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Abstract: A novel mixed-micelle-mediated cloud point extraction (MM-CPE) system for Cr(III) was investigated spectrophotometrically. In this 
system, 4-nitrocatechol (4NC) acts as the chelating agent, while the ionic liquid Aliquat 336 (A336) functions both as a cationic ion-association 
reagent and as a co-surfactant that forms mixed micelles with Triton X-114. The extracted complex was identified as (A336+)3[Cr(4NC)3]. The 
structure of its anionic part [Cr(4NC)3]3– was further analyzed through B3LYP/6-311G theoretical optimizations and by comparing calculated 
and experimental UV/Vis spectra. The ternary complex exhibits a maximum absorbance at 475 nm with a molar absorption coefficient of  
2.4 × 105 M–1 cm–1 (tenfold enrichment). The calibration curve demonstrated linearity over a Cr(III) concentration range of 40–420 ng mL–1, 
with a detection limit of 12 ng mL–1. The logarithmic conditional extraction constant (Kex) was determined to be 12.0 ± 0.1, indicating an efficient 
extraction process. 
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INTRODUCTION 
HROMIUM is a hard, brittle, and corrosion-resistant 
metal with widespread industrial and technological 

applications. It is the primary alloying element in stainless 
steel production and ranks 21st in abundance within the 
Earth's lithosphere. To date, approximately 110 chromium-
bearing minerals have been documented,[1] with chromium 
occurring in several oxidation states. Among these, Cr(III) 
and Cr(VI) are the most prevalent and environmentally 
relevant due to their contrasting stability, mobility, and 
toxicity.[2–4] Chromium(VI) is of particular concern due to its 
well-established carcinogenicity,[4,5] whereas Cr(III) has 
traditionally been regarded as an essential trace element in 
human nutrition.[6–8]  
 Cr(III) supplementation has been linked to improved 
glucose metabolism, mitigation of metabolic and polycystic 
ovary syndromes, modulation of dyslipidemia, and changes 

in body weight and lean mass. Evidence for these effects, 
however, remains inconsistent and controversial.[9–12] In 
2014, the Panel on Dietetic Products, Nutrition and Aller-
gies (NDA) of the European Food Safety Authority (EFSA) 
evaluated the available data on chromium intake and 
concluded that no beneficial effects could be substantiated 
in healthy individuals.[12] 
 Cr(III) can be produced by dissolving elemental 
chromium in acids or by reducing Cr(VI) compounds, with 
interconversion possible under certain conditions.[11,13,14] 
This duality contributes to the ongoing debate over whether 
chromium should be regarded as an essential element, a 
pharmacologically active agent, or a toxicant.[15] 
 Chromium(III) adopts a d3 electron configuration, with 
three electrons occupying the lower-energy t₂g orbitals (dxy, 
dxz, dyz) in an octahedral crystal field. This electron 
arrangement results in significant crystal field stabilization 
and contributes to the overall stability of the complex. As a 
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result, Cr(III) typically forms octahedral complexes that are 
both kinetically inert and thermodynamically stable. 
 Chromium(III) forms chelate complexes with ligands 
containing oxygen, nitrogen, or sulfur donor atoms.[16–22] In 
aqueous media, complexation typically requires heating the 
reaction mixture to elevated temperatures (≥ 80 °C),[22–28] as 
this promotes efficient ligand exchange and facilitates the 
formation of Cr(III) chelates—a step generally unnecessary 
for many other metal ions. Following the formation of the 
desired Cr(III) complex, conventional liquid–liquid 
extraction procedures usually involve cooling the mixture 
before introducing volatile organic solvents such as chloro-
form, toluene, benzene, or carbon tetrachloride. This cool-
ing step extends the overall analytical process, and the 
reliance on hazardous solvents raises significant environ-
mental and health concerns, rendering these methods less 
desirable from a green chemistry perspective. 
 Cloud point extraction (CPE) has been identified as a 
highly suitable method for preconcentrating Cr(III) because 
it replaces toxic, volatile organic solvents with surfactants 
and requires heating,[29–34] which conveniently aligns with 
the thermal requirements for efficient chelation.[35–48] An 
additional advantage of performing Cr(III) complexation in 
micellar media is the reduced reaction time, which can be 
attributed to micelles' ability to induce favorable shifts in 
equilibrium constants.[33,49] 
 4-Nitrocatechol (4NC) is a well-established analytical 
reagent.[50–53] It carries a ‘green dossier,’ meaning its label 
bears no hazard pictograms or hazard/precautionary state-
ments.[54] Although it forms complexes with more than 40 
metal ions,[51] no studies have reported its complexes with 
chromium. 
 In our previous studies on mixed micelle–mediated 
centrifuge-less cloud point extraction (MM-CL-CPE) of 
vanadium,[55] molybdenum,[56] and copper,[57] we observed 
that Cr(III) significantly interferes with their 
spectrophotometric determination. The presence of Cr(III) 

produced markedly enhanced absorbance signals that were 
difficult to mask, which piqued our interest and prompted 
further investigation in this field. 
 The primary objective of this work was to investigate 
the CPE behavior of Cr(III) in a mixed micellar medium com-
posed of the nonionic surfactant Triton X-114 (TX114) and 
the ionic liquid Aliquat 336 (A336), a mixture of quaternary 
ammonium chlorides with an average molar mass of  
432 g mol–1 (Figure 1).[58] This surfactant system has 
previously demonstrated effectiveness in the CPE of 
Mo(VI),[56] Cu(II),[57] and Tl(III).[59] A secondary objective was 
to employ B3LYP/6-311G calculations to model the color-
bearing Cr(III)–4NC chelate and to evaluate its structural 
parameters. 
 

EXPERIMENTAL SECTION 

Reagents and Chemicals 
All chemicals were procured from Merck (Schnelldorf, 
Germany) and utilized without additional purification. A 
stock solution of Cr(III) (1 mg mL–1) was prepared from 
(NH₄)Cr(SO₄)₂ × 12 H₂O,[60] and working solutions (2 × 10–4 M) 
were obtained by appropriate dilution with water. An aque-
ous solution of 4NC (≥96.0 %) was prepared at a concentra-
tion of 7.5 × 10–3 M. A 10 % (w / w) aqueous solution of 
TX114 (laboratory-grade) and a methanol solution of A336 
(1 × 10–2 M) were used. Buffer solutions with pH-values 
ranging from 4.5 to 9.9 were prepared from 2.0 M 
CH3COOH and NH3 solutions. Water was purified by deion-
ization or distillation. 

Instrumentation 
UV-Vis spectrophotometric measurements were con-
ducted using a Drawell DU-8800RS (Chongqing, China) and 
an Ultrospec 3300 Pro (Garforth, UK), both equipped with 
10 mm macro cuvettes. Mass and pH-values were meas-
ured using an Ohaus Pioneer PA214C analytical balance 
(Parsippany, USA) and a WTW InoLab 7110 pH-meter 
(Weilheim, Germany), respectively. Heating was carried out 
using a GFL 1023 water bath (Berlin, Germany).  

CPE-Spectrophotometric Optimization 
Solutions of TX114, buffer, 4NC, Cr(III), and A336 were 
combined in 50 mL centrifuge tubes and diluted to volume 
with water. The mixtures were incubated in a water bath at 
50–80  °C for 20–80 minutes, then briefly cooled under 
running water. The tubes were subsequently placed in a –
20 °C freezer for 50 minutes to solidify the surfactant-rich 
phases (SRPs), facilitating their separation by decantation. 
Each SRP was then adjusted to a final mass of 5.00 g by 
adding 0.5 mL of ethanol and a few drops of water, with the 
mass measured using an analytical balance (by weighing 

 

 

Figure 1. Aliquat 336; the main component of the mixture is 
trioctylmethylammonium chloride. 
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the empty tubes and then the tubes containing the diluted 
SRPs). The mixtures were homogenized by shaking and 
transferred to cuvettes for visible-range absorbance 
measurements. 
 

THEORETICAL SECTION 
The ground-state equilibrium geometry of the proposed 
anionic chromophore, [Cr(4NC)3]3−, was optimized in the gas 
phase at the B3LYP/6-311G level of theory without imposing 
any symmetry or structural constraints. The spin multiplicity 
and overall charge were set to 4 and −3, respectively. 
Subsequent frequency calculations confirmed that the 
optimized structure corresponded to a true minimum, as 
evidenced by the absence of imaginary frequencies. Vertical 
excitation energies were then calculated to simulate the 
UV/Vis spectrum. All computations were carried out using 
GAUSSIAN 16,[61] and structural visualization was performed 
with ChemCraft v. 1.8.[62] 
 

RESULTS AND DISCUSSION 

Optimal Conditions 
The extracted ternary Cr(III)–4NC–A336 complex displays 
an orange color, with a maximum absorbance at λ =  
475 nm, while the blank solution appears yellow. Figure 2 
presents the corresponding molecular spectra: (1) the 
spectrum of the complex measured against the blank, and 
(2) the spectrum of the blank solution measured against 
water.  
 The impact of the pH-value of the buffer solution is 
illustrated in Figure 3. The analytical signal reaches its max-
imum at a pH-value of approximately 6.4. All subsequent 
experiments were therefore carried out at this pH-value, 
using a buffer volume of 2 mL. Tests performed with differ-
ent buffer volumes (1–5 mL) indicated that the volume is 
not a critical parameter: the dependence of absorption on 
buffer volume within this range is essentially linear, with a 
slope close to zero (2 × 10–4). 
 Figure 4 shows the effect of 4NC and A336 
concentrations. The optimal 4NC concentration was 
determined to be 3.3 × 10−4 M (series 1), achieved by 
adding 2.2 mL of a 7.5 × 10–3 M solution. The optimal A336 
concentration was 2.4 × 10−4 M (series 2), corresponding to 
1.2  mL of a 1.0 × 10−2 M A336 solution. 
 The experimental curve of absorbance versus TX114 
mass fraction closely matched those obtained in our 
previous studies on the Cu(II)–4NC–A336 complex,[57] 
exhibiting a maximum at 0.4–0.5 % (w / w). Accordingly, all 
subsequent experiments in this work were carried out at a 
TX114 mass fraction of 0.46 %, achieved by adding 2.3 mL 
of a 10 % TX114 solution. 

 

Figure 3. The effect of pH. cCr = 3.2× 10–6 M, c4NC =  
3.3 × 10−4 M, cA336 = 2.4 × 10−4 M, wTX114 = 0.46 %, tinc =  
60 min at 80 °C, λ = 475 nm. 
 

 

Figure 4. The effect of 4NC (series 1) and A336 (series 2) 
concentrations. cCr = 2.6 × 10–6 M, pH = 6.4, wTX114 = 0.46 %, 
tinc = 60 min at 80 °C, λ = 475 nm. 1 – cA336 = 2.4 × 10–4 M;  
2 – c4NC = 3.3 × 10–4 M. 
 

 

Figure 2. Molecular spectra of the Cr(III)–4NC–A336 
complex against blank (1) and the blank solution against 
water (2). cCr = 3.9 × 10−6 M, pH = 6.4, c4NC = 3.3 × 10−4 M, 
cA336 = 2.4 × 10−4 M, wTX114 = 0.46 %, tinc = 60 min at 80 °C. 
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 As noted above, the formation of Cr(III) chelates 
requires higher temperatures than those typically used for 
other metal ions. Preliminary temperature‑optimization 
experiments showed that complexation remains 
incomplete below 80 °C. Under otherwise identical 
conditions, the absorbance measured at 60 °C was about 
14 % lower than at 80 °C, while at 70 °C it was roughly 5 % 
lower. 
 Figure 5 illustrates the effect of incubation time at 
80 °C. The data indicate that the optimal incubation time is 
60 min, measured from the moment the 
room‑temperature samples are placed in the hot water 
bath. This value is consistent with reported times for other 
MM‑CL‑CPE systems using 4NC; for instance, Mo(VI) 
requires 55 min,[56] while V(V) requires 70 min.[55] 

 A complete set of optimized parameters is presented 
in Table 1. The cooling time and SRP processing conditions 
were adopted from experiments reported in previous stud-
ies.[55,56] A suitable blank absorbance was achieved by 
adjusting the mass of the diluted SRP to 5.00 g, which 
included 0.5 mL of C2H5OH added to reduce viscosity. 

Stoichiometry and Equation of Complex 
Formation 

The mobile equilibrium method,[63] which is well-suited for 
analyzing stepwise complexation, was used to determine 
the molar ratios in the extracted ternary complex. As 
shown in Figure 6, the molar ratio of A336 to Cr(III) is 3 : 1. 
There is no evidence of complex formation with any other 
molar ratio. 
 In contrast, Figure 7 shows that the molar ratio of 
4NC to Cr(III) depends on the 4NC concentration. At c4NC ≤ 
1.2 × 10–4 M, the ratio is 1 : 1, whereas at c4NC ≥ 1.5 × 10–4 M, 
the ratio shifts to 3 : 1. This behavior is consistent with the 
expected difficulty of replacing coordinated water mole-
cules in the inert aqua complex [Cr(H2O)6]3+.  

 

Figure 5. The effect of incubation time. T = 80 °C, pH = 6.4, 
cCr = 3.9 × 10–6 M, wTX114 = 0.46 %, c4NC = 3.3 × 10–4 M, cA336 
= 2.4 × 10–4 M, λ = 475 nm. 
 

 

Figure 6. Determination of the A336:Cr(III) molar ratio by 
the mobile equilibrium method. 
 

 

 

Figure 7. Determination of the 4NC:Cr(III) molar ratios by 
the mobile equilibrium method. 

 
Table 1. The results of the system's optimization 

Parameter Optimal Value 

Wavelength, nm 475 

pH-value 6.4 

Buffer volume, mL 2.0 

TX114 mass fraction, % 0.46 

4NC concentration, M 3.3 × 10−4 

A336 concentration, M 2.4 × 10−4 

Incubation temperature, °C 80 

Incubation time at 80 °C, min 60 

Cooling time at −20 °C, min 50 

Test tube capacity, mL 50 

Mass(a) of the diluted SRP, g 5.00 
(a) Diluted with C2H5OH (0.5 mL) and water. 
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 There is no indication that a stable 2 : 1 (4NC : Cr(III)) 
intermediate complex forms. Once the threshold 
concentration of 4NC is reached, it is likely that the 
remaining water molecules in the inner coordination 
sphere are rapidly substituted. 
 The molar ratios determined under optimal 
conditions support the proposed mechanism of complex-
ation and CPE, as expressed in Equation 1, where H2L 
denotes the protonated form of 4NC. This species 
predominates under the chosen conditions, given that the 
first pKa of 4NC is approximately 6.7.[51,64,65] 

 

 
( ) [ ]

3 +
2

+
33

Cr (aq) + 3 H L(aq) + 3 A336 (aq)

         A336 CrL (srp) + 6 H

+



 (1) 

 

Ground-State Equilibrium Geometry of 
the Anionic Component. Comparison of 
Theoretical and Experimental Spectra 

The extracted hydrophobic, electrically neutral complex 
can be regarded as an ionic associate consisting of the 
anion [CrL3]3– and three monovalent cations A336+, which 
together compensate the overall charge (Equation 2): 

 

 [ ] ( ) [ ]3
3 33CrL  + 3 A336   A336 CrL− +

  (2) 

 

 In complexes of this type, the absorption bands 
observed in the visible region are characteristic of the ani-
onic component.[52,53,66–68] Because the full electroneutral 
complex (A336)3[CrL3] contains a large number of atoms, 
direct modeling of its structure is computationally 
challenging. A practical approach is to optimize the geome-
try of the anionic component (chromophore part), compute 
its theoretical spectrum, and then compare it with the 
experimental spectrum. A favorable agreement between 
these spectra (calculated and experimental) would support 
the proposed structure. 
 Figure 8 shows the optimized geometry of the 
anionic moiety [Cr(4NC)3]3–. As expected, the complex 
adopts an octahedral configuration, with bond angles 
involving the Cr(III) center and the trans-coordinated 
oxygen atoms approaching 180°: >O(1)–Cr(43)–O(14) = 
171.1°, >O(2)–Cr(43)–O(24) = 172.3°, and >O(3)–Cr(43)–
O(13) = 172.9°. However, the [CrIII(4NC)3]3– complex 
exhibits a more pronounced distortion from ideal geometry 
than the octahedral structure of the low-spin [FeIII(4NC)3]3–

,[53] which was optimized using the same B3LYP/6-311G 
method. For example, in the Cr(III) complex, one oxygen 
atom is displaced by 7.4° from the equatorial plane defined 

by the other three coordinated oxygens, whereas in the 
Fe(III) analogue, the corresponding deviation does not 
exceed 0.6°. 
 As in the Fe(III) complex, the benzene rings of the 
4NC ligands in [Cr(4NC)3]3– retain their aromatic character. 
This is evidenced by the C–C bond lengths within the rings, 
which closely match those reported by Cornard et al.[65] for 
the free ligand (H2L). Consequently, no quinoid 
distortions—characteristic of certain other catechol 
derivatives and detrimental to the complex’s practical 
performance—are observed. 

 Figure 9 compares the normalized experimental 
spectrum of the extracted complex with the normalized 
theoretical spectrum of the anionic chromophore, 
[Cr(4NC)3]3–, obtained from calculated vertical excitation 

 

Figure 8. Ground-state equilibrium geometry of [Cr(4NC)3]3– 
optimized at the B3LYP/6-311G level in the gas phase. 
 

 

Figure 9. Comparison of the normalized experimental 
spectrum under optimum conditions and theoretical 
spectrum of the anionic structure from Figure 7. The 
theoretical spectrum was produced using a Lorentzian 
broadening and a scaling coefficient of 0.814. 
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energies. The two spectra agree very well, which provides 
independent support for the experimental determination 
of the complex's stoichiometry and complexation equation. 

Calibration Plot, Preconcentration 
Factor, and Conditional Extraction 

Constant 
The relationship between the measured absorbance (A) and 
Cr(III) concentration was linear within the range of  
40–420 ng mL–1 Cr(III) (Figure 10). The linear regression 
equation was A = 4.8 × 10–3γ – 0.089, where γ is the 
concentration in ng mL–1. The experimental setup involved 
approximately tenfold preconcentration, achieved with an 
aqueous phase volume of 50 mL and a diluted SRP volume of 
5.06 mL (m = 5.00 g; ρ = 0.9877 g mL–1). The apparent molar 
absorptivity was determined to be 2.4 × 105 M–1 cm–1, and 
Sandell’s sensitivity was 0.22 ng cm–2. 

 The limit of detection (LOD) and limit of quantitation 
(LOQ), calculated as 3 σ and 10 σ of the blank absorbance 
(n = 10) divided by the slope, were 12 and 40 ng mL–1, 
respectively. 
 The extraction constant (Kex) characterizing 
Equation 1 was determined by both the mobile equilibrium 
method[63] (Figure 6) and the Holme–Langmyhr method.[69] 
The logarithmic values obtained by these methods were 
statistically identical: 12.2 ± 0.6 and 12.0 ± 0.1 (mean ± SD), 
respectively. 
 

CONCLUSIONS 
The formation of a ternary complex between Cr(III), 4NC, 
and A336 in a MM-CPE system was systematically 
investigated. The anionic component, [Cr(4NC)3]3––
responsible for the visible spectral bands (λmax = 475 nm)–

was further characterized by TD DFT calculations at the 
B3LYP/6 311G level. The close agreement between the 
calculated and experimental spectra validated the 
anticipated stoichiometry. The proposed novel CPE method 
aligns with modern trends, offering an environmentally 
friendly and cost-effective approach that requires neither 
sophisticated instrumentation nor expensive consumables. 
Notably, this work demonstrates for the first time that 
4NC—a well-established analytical reagent—can serve 
effectively in the preconcentration of Cr(III). 
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