A, nm

b

Fig. 2. The absorption spectrum of aqueous Congo Red solutions: (a) without polydiallyldimethylammonium chloride
(PDDA) (C_, = 1.4 x 107 mol/dm?*) at pH = (1) 5.55, (2) 5.01, (3) 4.52, (4) 4.23, (5) 4.09, (6) 3.87, and (7) 3.70;
(b) in the presence of 0.01% PDDA solution (C,, = 2.8 x 10~ mol/dm®) at pH = (1) 7.00, (2) 2.48, (3) 1.78,

(4) 1.57, (5) 1.44, (6) 0.48, and (7) 0.18.
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Fig. 3. Variations in the absorption intensity ratios
(I /1,,,.) of the red and blue forms of the indicator
in aqueous solution based on the pH of the medium
(1) without PDDA (C_,, = 1.4 x 107 mol/dm°)
and (2) in the presence of 0.01% PDDA solution
(Cpp = 2.8 X 107° mol/dm?).

latter case, the transition range shifted by 3 units to a
more acidic region.

This drastic change in the pK  value and the
spectra obtained was attributed to significant shifts
in the reaction equilibrium to the left due to the
formation of a positively charged polymer globule
around the indicator. This was exemplified by the
almost complete absence of the third component
(A,.. = 733 nm) in the spectrum that corresponded
to the cationic form of the dye; this component was
revealed in strongly acidic solutions [23]. In the
presence of PDDA, traces of this component were
visible only in extremely acidic environments at
pH ~ 0 (Fig. 2b).

The pK, values at various PDDA : indicator
ratios were determined to assess the effect exerted
by the polymer on dye solubilization. Here, we
noted that the pK value decreased slightly after
the addition of small amounts of PDDA. When the
polymer content of the solution was 0.001 wt % or
higher, the pK_ value shifted to the acidic region and
equilibrium was achieved when the value was ~1.5
(Fig. 4); this observation indicated that all active sites
on the polymer were occupied by the indicator. The
molar ratio, which is indicated as the intersection of
linear sections in Fig. 4, shows that the ratio of the
structural units of the interacting charged molecules
was 1 : 10 when a significant positively charged
field was formed by polyelectrolyte; the latter leads
to difficulties in the protonation of bound indicator
molecules.

Measuring the pK, & of the solid substrate
immobilized indicator is demonstrated herein. Photos

4.5

4.0 a
3.5 -
3.0 |
25
2.0

1.5 | i =

1.0

pK,

0 15 30 45 60 75 90
Crppa x 104, %

Fig. 4. The influence exerted on the pK value
by the concentration of PDDA (%)
(Cp =7 % 107 mol/dm®).

of the sample at various pH values are shown in
Fig. 5. In the current study, we affixed silica gel in
a polymer matrix per a previously reported method
[20]. Quartz fibers or glass microspheres can also be
used as the carrier.

When the pH of the medium decreased, the color
transition of the sample was from red to navy blue,
which was a transition similar to that observed in
the dye solution. The titration curves obtained after
digital image processing showed the relationship
between the signal intensity (represented in
arbitrary units) and the pH of the medium (Fig. 6).
A typical S-shaped curve was noted, which allowed
us to determine the pK of the transition of the
immobilized indicator using the inflection point
[22]. The curves were reproducible during repeated
titration of the sample due to the reusability of the
dye; this was because the original form of the dye
was firmly bound by PDDA, whereas the protonated
neutral form of the dye was insoluble [23], thereby
making our dye system ideal for application as a
continuous optical pH sensor.

Despite numerous studies on pH sensors with low
sensitivity to ionic forces [24, 25], understanding the
influence exerted by the ions in the reaction medium is
paramount to accurately predicting shifts in the pK_ of
the indicator. A comparative study was conducted on the
effect of the ionic strength of a solution on the pK| value
in an aqueous solution of the indicator, in a solution of
the indicator with the addition of PDDA, and for the
indicator that is immobilized on silica gel to understand
how the color transition of the indicator is shifted when
analyzing various natural objects, predict future color
shifts, and to assess incidences of possible distortion in
the readings of the sensor with the immobilized dye.
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pH = 1.48 pH =121 pH =0.80

Fig. 5. Color changes in the silica gel-immobilized Congo Red indicator as a result of pH changes.
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Fig. 7. Titration curves of the indicator solutions
Fig. 6. Titration curve of Congo Red immobilized (C.p =7 % 106 mol/dm?) at various ionic strengths, as

on silica gel. measured in mol/dm?, at (1) 0, (2) 0.001, (3) 0.005,
(4) 0.01, (5) 0.05, (6) 0.1, and (7) 0.5.
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Changes in the shape of the titration curve
obtained for the indicator solution as a function of
the solution’s ionic strength are shown in Fig. 7. Here,
we noted that in the absence of other electrolytes,
the Congo Red solution underwent a color transition
between pH 3.0 and 5.2, with a pK_ value of 4.3.
Even though these findings were consistent with
published reports [26], the shape of the titration
curve changed significantly when the ionic strength
of the solution increased. The associated S-shape
became less pronounced at high ionic strength
values, and the overall color intensity of the solution
also decreased. The inflection point corresponding
to the observed equilibrium constant (pK) shifted
toward a higher pH (Fig. 8a).

As a result of the symmetry of the indicator
molecule, its protonation can be schematically depicted
as [21, 23]:

B>+ 2H < H,B

The expression for the equilibrium constant of this
reaction is written as:

(H,B]
[B*JH'T

From the figure, it was clear that an increase
in the ionic strength resulted in a decrease in the

4.9 - - 2.7
48 25
47 - P

2,467

2.1

= 45

*l - 1.9
4.4 N
- 1.7
4.2 T T T T T T 1 -5
00 02 04 06 08 1.0 1.2
[0.5, M0.5
a

mean ionic activity coefficient (y,), leading to an
increase in the observed constant K, = K x K . The
calculated values for lgy,, which is well define by the
Debye-Hiickel equation, was noted as z, = 2, z, = 1,
A =0.509, B =1, and C = 0.46 for the respective
parameters (Fig. 8b). However, the addition of
the polycationic polymer to the solution caused a
significant deviation from the theoretical curve.
A linear relationship between the shift in the pK
value of the substrate immobilized indicator and
the square root of the solution’s ionic strength
was observed even at high salt concentrations (Fig. 8a).
This observation was indicative of competition
between the anions of the added polyelectrolyte
and the Congo Red molecules for active PDDA
adsorption sites [27], which, in turn, led to the
partial compensation of the polymer globule’s
positive charge and facilitated the protonation of
the dye molecule. In contrast to the results noted
for covalently immobilized dyes [28], the influence
of the ionic strength of the solution on the color
transition of the indicator decreased.

CONCLUSIONS

Herein, the Congo Red indicator was
immobilized on a silica gel pre-treated with a
cationic polyelectrolyte, PDDA. We noted that
the immobilized dye retained its ability to exhibit
color transitions based on the prevailing acid—base
environment. A significant shift in the pK value of
three pH units to a more acidic region was observed

0.0 0.2 0.4 0.6 0.8

0.00 : : ‘
05, 0.5

-0.05 |,
010 | )
-0.15 -

Igy+

-0.20 -
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035 42 4 4
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b

Fig. 8. (a) The relationship between the pK value of the Congo Red indicator and the ionic strength of (I) the aqueous
solution of the indicator (C,, =7 % 10°° mol/dm?), (II) the combined 0.01% PDDA~indicator solution
(Cep =7 x 107° mol/dm’), and (III) the solid substrate immobilized indicator. (b) The mean activity coefficient (y,)
of the ionic strength (1) without PDDA and (2) in 0.01% PDDA solution.
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in the immobilized indicator due to the influence
of the local polyelectrolyte’s potential. Given
these findings, it was clear that a sensor based on
silica gel immobilized Congo Red dye could be
produced for continuous visual pH monitoring via
an obvious color transition between pH 1 and 4.
This sensor system could prove useful during the
metal extraction process conducted on industrial
effluents or the optimization of the extraction of
valuable actinides. The observed reduced effect of
the prevailing salt environment must be taken into
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account since the relationship observed between
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