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Abstract
Liquid-liquid extraction-chromogenic systems for vanadium(V) based on xylometazoline hydrochloride (XMZ) and 
azo derivatives of resorcinol (ADRs) were studied. The following ADRs were used: 4-(2-thiazolylazo)resorcinol (TAR), 
5-methyl-4-(2-thiazolylazo)resorcinol (MTAR), and 6-hexyl-4-(2-thiazolylazo)resorcinol (HTAR). Concentration of the 
reagents, pH of the aqueous medium and shaking time were subjects of optimization experiments. The chloroform-ex-
tracted ternary complexes were of composition 1:1:1. The molar absorptivity coefficients (ελ), absorption maxima (λ), 
constants of extraction (Log K), and fractions extracted (E%) were found to be ε553 = 2.50 × 104 dm3 mol–1 cm–1, Log K 
= 3.5, and E = 96% (ADR = TAR); ε550 = 1.88 × 104 dm3 mol–1 cm–1, Log K = 3.4, and E = 98% (ADR = MTAR); and ε554 
= 2.62 × 104 dm3 mol–1 cm–1, Log K = 5.0, and E = 99.5% (ADR = HTAR). The Sandell’s sensitivities and Beer’s law limits 
were determined as well.

Keywords: 6-Hexyl-4-(2-thiazolylazo)resorcinol; 5-Methyl-4-(2-thiazolylazo)resorcinol; 4-(2-Thiazolylazo)resorcinol; 
xylometazoline hydrochloride; ion-association; ternary complex

1. Introduction
Vanadium, atomic number 23, is the first in the line of 

essential trace metals (V – Zn) located in the first transition 
row of the periodic table. It can exist in a variety of oxida-
tion states (–I, 0, I, II, III, IV, and V), in monomeric, oligo-
meric and polymeric species, and is the fifth most abundant 
transition element in the Earth’s crust.1 Vanadium can enter 
the environment because of natural processes, such as rock 
weathering, sediment leaching, volcanic activity, aeolian 
dust, marine aerosols formation, and wild forest fires.2,3 At 
the levels, provided by these processes, it is considered to be 
health-promoting,4 but it can become toxic in accordance 
with Paracelsus’ principle “the dose makes the poison”. Se-
rious health hazards are associated with elevated vanadium 
concentrations;5–7 they are typically related to V(V), the 
most toxic89 and one of the most common vanadium’s oxi-
dation states in the earth’s surface systems.9,10 

Large amounts of V(V) have been released in the bio-
sphere because of industrial growth. The main sources of 
anthropogenic vanadium are the combustion of fossil fuels 
(especially oil), mining, processing of ores, production of 
steel alloys, glass, ceramics, rubber, redox batteries and dyes, 
application in catalysts for large-scale processes, fertilizing 
and recycling of domestic waste.3,9,11,12 At present, vanadi-

um has the highest anthropogenic enrichment factor of all 
trace elements in the atmosphere; it ranks fourth in this fac-
tor for global rivers (after antimony, cadmium and nickel).13 

Many organic reagents have been applied for vanadi-
um preconcentration and determination.8,10,14–16 Among 
the most promising and widely used are the azo dyes.8,15–24 
Azo derivatives of resorcinol (ADR), such as 4-(2-pyr-
idylazo)resorcinol (PAR),24,25 4-(2-thiazolylazo)resorcinol 
(TAR),26,27 and 5-methyl-4-(2-thiazolylazo)resorcinol 
(MTAR)28,29 form ternary complexes it the presence of cat-
ionic ion-association reagents (CIAR). Their composition, 
stability, and extraction-chromogenic characteristics de-
pend on the particular pair of reagents. The composition, 
for example, can be 1:1:1,26,28 2:2:2,29 1:2:325 or 1:2:130 
(V:ADR:CIAR). The differences are explained by the possi-
bility of interactions (H-bonding) between ADR and CIAR 
or between CIAR and the VO2 group,29 which is generally 
stable26,31,32 but under certain conditions is prone to lose an 
oxygen atom. Moreover, V(V) is stereochemically flexi-
ble;33–35 the same is true for ADRs which have many con-
formers36 and can be tridentate, bidentate, and even 
monodentate ligands37 depending on the environment.

Xylometazoline hydrochloride (XMZ) is a substance 
widely used in the pharmaceutical industry and included 
in WHO Model List of Essential Medicines.38 From a 
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chemical point of view, it can be classified as a cationic 
ion-association reagent.39,40 Various extraction-chromo-
genic systems containing transition metals, XMZ and PAR 
have been described in the literature.40–44 However, to the 
best of our knowledge, there are no reports involving both 
XMZ and thiazolylazo reagents. In the present paper, we 
discuss three liquid-liquid extraction-chromogenic sys-
tems containing V(V), XMZ and thiazolylazo dye {TAR, 
MTAR or 6-hexyl-4-(2-thiazolylazo)resorcinol (HTAR)}. 
In contrast to TAR and MTAR, which have been the sub-
ject of many experimental and theoretical studies,26,31,36,45 
HTAR is unexplored reagent. According to the manufac-
turer, this reagent is part of a collection of rare and unique 
chemicals. Its formula, along with the formulaе of the oth-
er reagents, is shown in Table 1. 

2. Experimental
2. 1. Reagents and Apparatus

V(V) solution (2 × 10–4 mol dm–3) was prepared 
from NH4VO3 (puriss. p.a., VEB Laborchemie Apolda, 
Germany). XMZ and ADRs (TAR, 97%; MTAR, 95%; and 
HTAR) were purchased from Merck. XMZ was dissolved 
in water; the obtained solutions (2 × 10–2 and 2 × 10–4 mol 
dm–3) were kept in dark-glass vessels.43,44 Aqueous solu-
tions of ADRs (2.0 × 10–3 mol dm–3) were prepared in the 
presence of KOH (1–2 pellets per 100 cm3).28 The acidity 

of the aqueous phase was set by ammonium acetate buffer 
(prepared by mixing 2.0 mol dm–3 solutions of CH3COOH 
and ammonia). The pH of the buffer solutions was mea-
sured using a WTW InoLab 7110 (Germany) instrument 
with an accuracy of ±0.001 pH units. Absorbance was read 
using a Ultrospec3300 pro UV-Vis spectrophotometers 
(UK), equipped with 1-cm path-length glass cuvettes. Dis-
tilled water and additionally distilled commercial chloro-
form (p. a.) were used throughout the work.

2. 2. General Procedure 
Solutions of V(V), buffer (pH 3.8–6.8), ADR and 

XMZ were placed into a separatory funnel. The resulting 
mixture was diluted with water to a total volume of 10 cm3. 
Then 10 cm3 of chloroform were added and the funnel was 
shaken for a fixed time interval (up to 10 min). After a 
short wait for phase separation (5–10 seconds), a portion 
of the chloroform extract was transferred through a filter 
paper into the cuvette. The absorbance was measured 
against chloroform or simultaneously prepared blank 
(containing all the reagents except for vanadium).

2. 3. �Determination of the Distribution Ratios 
and Fractions Extracted
The distribution ratios D were calculated by the for-

mula D = A1/(A3 – A1), where A1 is the absorbance ob-

Table 2. Optimum operating conditions.

Extraction	 λmax,	 pH	 cADR, 	 cXMZ,	 Extraction
system	 nm		  mol dm–3 	 mol dm–3	 time, min

V(V) – TAR – XMZ	 553	 4.7	 3.0 × 10–4	 6.0 × 10–3	 1.0
V(V) – MTAR – XMZ	 550	 4.7	 4.0 × 10–4	 8.0 × 10–3	 1.5
V(V) – HTAR – XMZ	 554	 5.1	 2.0 × 10–4	 4.0 × 10–3	 8.0

Table 1. Reagents in the present study.

Formula	 Name	 CAS number	 Molar mass

	 Xylometazoline hydrochloride (XMZ)	 1218-35-5	 280.84

	 4-(2-thiazolylazo)resorcinol (TAR)	 2246-46-0	 221.24

	 5-methyl-4-(2-thiazolylazo)resorcinol (MTAR)	 37422-56-3	 235.26

	 6-hexyl-4-(2-thiazolylazo)resorcinol (HTAR)	 14383-66-5	 305.402
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tained after a single extraction (under the optimal ex-
traction conditions, Table 2), and A3 is the absorbance 
obtained after a triple extraction under the same condi-
tions. The final volume in both cases (single extraction and 
triple extraction) was 25 cm3.28,29 The fractions extracted 
were calculated by the formula E% = 100 × D / (D +1).

3. Results and Discussion 
3. 1. �Extraction-Spectrophotometric 

Optimization

In a slightly acidic aqueous-ethanolic medium (pH 
4.5–5.5), TAR and MTAR react with V(V)29,46 to give 
red-colored anionic species. In the presence of CIAR, such 
as tetraphenylarsonium chloride, triphenylmethylarsoni-
um iodide, tetraphenylphosphonium chloride, and tetra-
zolium salts27,29,47,48 and replacing ethanol with a wa-
ter-immiscible solvent (e. g., chloroform), ternary 
ion-association complexes are formed. Preliminary inves-
tigations on the V(V) – ADR – XMZ – water – chloroform 
systems (where ADR = TAR, MTAR or HTAR) confirmed 
our expectations for hydrophobic, intensely colored and 
well chloroform-extractable complexes. Spectra of these 
complexes are shown in Fig. 1. The absorption maxima 
(λmax) in chloroform are located at 552–553 nm (TAR 
complex), 549–550 nm (MTAR complex) and 553–554 nm 
(HTAR complex). One can judge that HTAR (spectrum 3) 
and TAR (spectrum 1) ensure higher molar absorptivity 
than MTAR (spectrum 2). The blank at λmax is the lowest 
when ADR = TAR (spectrum 1’) and the highest when 
ADR = MTAR (spectrum 2’). The latter, however, is sig-
nificantly lower than the blank for the similar system,28 

containing Aliquat 336 instead of XMZ and isobutanol in-
stead of chloroform.

The effect of pH of the aqueous phase on the com-
plex formation and extraction is shown in Fig. 2. The ab-
sorbance is maximal over the broadest pH range (4.1–5.6) 
for ADR = TAR (curve 1). The left part of this curve re-
sembles the left part of the curve with MTAR (curve 2). 
Further experiments with TAR and MTAR were per-
formed at pH 4.7. The optimal pH for the system with 
HTAR appears to be 5.1; the absorbance in this case 
abruptly decreases at pH > 5.6 (curve 3). In all experiments 
ammonium acetate buffer (1 cm3) was used; it exhibits 
high buffering capacity at the optimal pH values.49

The effect of ADR and XMZ concentrations on the 
absorbance is shown in Fig. 3 and Fig. 4 respectively. The 
selected optimal concentrations are shown in Table 2. 
Maximal absorbance is achieved easily (with the lowest re-

Figure 1. Absorption spectra in chloroform of the V(V) – ADR – 
XMZ complexes against blanks (1–3; cV(V) = 4 × 10−5 mol dm−3) 
and blanks (ADR – XMZ) against chloroform (1’ – 3’). (1, 1’) cTAR 
= 3 × 10−4 mol dm−3, cXMZ = 6 × 10−3 mol dm−3, pH 4.7, extraction 
time t = 1 min; (2, 2’) cMTAR = 4 × 10−4 mol dm−3, cXMZ = 8 × 10−3 
mol dm−3, pH 4.7, extraction time t = 2 min; (3, 3’) cHTAR = 2 × 10−4 
mol dm−3, cXMZ = 4 × 10−3 mol dm−3, pH 5.1, extraction time t = 8 
min;

Figure 2. Absorbance of the V(V) – ADR – XMZ complexes vs pH 
of the aqueous phase, cV = 2 × 10−5 mol dm−3. (1) cTAR = 3 × 10−4 
mol dm−3, cXMZ = 6 × 10−3 mol dm−3, extraction time t = 1 min; (2) 
cMTAR = 4 × 10−4 mol dm−3, cXMZ = 8 × 10−3 mol dm−3, extraction 
time t = 2 min; (3) cHTAR = 2 × 10−4 mol dm−3, cXMZ = 4 × 10−3 mol 
dm−3, extraction time t = 8 min;

Figure 3. Effect of ADR concentration on the absorbance, cV = 2 × 
10−5 mol dm−3 (1) cXMZ = 6 × 10−3 mol dm−3, pH 4.7, extraction 
time t = 1 min; (2) cXMZ = 8 × 10−3 mol dm−3, pH 4.7, extraction 
time t = 2 min; (3) cXMZ = 4 × 10−3 mol dm−3, pH 5.1, extraction 
time t = 8 min.
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agents concentrations) for the system with HTAR (curves 
3 in Figs. 3 and 4). However, the complex with this reagent 
is extracted most slowly (Table 2). The time required for 
shaking in this case (8 min) is comparable to that recom-
mended when using tetraphenylphosphonium or tetrap-
henylarsonium chloride (10 min).47

3. 2. Molar Ratios, Composition and Stability

The molar ADR-to-V(V) and XMZ-to-V(V) ratios 
were determined by different methods from the experi-
mental results presented in Figs. 3–5. The following meth-
ods were used: the mobile equilibrium method,50 the 
straight-line method of Asmus,51 the molar ratio meth-

Figure 4. Effect of XMZ concentration on the absorbance, cV = 2 × 
10−5 mol dm−3 (1) cTAR = 3 × 10−4 mol dm−3, pH 4.7, extraction time 
t = 1 min; (2) cMTAR = 4 × 10−4 mol dm−3, pH 4.7, extraction time t 
= 2 min; (3) cHTAR = 2 × 10−4 mol dm−3, pH 5.1, extraction time t = 
8 min.

Figure 5. Determination of the XMZ-to-vanadium(V) molar ratio 
by the Job’s method of continuous variations, cXMZ + cV(V) = 1.0 × 
10–4 mol dm−3. (1) cTAR = 3 × 10−4 mol dm−3, pH 4.7, extraction 
time t = 1 min; (2) cMTAR = 4 × 10−4 mol dm−3, pH 4.7, extraction 
time t = 1.5 min; (3) cHTAR = 2 × 10−4 mol dm−3, pH 5.1, extraction 
time t = 8 min.

Table 3. Molar ratios in the ternary V(V) − TAR − XMZ complexes obtained by different methods

Molar ratio 	 Mobile 	 Asmus’	 Job’s	 Molar ratio
	 equilibrium method	 method	 method	 method

TAR : V	 1:1	 1:1	 −	 Not applicable
MTAR : V	 1:1	 1:1	 −	 Not applicable
HTAR : V	 1:1	 1:1	 −	 1:1
XMZ : V (V − TAR − XMZ)	 1:1	 1:1	 1:1	 Not applicable
XMZ : V (V− MTAR− XMZ)	 1:1	 1:1	 1:1	 Not applicable
XMZ : V (V− HTAR − XMZ)	 1:1	 1:1	 1:1	 1:1

Figure 6. Straight lines obtained by the mobile equilibrium method 
for ADR-to-V(V) (lines 1–3) and XMZ-to-V(V) (lines 1’–3’). The 
experimental conditions are given in Fig. 3 and Fig. 4, respectively. 
Straight lines equations: (1) y = 0.98x + 4.95, R2 = 0.9984; (1’) y = 
1.13x + 3.97, R2 = 0.9967; (2) y = 1.09x + 4.90, R2 = 0.9943; (2’) y = 
1.01x + 3.42, R2 = 0.9940; (3) y = 1.13x + 6.01, R2 = 0.9840; (3’) y = 
1.07x + 5.74, R2 = 0.9637. 

Figure 7. Application of the molar ratio method for the determina-
tion of the HTAR-to-V(V) molar ratio. The experimental condi-
tions are given in Fig. 3, line 3.
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od,52 and the Job’s method of continuous variations.53 As 
can be concluded from Table 3, and also from Figs. 5–8, all 
ternary complexes have a composition of 1:1:1. Such a 
composition was reported for the V(V) ternary complexes 
with the couples PAR – XMZ,43 TAR – tetraphenylarsoni-
um chloride,47 TAR – tetraphenylphosphonium chlo-
ride,47 and MTAR – Aliquat336.28 The complex involving 
HTAR appears to be the most stable: the molar ratio meth-
od can be applied only to it, Table 3. The isomolar series 
(Fig. 5) and the straight lines obtained by the mobile equi-
librium method (Fig. 6) are also in agreement with this 
conclusion; curve 3 in Fig. 5 is characterized by a well-de-
fined peak, and curves 3 and 3’ in Fig. 6 have the largest 
y-intercept values.

3.3. �Chemical Equations and Extraction 
Characteristics
The formation and extraction of the ternary com-

plexes can be represented in several successive steps. The 
first step is the formation of binary V(V) – ADR complex-
es in aqueous phase (Eq. 1). 

VO3
−

(aq) + H2L(aq)  [VO2L]−
(aq) + H2O 	  (1)

This equation is based on information concerning 
the state of V(V)54,55 and ADRs (TAR56 and MTAR57) at 
the reaction conditions. Although ADRs can stabilize low 
oxidation state metal centers,58,59 V(V) is not reduced in 
their presence. This is evidenced by differences in the spec-
tral characteristics and optimal pH intervals of existence 
of V(IV)- and V(V)−ARD complexes.37,46,60 Furthermore, 
ADRs have been successfully used for V(IV)/V(V) specia-
tion.8,10,15,61 In this case, the main concern is to prevent the 
oxidation of V(IV) by the oxygen in air, which starts at ca. 
pH > 2 and is rather fast in neutral and alkaline medium.10 

TAR and MTAR can be considered as triprotic acids. 
Deprotonated forms of these ADRs are stable in alkaline 
media (pK1 (TAR) = 9.3,56, 62 pK1 (MTAR) = 11.857). Monopro-
tonated forms of TAR and MTAR predominate in neutral 
and weakly acidic solutions (pK2 (TAR) = 6.0;56,62 pK2 (MTAR) = 
5.657); the proton is bound to the oxygen atom in ortho-po-
sition to the azo group. The neutral forms (H2L) predomi-
nate at lower pH values. They attach an additional proton (at 
the nitrogen atom of the thiazole ring) in a highly acidic en-
vironment (pKа3 (TAR) = 1.25). There is no information in the 
literature about the pK3 (МTAR) nor for the protonation con-
stants of HTAR. However, considering the similar behavior 
of the blank samples TAR – XMZ, MTAR – XMZ and HTAR 
– XMZ (Fig. 1), one can assume that these reagents are also 
in their neutral H2L forms at the optimum pH.

The next steps, ion-association and extraction can be 
represented simultaneously by Eq. 2.

[VO2L]−
(aq) + XMZ+Cl− (aq)  

(XMZ+)[VO2L](org) + Cl−(aq)			    (2)

In it, XMZ and its cation are denoted as XMZ+Cl− 
and XMZ+, respectively. The conditional equilibrium con-
stants characterizing Eq. 2 were calculated by two indepen-
dent methods: the mobile equilibrium method50 (Fig. 6, 
straight lines 1’, 2’ and 3’) and the Likussar-Boltz method.63 
The values obtained by these methods are statistically iden-
tical (Table 4). The extraction constant K for the system in-
volving HTAR is the highest. The same is true for the other 
characteristics listed in Table 4, the distribution ratio D and 

Table 4. Calculated values of the extraction constants (K), distribution ratios (D) and fractions extracted (E%) at 
the optimum conditions.

Extraction system	 Log K	 Log D	 E%

V(V) – TAR – XMZ
	 3.5 ± 0.1 (N = 3) a

	 3.52 ± 0.07 (N = 7) b	
1.5 ± 0.3 (N = 4)	 96 ± 2 (N = 4)

V(V) – MTAR – XMZ
	 3.3 ± 0.1 (N = 3) a 

	 3.39 ± 0.06 (N = 10) b	
1.6 ± 0.2 (N = 6)	 98 ± 1 (N = 6)

V(V) – HTAR – XMZ
	 5.0 ± 0.1 (N = 3) a 

	 5.4 ± 0.5 (N = 5) b	
2.4 ± 0.3 (N = 3)	 99.5 ± 0.3 (N = 3)

a Calculated by the Likussar-Boltz method  b Calculated by the molar equilibrium method (Fig. 6)

Figure 8. Application of the straight-line method of Asmus for the 
determination of the XMZ-to-V(V) molar ratio in the extraction 
system containing MTAR. The experimental conditions are given in 
Fig. 4, line 2.
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fraction extracted E%. This is related to the highest hydro-
phobicity and molecular mass (Table 1) of this reagent.

3. 3. Beer’s Law and Analytical Characteristics
The dependences between the concentration of V(V) 

in aqueous phase and absorbance of the extracted ternary 
complexes were studied under the optimum conditions 
(Table 2). The linear regression equations and some atten-
dant parameters are listed in Table 5: molar absorptivities, 
Sandell’s sensitivities, Beer’s law limits and standard devia-
tion of the slopes, y-intercepts and blanks. The limits of 
detection (LODs) and quantitation (LOQs) were calculat-
ed as 3.3- and 10-times standard deviation of the blank 
divided by the slope.64

4. Conclusions
Ternary well chloroform-extractable complexes are 

formed in systems containing vanadium(V), thiazolylazo 
derivatives of resorcinol (TAR, MTAR, HTAR), and xy-
lometazoline hydrochloride. They have a composition of 
1:1:1 and can be represented by the general formula 
(XMZ+)[VO2(ADR)], where ADR is in its doubly depro-
tonated form (ADR2–). The complexes have good ex-
traction-spectrophotometric characteristics. The most ex-
tractable (E = 99.5%) and intensively colored (ε = 2.62 × 
104 dm3 mol–1 cm–1) is the complex of HTAR. The TAR 
complex is also advantageous. It is formed in the widest 
pH range, and the absorbance of the blank at λmax for this 
reagent is the lowest and repeatable. The latter, along with 
its high molar absorptivity (95% of that for the HTAR 
complex), provides the lowest LOD and LOQ values. An-
other advantage of the extraction system containing TAR 
is the shortest time of extraction.
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Povzetek
Proučevali smo kromogen sistem ekstrakcije tekočina-tekočina za spojine vanadija (V) na osnovi ksilometazolin hi-
droklorida (XMZ) in azo derivate resorcinola (ADR). Uporabili smo naslednje ADR: 4- (2-tiazolilazo) resorcinol (TAR), 
5-metil-4- (2-tiazolilazo) resorcinol (MTAR) in 6-heksil-4- (2-tiazolilazo) resorcinol (HTAR) . Koncentracija reagentov, 
pH vodnega medija in čas stresanja so bili predmet optimizacijskih poskusov. Ternarni kompleksi, ekstrahirani s kloro-
formom, so bili sestavljeni 1: 1: 1. Določili smo molarne absorbcijske koeficiente (ελ), absorpcijske maksimume (λ), kon-
stante ekstrakcije (Log K) in delež ekstrahirane frakcije (E %): ε553 = 2.50 × 104 dm3 mol–1 cm–1, Log K = dm3 mol–1 cm–1, 
Log K = 3.4, and E = 98 % (ADR = MTAR); and ε554 = 2.62 × 104 dm3 mol–1 cm–1, Log K = 5.0, and E = 99.5 % (ADR = 
HTAR). Določili smo tudi Sandellovo občutljivosti in omejitve Beerovega zakona.
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