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ABSTRACT: The photocatalytic removal of Cr(VI) (0.80 mM, pH 2) using various commercially available photocatalysts (P25, 
UV100, PC50) was revisited, with particular attention given to Cr(VI) adsorption (as a Cr(VI)-TiO2 surface complex) and the 
formation of a Cr(III) hydroxide layer during the photocatalytic reduction. Cr(VI) adsorption followed a quasi-Langmuir-type 
isotherm, and the spectra of the Cr(VI)-TiO2 surface complex were deconvoluted into two Gaussian peaks, red-shifted when a rutile 
phase was present. Cr(VI) photoreduction exhibited nearly pseudo first-order kinetics, with P25 showing the highest reaction rate. 
Adsorbed Cr(VI) was reduced by eCB

−, and the formed Cr(III) was retained over the TiO2 surface under non-equilibrium conditions, 
acting as a new adsorption site for Cr(VI). At longer reaction times, partial dissolution of the Cr(III) layer was observed. These 
findings suggest that the photoreduction kinetics are primarily governed by the slow adsorption of Cr(VI) onto the Cr(III) deposition 
layer. As an important conclusion, three consecutive processes never mentioned before take place: (1) reduction of adsorbed Cr(VI), 
(2) formation of Cr(III) over the photocatalyst and (3) adsorption of Cr(VI) over the deposited Cr(III) layer, together with partial 
Cr(III) redissolution. This insight provides a deeper understanding of the underlying photocatalytic mechanism. 
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1. Introduction 

Chromium is a metal with multiple industrial and technological applications, including metallurgy, electroplating, 
the textile industry, leather tanning, and wood preservation, among others. As a consequence, Cr is frequently found in 
wastewater, mainly in the trivalent (Cr(III)) and the hexavalent (Cr(VI)) forms [1]. The WHO has recommended a 
guideline value of 50 μg L−1 for total chromium in drinking water [2]. Cr(VI) presents the highest environmental threat 
due to its toxicity, together with its high solubility and mobility: it is a well-known human carcinogen and may cause 
dramatic effects to human health. In contrast, Cr(III) is considered nontoxic or of very low toxicity (300 times lower 
than that of Cr(VI)) [1,2], and has a lower mobility in water.  

Cr(VI) can be removed from wastewater through various treatment methods, including chemical reduction, 
adsorption, and membrane filtration (e.g., [3–5]. Reduction methods include traditional chemical and electrochemical 
treatments or biological processes with reducing bacteria and fungi [6]. Heterogeneous photocatalysis under UV and 
visible light has been proposed as a convenient low-cost and efficient technology for Cr(VI) reduction, and an important 
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number of works have been published employing TiO2 (anatase, rutile, brookite, P25, i.e., a mixture of around 80:20 
anatase, rutile and minor contents of amorphous phases [7]), modified TiO2, and other semiconductors, e.g., ZnO, CdS, 
ZnS, WO3, etc.; several papers and reviews have been published recently in this sense [1,4,5,8–16] including reactors 
for technological applications. Cr(VI) reduction has been proposed as a niche application for heterogeneous 
photocatalysis [17]. 

The photocatalytic process is based on the reactivity of electron-hole pairs (eCB
−/hVB

+) generated in the 
semiconductor through light absorption in the UV-visible range, even under sunlight (e.g., [8–11,17–19]). Generally, 
the mechanism of the photocatalytic Cr(VI) reduction has not been adequately shown, and the process is simply depicted 
by a direct transfer of three electrons from the CB to Cr(VI) to form Cr(III) in one step. However, since our first papers, 
our group proposed that the mechanism takes place through three consecutive one-electron transfers, producing Cr(V) 
and Cr(IV) as intermediates [8–10], substantiated by the detection of Cr(V) by EPR [20–22]. From a thermodynamic 
point of view, eCB

− has the appropriate redox potential vs. SHE (ECB = –0.3 V for P25) to directly reduce Cr(VI) to Cr(V) 
(E0 = 0.55 V), Cr(V) to Cr(IV) (E0 = 1.34 V) and Cr(IV) to Cr(III) (E0 = 2.1 V) ([1] and references therein): 

eCB
− + Cr(VI, V, IV) → Cr(V, IV, III)

 

(1)

 

with the global stoichiometry under acidic conditions given by: 

HCrO4
− + 7 H+ + 3 eCB

− → Cr3+ + 4 H2O

 

(2)

 

In the absence of organic electron donors, surface hydroxyl ions or adsorbed water act as hole scavengers: 

hVB
+ + HOsurf

 − (H2Oads) → HO (HO + H+)

 

(3)

 

but detrimental reoxidation of reduced Cr species by holes or hydroxyl radicals (HO) may take place: 

hVB
+/(HO) + Cr(V, IV, III) → Cr(VI, V, IV)

 

(4)

 

This issue has been generally solved by the addition of organic donor compounds (D), which act as hole or HO 
scavengers: 

hVB
+ (HO) + Dads → Dads

+

 

(5)

 

The photocatalytic activity of TiO2 depends on factors such as its surface area, crystallinity and nature of the surface, 
presence of doping metals, dosage of photocatalyst, initial concentration of the pollutant, presence of organic electron 
donors or oxygen, intensity and type of light irradiation, pH value, presence of other molecules that can affect the 
adsorption of the reactants, presence of interfering ions, etc. (e.g., [11]). As photocatalytic reactions occur at the TiO2 
surface, the surface area and the affinities of reactants are considered among the most important factors determining the 
photocatalytic activity [23], together with the survival of photogenerated charge-carriers before recombination, factors 
related to the specific surface area and crystallinity of the photocatalyst, respectively [24]. Not many papers analyze 
simultaneously the surface and the solution; as one example, the synergy of photocatalysis and adsorption processes for 
simultaneous removal of Cr(VI) and Cr(III) with a mixture of P25 and titanate nanotubes was found [25]. Thus, these 
two processes must be taken into account to understand the whole system, especially when the reaction products can 
produce changes in the photocatalyst. One of them is, e.g., the observed TiO2 inactivation during Cr(VI) reduction, 
caused by Cr(III) deposition in the absence of complexing donors [1,10,26]. Early studies of Cr(VI) adsorption on 
anatase indicated that the reaction obeyed the Langmuir absorption isotherm model with the formation of a TiO2-
chromate surface complex [27,28]. The occurrence of a strong interaction between Cr(VI) and the surface of the 
catalysts, in the form of a charge-transfer complex, has been detected later by our group by absorption spectroscopy of 
transparent nanoparticle colloidal suspensions containing Cr(VI) at pH 1.5, exhibiting an absorption maximum around 
375–400 nm [29,30]. On P25 and anatase TiO2, this charge-transfer complex has also been mentioned [9,13,31], with 
the position of the absorption maximum depending on the nature of the photocatalyst. A mechanism of surface complex 
formation in condensation-type adsorption, leading initially to Ti–O–CrO3

– followed by Cr(VI) dimerization, has been 
proposed by García Rodenas et al. [28] and others [30,32]. Therefore, the formation of a charge-transfer complex 
between Cr(VI) and TiO2 seems to apply to both solid and suspended TiO2 nanoparticles. 

The produced Cr(III) after the reduction of Cr(VI) can be released in the solution or deposited on the surface as 
hydrated Cr2O3 or Cr(OH)3, visible as a green deposit on the filtered particles [1,26,28,33,34]. Therefore, Cr(III) species 
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could block the surface, preventing the penetration of light and the access of Cr(VI) to the photocatalyst surface, and 
promoting the detrimental recombination of eCB

− and hVB
+, especially in photocatalysts of high surface area [11,14,26]. 

Despite the above-mentioned advances on the description of the TiO2 photocatalytic removal of aqueous Cr(VI), 
there are many gaps in the mechanistic pathways involved, in particular regarding the photocatalyst deactivation steps 
and the fate of the reduced Cr(VI) species. In the present work, the behavior of different TiO2 materials in the processes 
of adsorption and photocatalytic reduction of Cr(VI) in water at pH 2 is analyzed. In particular, the influence of the type 
of photocatalyst on the yield, the progressive inactivation of the photocatalyst by Cr(III) deposition, and the effect of 
adsorbed species are investigated. 

2. Experimental 

2.1. Materials 

Commercial Aeroxide TiO2 P25 (Evonik, Essen, Germany), Hombikat UV100 (Sachtleben Chemie GmbH, 
Sachtleben, Germany), and Millennium PC50 (Cristal Global Millennium, Thann, France) were used as provided. Rutile 
was prepared by heating UV100 at 650 °C for 2 h under air [35]. The presence of the rutile phase in this sample was 
confirmed by analysis of the X-ray diffraction (XRD) spectrum of the powdered sample, obtained at room temperature 
with a PW-3710 diffractometer (Philips, Almelo, The Netherlands) using Cu-Kα radiation at a scan rate of 0.02° (2θ 
/s), an accelerating voltage of 40 kV and an applied current of 30 mA, and compared with the rutile standard card of the 
ICSD collection (code 023697, see Figure S1, Section S1, Supplementary Materials,). Potassium dichromate (K2Cr2O7, 
99.9%), perchloric acid (HClO4, 70%), and phosphoric acid (H3PO4, 70%) were from Merck. Diphenylcarbazide (DPC) 
for analysis (UCB) was dissolved in acetone 99.5% (Anedra, Los Troncos del Talar, Argentina). Water was obtained 
from a Millipore Milli-Q purification system (resistivity = 18 MΩꞏcm). 

2.2. Adsorption Experiments 

Aqueous K2Cr2O7 solutions in the range 0.5 μM to 1.5 mM were prepared, and 1 g TiO2 (P25, UV100, PC50 or 
rutile) was suspended in 1 L of each solution. Suspensions were magnetically stirred in the dark for 1 min with a 
Metrohm E649 stirrer (Metrohm, Herisau, Switzerland), adjusted to pH 2 with concentrated HClO4, ultrasonicated for 
2 min in a Cleanson CS-1109 ultrasound equipment (Cleanon S.R.L., Villa Maipú, Argentina), stirred for 30 min in 
order to attain the adsorption equilibrium [22,34] and filtered under vacuum through 47 mm cellulose acetate filters 
(Sartorius, pore size 0.22 µm). Strongly acidic conditions (pH 2) were selected in order to favor the adsorption of anionic 
Cr(VI) species on the positively charged TiO2 surface (pHZPC ~ 6) [36]. 

The solids were then washed with 3 mL Milli-Q water in order to eliminate the physisorbed Cr(VI) the assumption 
that chemisorbed Cr(VI) remained bound to the surface. Cr(VI) was quantified in the filtrates by the DPC method [37]. 
Cr(VI) adsorption isotherms were evaluated for each TiO2 sample by subtracting the Cr(VI) concentration in the filtrates 
([Cr(VI)]eq) from the concentration of the solution before TiO2 addition ([Cr(VI)]0), and also by reflectance 
measurements carried out as described in the next paragraph.  

The solids resulting from each experiment were dried in a vacuum oven at ca. 65 °C for 24 h and milled to obtain 
homogeneous powders for which UV-visible diffuse reflectance spectra (DRS) were obtained. Diffuse reflectances, R, 
of optically thick solid samples (3 mm thickness) were recorded as a function of wavelength on a Shimadzu UV-3101 
scanning spectrophotometer (Shimadzu, Kyoto, Japan) equipped with an integrating sphere, using barium sulfate as the 
100% reflectance reference. To prevent loss of the solid during the measurement, a glass plate (transmittance 0.90 ± 
0.01 between 370 and 700 nm) was used to cover the sample; an identical plate was located in the reference compartment. 
Remission (Kubelka-Munk) functions (F(R)) were obtained from diffuse reflectances as F(R) = (1 − R)2/2R [38]. The 
remission function of adsorbed Cr(VI) was calculated by subtracting the remission function of the pure TiO2 catalyst 
from the spectra of the samples.  

2.3. Photocatalytic Experiments 

Photocatalytic experiments were performed in a recirculating system composed of an annular photoreactor, a 380 
mL reservoir kept at (25.0 ± 0.5) °C, and an Apema BS6 peristaltic pump (APEMA S.R.L., Villa Dominico, Argentina) 
operating at 1.5 L min−1. The system was open to the atmosphere. The reservoir was fitted with a pH electrode and the 
E649 magnetic stirrer (Metrohm, Herisau, Switzerland). The photoreactor consisted of a black light blue tubular UV 
lamp (FL-BLB, 15 W, 25.5 mm o.d., Toshiba, Kanuma, Japan), allowing irradiation between 300 and 400 nm with 
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maximum at 351 nm, which was in contact with the suspension, coaxially surrounded by a glass tube (415 mm length, 
33 mm i.d.). The total volume of the circulating suspension was 500 mL, and the volume inside the photoreactor was 
ca. 150 mL. Actinometric measurements were performed at the cited wavelength range by the ferrioxalate method. A 
photon flux per unit volume (q0

n,p/V) of 7.8 μeinstein s−1 L−1 was calculated within the whole irradiation interval. 
Aqueous suspensions containing 1 g L−1 TiO2 (P25, UV100 or PC50) and 0.8 mM Cr(VI) ([Cr(VI)]0) at pH 2 were 

prepared by following the procedure described above. At predetermined irradiation time intervals, 1.5 mL aliquots were 
withdrawn from the reservoir and, after centrifugation in an Eppendorf MiniSpin centrifuge (Eppendorf manufacturer, 
Hamburg, Germany) for 60 s at 13,400 rpm, Cr(VI) was quantified in the supernatant using the DPC method. 
Experiments were carried out until no Cr(VI) was detected. Reaching this point, an unfiltered aliquot was suspended in 
10 mL DPC-H3PO4 solution to determine qualitatively if adsorbed Cr(VI) remained at the surface. If color was 
developed, the experiment continued until negative results were obtained (the sensitivity of the test was better than 2.5 
nmol Cr(VI) mL−1 suspension). At the end of the experiments, the suspension remaining in the recirculating system 
(nearly 500 mL) was filtered to gather the solids for analysis (see below); total chromium in the solid (CrTS) was 
determined by wavelength dispersive X-ray fluorescence (WDXRF) measurements, using a Venus 200 MiniLab 
WDXRF equipment (Panalytical, Almelo, Netherlands) with a Sc anode X-ray tube, with 50 kV and 4 mA as excitation 
conditions. Cr(III) in the filtered solution ([Cr(III)]) was calculated as the difference between [Cr(VI)]0 and the sum of 
CrTS (multiplied by the TiO2 concentration, see below) and the remaining Cr(VI) in solution ([Cr(VI)]). Each experiment 
was repeated at least twice, and the solids (~0.5 g each) were mixed to obtain the DRS at the end of the reaction. For 
P25, the same determinations were also carried out at intermediate times, including new duplicate experiments for each 
reaction time. 

The solids remaining after the complete reduction of Cr(VI) in suspensions containing P25, PC50, or UV100 were 
filtered and dried following the same procedure applied to non-irradiated suspensions. A similar routine was followed 
at intermediate times for the Cr(VI)/P25 system. Blank experiments carried out under identical conditions but in the 
absence of TiO2 did not yield any measurable reaction. 

According to the stoichiometry of the reactions involved (see Equations (2) and (3)), an increase in pH would be 
expected during the course of the process. However, pH was constant during the photocatalytic runs. 

It is important to emphasize that the concentration of species in solution, expressed in μM, can be directly compared 
to the amount adsorbed on the photocatalysts, expressed in μmol g−1, by simply multiplying the latter by the 
concentration of TiO2 used in the experiments (1 g L−1). 

3. Results 

3.1. Diffuse Reflectance and Remission Function Spectra after Adsorption in the Dark 

DRS of the different Cr(VI)-loaded photocatalyst samples were obtained by previous filtration and drying after the 
adsorption equilibrium was attained in solutions of different initial Cr(VI) concentrations ([Cr(VI)]0): (1) P25 (1 μM to 
1 mM Cr(VI)); (2) UV100 (2.5 μM to 1.5 mM Cr(VI)); (3) PC50 (2.5 μM to 0.75 mM Cr(VI)), and (4) rutile (2.5 μM 
to 1 mM Cr(VI)). When [Cr(VI)]0 ≤ 1.5 mM, the fraction of Cr(VI) in the form of HCrO4

− is ≥ 93%, calculated using 
the reported equilibrium constants, according to the equilibrium between the prevailing species in solution at pH 2 [27]: 

Cr2O7
2− + H2O ⇌ 2HCrO4

−            log K = 1.706

 

(6)

 

H2CrO4 ⇌ HCrO4
− + H+   log K = 0.382

 

(7)

 

 HCrO4
− ⇌ CrO4

2− + H+    log K = −6.145

 

(8)

 

Therefore, the concentration ranges studied were selected in order to ensure adequate quantification of Cr(VI) 
concentrations by the DPC method and the presence of HCrO4

− as the main Cr(VI) species in solution at pH 2. 
Figure 1a shows the DRS of pure P25 (thick red line) and P25 after reaching the adsorption equilibrium with 

solutions containing Cr(VI) ([Cr(VI)]0 = 2.5, 5, 10, 25, and 50 μM and 1 mM, thin black lines). Remission function 
spectra of the same samples after subtraction of the remission function of pure P25 are shown in Figure 1b. It is observed 
that the shape of the remission function spectra is independent of [Cr(VI)]0, presenting a maximum around 400 nm. A similar 
behavior was observed for the remaining photocatalysts (see Figures S2–S4, Section S2, Supplementary Materials). 
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Figure 1. (a) DRS of pure P25 (thick red line) and P25 after adsorption equilibrium with solutions containing Cr(VI) ([Cr(VI)]0 = 
2.5, 5, 10, 25 and 50 μM and 1 mM, thin black lines); (b) remission function spectra of the same samples after subtraction of the 
remission function of pure P25. [Cr(VI)]0 increases in the direction of the arrows. 

Normalized remission function spectra for P25, UV100, PC50, and rutile, calculated as the difference between the 
spectrum at high Cr(VI) concentrations (as a representative spectrum of the adsorbed Cr(VI) species in each case) and 
that of the bare photocatalyst, are presented in Figure 2. The spectra show maxima near 400 nm for P25 and rutile, and 
near 380 nm for UV100 and PC50. These spectra are quite different from the spectrum of Cr(VI) in solution at pH 2, 
which shows a maximum at 350 nm and a much weaker one near 450 nm [39] and should then be attributed to 
chemisorbed Cr(VI) (see Figure S5, Section S2, Supplementary Materials, for the comparison). 
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Figure 2. Normalized remission function spectra of Cr(VI) adsorbed on the different catalysts (red lines), Gaussian components of 
the corresponding spectra (dashed lines, see text), the sum of Gaussian components (full black lines), and remission function spectra 
of the bare TiO2 supports (green lines). Indicated concentrations refer to the [Cr(VI)]0 used in the corresponding adsorption 
equilibrium experiment. 

Spectra were analyzed by multiple Gaussian fittings (see Equations (S2) and (S3), Section S3, Supplementary 
Materials, and corresponding discussion in Section S3), and the best results are presented in Figure 2. Each spectrum 
was decomposed into two or three Gaussians. The model followed to develop the Gaussian analysis considers that the 
spectra of the adsorbed Cr(VI) species result from different Franck-Condon transitions from the same or different 
adsorbed species, with Gaussian-type inhomogeneous broadening [40,41]. Other models might be considered, but the 
excellent fittings found here constitute a first approach for spectral shape comparisons. 
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Individual fittings of the experimental spectra show only very slight deviations, consistent with R2 > 0.99 in most 
cases. Fitting parameters for concentrations above 250 μM for each catalyst are shown in Table S1 (Section S3, 
Supplementary Materials). The maxima of the two main components lie at (400 ± 3) and (432 ± 3) nm for P25 and 
rutile, and at (380 ± 5) and (407 ± 4) nm for UV100 and PC50. The relative weight of these components is different for 
each catalyst (see Table S1, Section S3, Supplementary Materials). Figure 2 shows that, remarkably, the short-wavelength 
Gaussian components for all catalysts peak at the same absorption onset wavelength of the naked semiconductor (see also 
Tauc plots and calculated optical band gaps of the semiconductors in Figure S6, Section S3, Supplementary Materials). 

From the spectral analysis (see Figures 2 and S2–S5, Section S2, Supplementary Materials and Table S1, Section 
S3, Supplementary Materials), it can be concluded that the same chemisorbed Cr(VI) species, i.e., with the same 
absorption spectrum, is present in the anatase samples (UV100 and PC50) within the experimental error. The absorption 
in rutile is red-shifted (~20 nm), while the spectrum of P25 seems to be a combination of those observed in anatase and 
rutile. The minor, widest Gaussian component in P25 (centered at 506 nm) might have arisen from small baseline 
problems and/or some minimum involuntary activation of P25 (due to incidental exposure to low-intensity laboratory 
illumination during the sample processing [28]). Irrespective of the differences, a common Gaussian component around 
400 nm was obtained in all cases. For P25, the absorption bands at λ < 400 nm observed for the pure anatase samples 
should be expected, but they could be masked by the strong absorption of the support above its optical band-gap (2.98 
± 0.02 eV (416 nm)), see Figure S6, Section S3, Supplementary Materials). 

3.2. Adsorption Equilibrium Studies 

The amount of Cr(VI) adsorbed on the catalysts (ω, i.e., the Cr(VI) adsorption capacity) was obtained from the 
difference (Δ[Cr(VI)]) between [Cr(VI)]0 and [Cr(VI)]eq, determined by the DPC method (see Section 2.2) on the 
filtered solution after reaching equilibrium, divided by the TiO2 concentration (1 g L−1):  

𝜔 ൌ
∆ሾCrሺVIሻሿ

TiOଶ concentration
ൌ
ሾCrሺVIሻሿ଴ െ ሾCrሺVIሻሿୣ୯

TiOଶ concentration
 (9) 

The saturation degree, θ, was calculated as the ratio between ω and ωmax (the maximum Cr(VI) adsorption capacity). 
This parameter was also calculated as F(R)/F(R)max, being F(R)max the remission functions obtained at the maxima of 
Figures 1b, S2b, S3b and S4b (Section S2, Supplementary Materials), considering the proportionality between F(R) and 
the amount of adsorbed chromophore according to the Kubelka-Munk theory [38]. Figure S7 (Section S5, 
Supplementary Materials) confirms the similarity of these values. The relationship between θ and [Cr(VI)]eq can be 
properly fitted with a Langmuir isotherm model [42]: 

𝜃 ൌ
𝜔

𝜔୫ୟ୶
ൌ

𝐹ሺ𝑅ሻ
𝐹ሺ𝑅ሻ୫ୟ୶

ൌ
𝐾௅ሾCrሺVIሻሿୣ୯

1 ൅ 𝐾௅ሾCrሺVIሻሿୣ୯
 (10) 

The values of θ obtained using the ratio of F(R) and its maximum can be observed in Figure 3. 
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Figure 3. Saturation degree (θ, calculated as F(R)/F(R)max) vs. [Cr(VI)]eq for P25 (black circles), UV100 (red triangles), PC50 
(green squares), and rutile (blue diamonds). Lines are Langmuir fittings (notice deviations at intermediate concentrations for P25, 
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UV100, and rutile). The inset shows the details at low concentrations. Error bars correspond to estimated uncertainties of ±5% from 
duplicate measurements. 

Structural properties, Langmuir parameters, and derived quantities for the different TiO2 samples are presented in 
Table 1. Notice the coincidence between the KL values for P25 and UV100 ((2.3 ± 0.8) × 105 M−1) while, for rutile, KL 
was almost one order of magnitude higher ((19 ± 6) × 105 M−1); for P25, KL is similar to the value reported in the 
literature (3.42 × 105 M−1 a pH 2.5) [27]. The adjustment is apparently poor at intermediate concentrations, pointing to 
a complex adsorption behavior (e.g., dimerization of adsorbed Cr(VI) [28] or nonspecific anticooperative binding 
effects [43]). Lower KL values were obtained from fittings using Δ[Cr(VI)] data ([Cr(VI)]0 - [Cr(VI)]eq) instead of F(R)) 
for P25 ((0.56 ± 0.08) × 105 M−1), UV100 ((0.52 ± 0.14) × 105 M−1) and rutile ((7 ± 2) × 105 M−1), most probably 
associated with experimental error on adsorbed Cr(VI) calculations near the saturation. On the contrary, no significant 
differences were obtained for PC50 ((3.8 ± 0.6) × 103 M−1). The higher KL values observed for rutile measured using 
both F(R) and Δ[Cr(VI)] may be related to the removal of impurities present in the precursor (UV100) after the thermal 
treatment (650 °C, 2 h) used to prepare rutile (Section 2.1). The site density was calculated as the ratio of the maximum 
Cr(VI) adsorption capacity of the sample (considering monolayer coverage) and the BET surface area (ωmax/SBET); the 
area/Cr (nm2) is the inverse of the site density multiplied by the Avogadro’s number (Site density × NA)−1. Site densities 
in Table 1 were estimated considering that the whole BET surface area was available for Cr(VI) adsorption.  

Table 1. Structural properties of the different TiO2 samples and Cr(VI) adsorption parameters using the Langmuir isotherm. 

TiO2 Composition 
Crystallite 
Size (nm) 

SBET 
(a) 

(m2 g−1) 
KL 

(b) 

(M−1) 
ωmax 

(c) 

(μmol g−1) 
R2 

Site Density 
(μmol m−2) 

Area/Cr 
(nm2) 

P25 anatase-rutile 22 51 (2.3 ± 0.8) × 105 66 ± 2 0.97 1.29 ± 0.04 1.29 ± 0.04 
UV100 anatase 13 289 (2.3 ± 0.8) × 105 313 ± 21 0.97 1.08 ± 0.07 1.54 ± 0.11 
PC50 anatase 29 51 (3.8 ± 0.6) × 103 54 ± 4 0.98 1.06 ± 0.08 1.57 ± 0.12 

UV100 
(650 °C) 

rutile --- --- (19 ± 6) × 105 237 ± 8 0.97 --- --- 

(a) BET surface area; (b) Langmuir constant (95% confidence interval); (c) Cr(VI) maximum load (monolayer coverage according to 
the Langmuir adsorption model). BET surface area and crystallite size are calculated from data of ref. [44]. Site density = ωmax/SBET 
and area/Cr = (Site density × NA)−1. 

3.3. Photocatalytic Results and Remission Function Spectra after Irradiation 

The photocatalytic reduction of Cr(VI) in aqueous suspensions of P25, UV100, and PC50 (TiO2 concentration = 1 
g L−1) was studied as described in Section 2.3, starting from [Cr(VI)]0 = 0.8 mM at pH 2. No photocatalytic experiments 
have been performed with rutile, as literature reports indicate that this form of TiO2 presents a lower activity than pure 
anatase or P25 toward Cr(VI) photocatalytic reduction [45]. The temporal profiles of the Cr(VI) concentration in 
solution are given in Figure 4. 
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Figure 4. Temporal profiles of Cr(VI) concentration for the photocatalytic reduction over P25, UV100 and PC50. Initial conditions: 
[Cr(VI)]0 = 0.8 mM, pH 2, TiO2 concentration = 1 g L−1, T = 25 °C, q0

n,p/V = 7.8 μeinstein s−1 L−1. Full lines after 0 min are pseudo 
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first-order fittings (Equation (11)). Concentration decays between −30 and 0 min correspond to the dark adsorption of 
Cr(VI) over the photocatalysts. 

As can be appreciated, P25 was the most efficient photocatalyst, achieving a complete Cr(VI) removal after 90 
min of irradiation, while about 240 min were required for UV100 and PC50. During irradiation (t ≥ 0 min), Cr(VI) 
decays can be roughly described by a pseudo first-order model (Equation (11)). 

ሾCrሺVIሻሿ ൌ ሾCrሺVIሻሿୣ୯ ൈ 𝑒ି௞ి౨ሺ౒౅ሻൈ௧ (11) 

In Equation (11), kCr(VI) is the pseudo first-order kinetic constant for the photocatalytic process, and [Cr(VI)]eq is 
the Cr(VI) concentration after the adsorption equilibrium was reached before irradiation. As can be observed, a good 
fitting was obtained in all cases. However, in the final times, Cr(VI) concentrations are below the values predicted by 
the first-order model, thus showing that the kinetics has an apparent zero-order like component, being this effect being 
especially noticeable for PC50. Nevertheless, the use of a mixed zero- and first-order model only significantly improved 
R2 for PC50 (see Figure S8, and Table S2, Section S6, Supplementary Materials), so the simpler pseudo first-order 
model was selected. 

The fitting parameters of Equation (11), together with the total concentration of chromium species on the 
photocatalyst surface at the end of the photocatalytic experiments (CrTS,f, μmol g−1) are shown in Table 2. 

Table 2. Equilibrium Cr(VI) concentration before irradiation ([Cr(VI)]eq), fitting parameters of Equation (11) and final total 
concentration of chromium species in the solid (CrTS,f) for the experiments of Figure 4.  

TiO2 [Cr(VI)]eq (t = 0 min) (μM) 
kCr(VI) × 103 

(min−1) 
R2 

CrTS,f 
(μmol g−1) 

P25 735 39 ± 2 0.991 396 
UV100 496 11 ± 1 0.984 219 
PC50 760 8.6 ± 0.6 0.977 636 

The temporal profile of CrTS, the evolution of [Cr(VI)], and that of Cr(III) concentration in solution ([Cr(III)]) are 
shown in Figure 5. [Cr(III)] was calculated as the difference between [Cr(VI)]0 and [Cr(VI)] + [CrTS × TiO2 
concentration]. CrTS and [Cr(III)] (this concentration at t ≥ 15 min) evolution follows a pseudo first-order growth 
kinetics, according to Equations (12) and (13), respectively. 

Cr୘ୗ ൌ  Cr୘ୗ,଴ ൅ Crୗ ൈ ሺ1 െ 𝑒ି௞ి౨౐౏ൈ௧ሻ (12) 

ሾCrሺIIIሻሿ ൌ  ሾCrሺIIIሻሿଵହ ൅ ሾCrሺIIIሻୢ୧ୱሿ ൈ ሺ1 െ 𝑒ି௞ి౨ሺ౅౅౅ሻౚ౟౩ൈ௧ሻ (13) 

In Equation (12), CrTS,0 is the initial amount of deposited Cr (calculated as the initially adsorbed Cr(VI)), kCrTS is 
the pseudo first-order kinetic constant for Cr photocatalytic deposition over TiO2, and CrS is the amount of chromium 
deposited over P25 due to the photocatalytic process, being CrTS,0 + CrS = CrTS,f. In Equation (13), [Cr(III)]15 is the 
Cr(III) concentration in solution after 15 min of irradiation (i.e., when [Cr(III)] starts growing with time), kCr(III)dis is the 
pseudo first-order kinetic constant for Cr(III) formation in solution and [Cr(III)]dis is the concentration of Cr(III) in 
solution formed during the photocatalytic process, with [Cr(III)]15 + [Cr(III)]dis = [Cr(III)]f. CrTS,0 and [Cr(III)]15 were 
set as fixed parameters, with the experimental values obtained from Figure 5 (65 μmol g−1 and 12 μM, respectively). 
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Figure 5. Temporal profiles of [Cr(VI)] and [Cr(III)] concentrations in solution, and total chromium over the photocatalyst surface 
(CrTS, μmol g−1) formed during the photocatalytic reduction of Cr(VI) over P25. Experimental conditions of Figure 4. Full line: 
pseudo first-order fitting of Cr(VI) decay in solution (Equation (11)); dashed-dotted line: pseudo first-order fitting of CrTS evolution 
over P25 (Equation (12)); dashed line: pseudo first-order fitting of [Cr(III)] evolution (Equation (13)), calculated as the difference 
between [Cr(VI)]0 and the sum of [Cr(VI)] and CrTS. 

The results in Figure 5 indicate that, during the first 15 min of reaction, almost 50% of the initially present Cr(VI) 
was removed and retained over the P25 surface; at longer times, CrTS remains almost constant (CrTS,f), while [Cr(III)] 
starts to increase until [Cr(III)]f = 424 μM was reached at the end of the reaction (t = 120 min). The fitting parameters 
for the evolution of CrTS and [Cr(III)] using Equations (12) and (13) are shown in Table 3. 

Table 3. Fitting parameters of Equations (12) and (13) were used to model the results of CrTS and [Cr(III)], respectively, extracted 
from Figure 5. Experimental conditions of Figure 4. 

Equation (12) 
CrTS,0  

(μmol g−1) 
kCrTS × 103 

(min−1) 
CrS  

(μmol g−1) 
R2  

CrTS,f 
(μmol g−1) 

 65 239 ± 51 311 ± 15 0.952 376 

Equation (13) 
[Cr(III)]0  

(μM) 
kCr(III)dis × 103 

(min−1) 
[Cr(III)]dis  

(μM) 
R2  

[Cr(III)]f 
(μM) 

 12 44 ± 10 412 ± 30 0.972 424 

Results of Table 3 indicate that, besides [Cr(VI)], CrTS and [Cr(III)] evolutions can also be modeled according to 
a pseudo first-order kinetics with reasonably good R2 values. Within the fitting error, kCr(VI) (0.039 min−1, Table 2) and 
kCr(III)dis (0.044 min−1, Table 3) can be considered identical, while kCrTS (0.239 min−1, Table 3) is larger. These results are 
in agreement with the rapid formation of a chromium deposition layer during the photocatalytic process that reaches a 
plateau after 15 min, while Cr(VI) decay in solution continues up to 90 min. Within the experimental error (±10%), 
CrTS,f (376 μmol g−1), calculated from the fitting parameters of Equation (12), is identical to the experimental value 
reported in Table 2 (396 μmol g−1) measured at the end of the photocatalytic experiment. As can be observed, the sum 
of CrTS,f (multiplied by the TiO2 concentration, 1 g L−1) and [Cr(III)]f equals [Cr(VI)]0, reflecting the consistency of the 
chromium mass balance. 

Remission function spectra of the solids before irradiation and after total Cr(VI) depletion are shown in Figure 6 
(upper and lower panels, respectively), together with that of Cr(III)-grafted rutile in a Cr2O3-like conformation 
(calculated from diffuse reflectance data in [46]). The remission function spectra after Cr(VI) depletion show two bands, 
one around 400 nm for UV100 and PC50 and 410 nm for P25, and a new one around 620–630 nm. The short wavelength 
bands are almost identical to the ones observed in Figure 2; as Cr(VI) was completely removed from the system, they 
can be assigned to Cr(III) deposited over TiO2 after the photocatalytic reaction. On the other hand, the position of the 
620–630 nm band does not depend on the nature of the TiO2 sample, although the intensity is much higher for P25. 



Photocatalysis: Research and Potential 2025, 2, 10015 10 of 18 

 

Figure 6. Upper panel: normalized difference remission function spectra of the semiconductors before irradiation (see Figure 2) for 
P25 (solid black line), UV100 (dashed red line), and PC50 (dotted green line). Lower panel: remission function spectra of the 
semiconductors after Cr(VI) has been thoroughly depleted. The dash-dotted pink line corresponds to the spectrum calculated from 
[46] for Cr(III)-grafted rutile (see text). 

For P25, the remission function of the solid was obtained at different time intervals during illumination, after 
subtracting the spectrum of pure P25 as the blank. Results, shown in Figure 7, can be analyzed in comparison with the 
Cr(VI) and CrTS evolutions (Figure 5). Drastic changes are observed during the first 100 s and at 120 min (after Cr(VI) 
depletion). As shown in Table 1, for P25, a monolayer amounts to 66 μmol Cr(VI)/g TiO2. Although it is not possible 
to conclude exactly how much Cr(VI) remains on the solid, the decay in absorption at 400 nm (Figure 7) shows that 
more than 50% of the monolayer is transformed during the first 100 s. While the increase in absorption around 620 nm can 
be attributed to Cr(III) generation, the overall increase of absorption between 400 and 800 nm cannot be assigned to Cr(VI) 
adsorbed over TiO2. Therefore, the spectra at t = 100 s and 5, 15, 30 and 60 min would reflect these three consecutive 
processes: (1) reduction of adsorbed Cr(VI), (2) formation of Cr(III) over the photocatalyst and (3) adsorption of Cr(VI) over 
the deposited Cr(III) layer, together with partial Cr(III) redissolution (as indicated by the results of Figure 5). Otherwise, the 
large change in the spectrum after 60 min, when almost all Cr(VI) has been reduced, cannot be interpreted. 

 

Figure 7. Remission function of the solid after Cr(VI) reduction by photocatalysis over P25 as a function of time; t = 0 (dotted line), 
t = 100 s and 5, 15, 30, 60 min from bottom to top (full lines), t = 120 min (dashed line). The spectrum of pure P25 as the blank 
was subtracted in all cases. 
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The temporal evolution of the remission functions of Figure 7 was analyzed at different wavelengths (Figure 8). 
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Figure 8. Temporal evolution of the remission functions of the solid after Cr(VI) reduction by photocatalysis over P25 at 400 (red circles), 
450 (blue hexagons), 500 (upward black triangles), 550 (green diamonds), 600 (pink squares), 650 (downward cyan triangles), and 700 
nm (lower dark pink circles). Full lines: exponential fittings (see text), excluding the points at t = 0 and t = 120 min. 

At intermediate times (t = 100 s and 5, 15, 30, 60 min) and at all wavelengths, the remission function grew nearly 
exponentially, according to Equation (14). 

𝐹ሺ𝑅ሻ ൌ 𝐴 ൅ 𝐵 ൈ ሺ1 െ 𝑒ି௞౨౛ౣൈ௧ሻ (14) 

where krem is the rate constant for the evolution of the remission function. The values obtained for krem ranged from 0.04 min−1 
(at 600–700 nm) to 0.06 min−1 (at 400 nm), similar to the value of kCr(VI) (0.039 min−1, Table 2) and kCr(III)dis (0.044 min−1, 
Table 3). 

4. Discussion 

In agreement with previous reports [27,47], the adsorption of Cr(VI) over the different TiO2 samples here studied 
(P25, UV100, PC50 and rutile) can be described by a Langmuir isotherm, assuming monolayer adsorption. The inverse 
of the area/Cr values in Table 1 indicates the site density in Cr ions per nm2 in adsorption saturation conditions. The 
results obtained here are compared with estimated values from reference data in Table 4. 

Table 4. Comparison of adsorption site densities of Cr(VI) over TiO2 (without irradiation) obtained in this work with those 
estimated from reference data. 

Support pH 
Site Density 

(Cr Ion nm−2) 
Reference 

P25 2 0.78 ± 0.02 This work 
UV100 2 0.65 ± 0.05 This work 
PC50 2 0.64 ± 0.05 This work 
P25 2.5 1.44 [45] 
P25 2–4 0.05–0.14 [48] 
P25 2.7 0.27 [31] 
P25 2.5 0.16–1.2 [27] 

Hydrous anatase 1.5 0.17 [49] 
Rutile 5.58 1.66 [50] 
Rutile 1 0.2 [32] 
Rutile 8 0.7 [51] 
Rutile 3.6 0.87 [52] 

Amorphous TiO2 2 0.31 [47] 
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According to the values in Table 4, a concentration density range between 0.05 and 1.66 Cr ion nm−2 can be 
established for Cr(VI) adsorption over TiO2 under acidic conditions, the differences being attributable to differences in 
crystalline structure and experimental conditions (e.g., ionic strength, type of acid used, etc.). These values are 
somewhat lower than the 2.31 sites nm−2 estimated for Cr(VI) adsorption over different minerals [53]. Assuming a 
uniform distribution in a square grid, a mean distance of (12 ± 1) Å between adsorbed Cr(VI) can be calculated using 
the area/Cr values in Table 1. This value is in agreement with the 14.1–37.3 Å range reported by Weng et al. [27] but 
exceeds the HCrO4

− dimensions (2.4–2.7 Å [54]). The differences between experimental and theoretical site densities 
and adsorption site distances can be attributed to the compensation between a chemical stabilization by Cr(VI) 
adsorption and the electrostatic repulsion between adjacent negatively-charged adsorbed species; this last effect is 
especially noticeable at intermediate concentrations where significant deviations from the Langmuir isotherm were 
observed (Figure 3). 

The values of the adsorption constant KL (see Table 1) above 103 M–1 (in agreement with the literature [49]) indicate 
that the process can be considered a chemisorption [27]. The formation of a Cr(VI)-TiO2 complex during the adsorption 
of chromium on TiO2 has been previously reported by our group and others [28–32]. The differences in KL values for 
the different samples can be explained by considering the effect of the crystalline quality on the surface complexation 
ability. Both UV100 and PC50 are composed of pure anatase. As the surface area of UV100 is more than five times 
higher, i.e., corresponding to a smaller crystallite size [44], the fraction of undercoordinated surface Ti atoms and, thus, 
the probability of formation of the complex are increased. P25 has a relatively similar surface area and crystallite size 
as PC50, but it is a polycrystalline mixture of rutile and anatase, which facilitates the formation of surface-bound 
complexes [55], explaining the higher KL values. Besides, rutile has a higher capacity to accumulate chromium on the 
surface than anatase (20.5 vs. 12.2 at%, respectively) [56]. Cr(III) adsorption on anatase is less thermodynamically favored 
than that of Cr(VI), showing a 0.16 ion nm−2 site density 49], lower than the one reported for Cr(VI) (see Table 4). 

Figure 2 shows the deconvolution of the normalized remission function spectra of Cr(VI) adsorbed on the different 
catalysts into two or three components. The figure shows two main components of the rutile-containing samples (i.e., 
rutile and P25) ≈ 20 nm red-shifted compared with the anatase ones (PC50 and UV100), similar to the difference 
between their absorption onsets (ca. 25 nm). For all samples, the short-wavelength Gaussian main component peaks 
close to the optical band-gap wavelength of the naked semiconductors (Figure S6, Section S3, Supplementary Materials). 
If this apparent correlation reflects the direct excitation of charge-transfer states in a Cr(VI)-TiO2 surface complex or 
results from the absorption of adsorbed Cr(VI) masked by the intense support absorption above its band-gap requires 
thorough quantum-chemical calculations, which are out of the scope of the present work (see a brief discussion in 
Section S4). Nevertheless, all results point to the occurrence of a strong interaction between Cr(VI) and the surface of 
the catalysts. 

The results of Figure 4 and the kCr(VI) values in Table 2 show that P25 is more efficient for the photocatalytic 
removal of Cr(VI), in agreement with literature reports (e.g., [57]). Faster recombination rates, together with lower 
surface areas and surface affinities, will reduce the photocatalytic activity of TiO2 towards Cr(VI) reduction. PC50 
shows the lowest adsorption affinity (see KL values in Table 1); however, the higher crystallinity of the sample results 
in longer charge-carrier lifetimes compared with UV100 [44]. As the same reaction time (240 min) was required for 
complete Cr(VI) removal over UV100 and PC50 (Figure 4), it can be concluded that both factors have similar 
importance. This is not the case for P25, as the presence of mixed anatase-rutile phases greatly enhanced charge-carriers 
separation (eCB

− migrate to anatase and hVB
+ to rutile) [58]. Moreover, as rutile is a more efficient water oxidant than 

anatase, generating peroxo species instead of HO [59], its presence in the photocatalyst decreases the possibility of 
reoxidation of reduced chromium species (Equation (4)). 

Under the present experimental conditions (acid pH and air), Cr(VI) will be the preferential eCB
− scavenger, due to 

the more positive redox potential (vs. SHE) of the one-electron Cr(VI) reduction couple (E0
Cr(VI)/Cr(V) = 0.55 V) compared 

with that of molecular oxygen (E0
O2/O2− = −0.33 V [1]) and a higher reaction rate [1,30]. As eCB

− mediated O2 reduction 
is the only mechanism that generates H2O2 in TiO2 photocatalysis [60], the possible contribution of H2O2 to Cr(VI) 
reduction [61] can be ruled out. As reflected by the CrTS,f values of Table 2, the reduced Cr(VI) is partially kept on the 
TiO2 surface, with a retention of 49.5%, 27.4% and 79.5% of the initial Cr(VI) (calculated as {[CrTS,f × TiO2 
concentration]/[Cr(VI)]0} × 100, where [Cr(VI)]0 = 0.8 mM) for P25, UV100 and PC50, respectively. The retention 
value for P25 is similar (within the experimental error) to the 37.5% observed in a previous work under similar 
conditions [26]. Complete Cr(III) deposition over the photocatalyst was reported when eCB

− was the only Cr(VI) 
reductive species [51,62]. 
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According to thermodynamic data, at pH 2 Cr(III) should be in solution as Cr3+ cations (log Ksp = 9.35 for the 
reaction Cr(OH)3(am) + 3 H+ ⇌ Cr3+ + 3 H2O [63]). However, the presence of Cr(III) over the photocatalysts can be 
attributed to the inertness of the Cr(III) species, caused by the strong Cr(III)-O bond [53] and reflected by its low 
complexing [64], hydrolyzing [65] and Cr(OH)3 dissolution [53] rates. Moreover, it has been hypothesized that the 
presence of Cr(VI) in the suspension inhibits Cr(OH)3 dissolution [53]. Thus, it can be assumed that, during the 
photocatalytic experiments, once Cr(III) is formed over the TiO2 surface, it is retained under a non-equilibrium condition, 
changing the surface properties of TiO2 [28], as reflected by the drastic change in F(R) of P25 during the first 100 s 
(Figure 7). The presence of Cr(III) on the TiO2 surface decreases the charge-carrier lifetimes [26,34] and inhibits O2 
from acting as eCB

− scavenger [22], deactivating the photocatalyst and inhibiting Cr(VI) adsorption over the TiO2. A 
Langmuir-type isotherm for Cr(VI) chemisorption over Cr(OH)3 through a Cr(III)-O-Cr(VI) bond [39] and/or Cr(VI)-
Cr(III) co-precipitation has been proposed [53]. The presence of Cr(VI) adsorbed over Cr(OH)3 can be responsible for 
the increase in the absorbance at intermediate times (before Cr(VI) depletion) observed in Figures 7 and 8. Although 
Cr(V) and Cr(IV) species absorb in the same region [66,67], they would readily decay into Cr(VI) and Cr(III) [1]. Once 
adsorbed over Cr(OH)3, Cr(VI) can still be reduced by eCB

−, leading thus to the growth of a Cr(OH)3 multilayer on the 
TiO2 surface. Indeed, final Cr surface densities (calculated from CrTS,f, Table 3) of 7.5 Cr atom nm−2 for PC50 and 4.7 
Cr atom nm−2 for P25 were obtained, 12 and 6 times higher than the site density obtained for Cr(VI) adsorption (Table 
4). As the experiments were performed at 25 °C, within the time scale of the experiments, this Cr(OH)3 layer would be 
a porous, gel-like structure [39,65], with a high capacity of retaining Cr(VI), but with a very slow equilibrium rate [39]. 
This observation is in agreement with the slower formation rate of the Cr(VI)-TiO2 complex once Cr(VI) reduction took 
place [30]. An increase in the Cr content due to the photocatalytic process can be calculated from literature reports; e.g., 
from 0.34 to 2.8 ion nm−2 (calculated from data of Table 2 and Figure 7 in ref. [51]), or from 0.87 to 60.9 ion nm−2 
(using a BET surface area of 224.4 m2 g−1 and results from Figure 4 and CrTS,f of 1180 mg g−1 in ref. [52]). 

This increase in the site density can be attributed to the generation of a Cr(III) multilayer, whose generation 
reinforces the assumption that the Cr(VI) adsorbed over Cr(III) can be reduced by eCB

−; otherwise, if Cr(VI) were 
reduced in solution, it would not be retained over the TiO2 surface. 

Under the studied experimental conditions, the following assumptions can be made: (i) mass-transfer is not a rate-
limiting step [19]; (ii) the formation of Cr(VI)-TiO2 complexes and the subsequent reaction between trapped eCB

− and 
Cr(VI) are fast processes [30]; and (iii) based on the adsorption constants (KL values in Table 1), the TiO2 surface (for 
both P25 and UV100) should be nearly saturated with Cr(VI) until [Cr(VI)] ≤ 80 μM. Consequently, the reaction would 
be expected to follow zero-order kinetics during at least the first 60 min. However, Cr(VI) decay is better described as 
a first-order process, as observed here and also by other authors [15,45]. This discrepancy can be attributed to the 
presence of Cr(III) on the TiO2 surface, which promotes the charge-carrier recombination and inhibits the Cr(VI) 
adsorption, thereby reducing the Cr(VI) removal rate. At the same time, this Cr(III) layer serves as a new adsorption 
site for Cr(VI). Thus, the overall Cr(VI) removal rate becomes limited by the slow adsorption of Cr(VI) onto the 
Cr(OH)3 layer formed on the surface. Furthermore, the thickness of the Cr(OH)3 layer grows during the photocatalytic 
process. However, although it increases due to the Cr(VI) reduction by eCB

−, it also decreases due to the slow Cr(III) 
leaching into the solution. The net change in the layer thickness depends on several factors, including the current size 
of the Cr(OH)3 layer, the Cr(VI) concentration in the solution, and possibly the rate of charge-carrier recombination 
and/or photodesorption [68,69]. 

As evident, the reaction mechanism for the photocatalytic reduction of Cr(VI) is quite complex. Therefore, a 
detailed kinetic model would only be applicable under specific conditions. In the current system, the reaction rate 
appears to be governed primarily by the slow adsorption of Cr(VI) onto the Cr(OH)3 deposition layer, resulting in a 
linear dependence of the rate on the Cr(VI) concentration in solution. 

5. Conclusions 

The photocatalytic reduction of 0.80 mM Cr(VI) in water at pH 2 using TiO2 under UV illumination shows a nearly 
pseudo first-order rate law. These results may be erroneously interpreted considering a simple Langmuir-Hinshelwood 
mechanism, from which static Langmuir adsorption parameters can be obtained. The results presented here clearly show 
that the adoption of a simple Langmuir-Hinshelwood mechanism may lead to severe errors because, actually, a complex 
photocatalytic mechanism is evidenced. Three consecutive processes take place during photocatalysis: (1) rapid 
reduction of adsorbed Cr(VI) to Cr(III) on illumination (under initial surface saturation conditions), (2) deposition of 
Cr(III) at the surface of TiO2 and (3) adsorption of Cr(VI) over the deposited Cr(III) layer, together with partial Cr(III) 
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redissolution. This mechanism leads to the observed pseudo first-order rate law and is a very important result of the 
present work, never mentioned before. Due to the complexity and the apparent lack of thermodynamic equilibrium 
during the photocatalytic process, a quantitative evaluation of each step exceeds the scope of the present work. On the 
other hand, Cr(VI) adsorption affinities obtained in the dark could be rationalized considering the capabilities of the 
different TiO2 samples for the formation of a Cr(VI)-TiO2 surface complex. Reflectance spectral analysis reveals that 
Cr(VI) forms chemisorbed complexes on TiO2 surfaces with distinct absorption features that vary depending on the 
crystalline phase. While anatase-based materials (UV100 and PC50) show consistent spectral signatures, rutile-
containing samples (P25 and rutile) exhibit a red-shifted absorption, in line with differences in their band structure. 
These findings support the formation of surface charge-transfer complexes and highlight the role of semiconductor band 
alignment in modulating the absorption behavior. P25 shows a better performance than UV100 and PC50, indicating 
that the anatase-rutile heterojunction is crucial for improving the photocatalytic activity, as generally accepted. The fate 
of the reduced Cr(III) and the impact of Cr(III) deposition on the photocatalytic activity are largely overlooked in the 
literature of Cr(VI) photocatalytic removal. 

The experimental evidence that heterogeneous photocatalysis can reduce Cr(VI) with simultaneous total chromium 
removal under acidic conditions, as observed in the present work, is a clear advantage over other Cr(VI) reduction 
processes and can be envisaged as a potential real-scale application of this technology. 
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[Cr(VI)]0; (b) remission function spectra of the same samples after subtraction of the remission function of pure UV100. 
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different [Cr(VI)]0; (b) remission function spectra of the same samples after subtraction of the remission function of 
pure PC50. Figure S4: (a) Diffuse reflectance spectra of a pure rutile sample and a rutile sample after adsorption 
equilibrium with solutions containing different [Cr(VI)]0; (b) remission function spectra of the same samples after 
subtraction of the remission function of pure rutile support. Figure S5: Normalized remission function spectra of Cr(VI) 
adsorbed on P25, UV100, PC50, and rutile supports, compared with the absorption spectrum of 250 μM Cr(VI) at pH 
2. Section S3: Equations used for multiple Gaussian fittings. Table S1: Multiple Gaussian fitting parameters for initial 
Cr(VI) concentrations above 250 μM. Figure S6: Tauc plots obtained from diffuse reflectance spectra and calculated 
optical band gaps for the naked supports. Section S4: Discussion about the Cr(VI)-TiO2 absorption spectra. Section S5: 
Cr(VI) adsorption equilibria over the different TiO2 samples. Figure S7: Compared calculated saturation degrees (θ) of 
Cr(VI) adsorption equilibrium on (a) P25, (b) UV100, (c) PC50, and (d) rutile. Inset: same data in the 0–20 μM range 
for P25, UV100, and PC50, and 0–1.5 μM range for rutile. Section S6: Comparison between the pseudo first-order and 
the mixed zero- + first-order models for the photocatalytic reduction of Cr(VI) over the different TiO2 samples. Figure 
S8: Temporal profile of normalized Cr(VI) concentration for the photocatalytic reduction over P25, UV100, and PC50. 
Table S2: Fitting parameters of Equations (S4) and (S5) taken from Figure S8. 
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List of Abbreviations 

[Cr(VI)]: Cr(VI) concentration in solution. 
[Cr(VI)]0: initial Cr(VI) concentration in solution (before TiO2 addition). 
[Cr(VI)]eq: Cr(VI) concentration in solution after the adsorption equilibrium was reached. 
[Cr(III)]: Cr(III) concentration in solution. 
[Cr(III)]15: concentration of Cr(III) in solution after 15 min of the photocatalytic experiment. 
[Cr(III)]dis: concentration of Cr(III) released to the solution by the photocatalytic experiment between t = 15 min and 
the end of the irradiation. 
[Cr(III)]f: concentration of Cr(III) in solution at the end of the photocatalytic experiment. 
CrTS: total chromium on the photocatalyst surface. 
CrTS,0: total chromium on the photocatalyst surface before the photocatalytic experiment. 
CrS: total chromium deposited on the photocatalyst due to the photocatalytic process. 
CrTS,f: total chromium on the photocatalyst surface at the end of the photocatalytic experiment. 
DPC: diphenylcarbazide. 
DRS: UV-visible diffuse reflectance spectra. 
F(R): Remission (Kubelka-Munk) function. 
F(R)max: maximum of the remission function. 
KL: Langmuir adsorption equilibrium constant. 
kCr(VI): pseudo first-order kinetic constant for the photocatalytic Cr(VI) removal from solution. 
kCr(III)dis: pseudo first-order kinetic constant for the photocatalytic Cr(III) formation in solution. 
kCrTS: pseudo first-order kinetic constant for the photocatalytic deposition of Cr over the TiO2. 
krem: pseudo first-order kinetic constant for the increase in F(R) during the photocatalytic experiment. 
Ksp: solubility equilibrium constant 
q0

n,p/V: photon flux per unit volume.  
SBET: BET surface area.  

ω: Cr(VI) adsorption capacity of the TiO2 sample. 
ωmax: maximum Cr(VI) adsorption capacity of the TiO2 sample. 
WDXRF: wavelength dispersive X-ray fluorescence. 
XRD: X-ray diffraction. 
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