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Environmental significance: Redox-active CeO2 NPs are used in many industrial applications. 

Once CeO2 NPs enter aquatic environments during or after use, these NPs may undergo subsequent 

redox reactions with coexisting redox-active species which may alter CeO2 physicochemical 

properties and induce surface transformations. This work examines the fate and transport of CeO2 

NPs after redox reactions with Fe2+ and Cr(VI)(aq) species. The Cr(VI)(aq) enhanced formation 

of Fe(III) phases coated on CeO2 NPs creating new hybrid, mobile, and less toxic nanomaterials.
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ABSTRACT

CeO2 nanoparticles (NPs) are extensively used in industrial applications due to their high 

redox-catalytic activities and, as a result, may appear in aquatic environments where other redox-

active species may coexist. To better predict the fate and transport of these nanomaterials, a 

comprehensive, mechanistic understanding of the physicochemical behaviors and transformation 

of CeO2 NPs in complex, redox-active aqueous systems is needed. In this study, we investigated 

redox reactions of CeO2 NPs with Fe2+ and Cr(VI) (i.e., model redox-sensitive species) at pH 5. 

We found that the co-existence of 0.1 mM Fe2+ and 1 (or 5) F5 Cr(VI)(aq) promoted formation 

of Fe(III) (hydr)oxides and increased CeO2 NP colloidal stability. Specifically, without Cr(VI), 

Ce3+(aq) was rapidly released from the CeO2/Fe2+ redox reaction, while the subsequent oxidation 

of Fe2+ to Fe3+ and formation of Fe(III) (hydr)oxides was slow. However, when Fe2+ and Cr(VI) 

coexist with CeO2 NPs, the dissolution of CeO2 NPs was slower than without Cr(VI), and Fe(III) 

(hydr)oxide precipitation on and near CeO2 NPs significantly increased. The fast formation of 

Fe(III) (hydr)oxides can be attributed to facilitated Fe3+ hydrolysis by Cr(VI)(aq). Consequently, 

these new hybrid Fe(III)-CeO2 NPs (i.e., CeO2 NPs coated with Fe(III) phases) formed during 

redox-induced surface transformations exhibited a higher hydrophilicity, a more positive surface 

charge, and a greater colloidal stability compared to CeO2 NPs in systems without Cr(VI). These 

findings reveal unexplored changes in surface chemistry and mobility of CeO2 nanomaterials in 

complex redox-active aqueous systems.

Page 3 of 35 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



INTRODUCTION

Cerium oxide (CeO2) nanoparticles (NPs) are highly redox-active due to the number of 

oxygen vacancies in the lattice framework and defects at the NP surfaces,1 allowing the CeO2 NPs 

to easily shift between the 3+ and 4+ oxidation states.2 Because they can act as both an oxidant 

and a reductant through environmentally adaptive electronic configuration changes, CeO2 NPs 

lend their use to a wide variety of engineering applications, such as catalysis,3, 4 additives in diesel 

fuels,5-7 NOx emission reduction in catalytic converters,8, 9 chemical mechanical planarization,10, 

11 and thermal oxidation protection.12, 13 Owing to these advances in catalytic CeO2 technologies, 

CeO2 NPs have become an emerging nanomaterial in natural and engineered aquatic systems. For 

example, Limbach et al. suggest that up to 6 mg/L of CeO2 in a model wastewater treatment plant 

can exist in the effluent to pollute drinking source waters downstream.14 Furthermore, CeO2 NPs 

have been discovered in food crops, where they exhibit cytotoxicity to plant cells.15-17 CeO2 NPs 

also exhibit genotoxicity by increasing cellular reactive oxygen species concentrations and 

oxidative stress in human bronchial epithelial cells18, causing DNA damage in human dermal 

fibroblasts,19 and inducing apoptosis and autophagy in human peripheral blood monocytes.20

Both during and after their intended applications, the surface chemistry of CeO2 NPs will 

evolve. Moreover, CeO2 NPs will likely co-exist in systems with other redox-active species where 

they can undergo further transformations from unintended coupled redox reactions. As stated 

previously, CeO2 NPs may exist in wastewater streams, or be released to the environment where 

they could enter drinking water sources and/or be taken up by plants in soil. Two potential redox-

active species which can co-exist with CeO2 NPs in these engineered and natural aquatic systems 

are Fe2+ and Cr(VI)(aq). For example, Ce4+/Ce3+, Fe3+/Fe2+, and/or Cr(VI)/Cr(III) co-exist in 

silicate glass preparation.21, 22 Water used to cool unused molten glass can form a wastewater 
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stream that may contain dissolved Fe, Cr, and Ce species.23 Additionally, stainless steel C�L�( 

alloys are often amended with small amounts of rare earth metals, like cerium, which significantly 

increase their oxidation resistance.24 As a result, stainless steel leachate may contain Cr, Fe, and 

Ce to contaminate natural water sources.25 Therefore, in addition to CeO2 NPs emerging in natural 

aquatic systems to react with pre-existing Fe2+ and Cr(VI), the redox-active species we examined 

in this work can appear together in the same point source. 

Furthermore, in natural aqueous environments, Fe2+ and Cr are ubiquitous and undergo 

constant geochemical cycling. Aqueous Fe2+ and Fe(II)-containing minerals such as pyrite, which 

are abundant in subsurface environments,26-28 can reduce Cr(VI) to Cr(III).29-32 Furthermore, Cr 

may exist in ground and surface waters discharged from industrial applications (e.g., leather 

tanning manufacturing).33-36 Additionally, naturally occurring chromium37-39 can exist in 

concentrations ranging from 0.02�50 µmol/g in soils.40 Therefore CeO2 NPs that bypass 

wastewater treatment to enter ground and surface waters can interact with these pre-existing redox-

active species. 

In this work, we built upon knowledge gained from our previous CeO2�Fe2+ study41 by 

investigating unexplored effects of Cr(VI)(aq) on CeO2 NP surface properties in the presence of 

Fe2+ ions. Our previous research suggests that CeO2 NP-Fe2+ interactions will promote secondary 

solid phase formation owing to sorption of Fe2+ onto CeO2 and subsequent redox reactions. With 

the addition of Cr(VI) in the CeO2 NP-Fe2+ system, Fe2+ sorption and transformation by CeO2 NPs 

can be significantly altered, and the homogeneous Fe2+-Cr(VI) redox reactions can also be 

affected. Thus, it is important to investigate this tertiary system because these redox-active species 

can: (1) induce physicochemical changes and surface transformation of CeO2 NPs; (2) form new, 

hybrid nanoscale particle phases with new surface reactivities; and (3) affect the fate and transport 
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5

of CeO2 NPs in natural and engineered aquatic systems. To examine these effects, we have 

performed a series of complementary experiments to systematically elucidate the redox reaction 

mechanisms occurring on surfaces of CeO2 NPs as well as competing redox reaction pairs between 

CeO2/Fe2+ and Fe2+/Cr(VI). Results from this work provide valuable insight into the phase 

transformation and colloidal stability of CeO2 NPs in complex, redox-active aquatic environments. 

MATERIALS AND METHODS

Chemicals and Materials. All chemicals used were at least ACS grade. Suspensions of 

commercial CeO2 NPs (Sigma Aldrich, MO) were reacted with solutions of ferrous chloride (FeCl2 

·9H2O; JT Baker, PA) for Fe2+ and/or potassium dichromate (K2Cr2O7; JT Baker, PA) for 

Cr(VI)(aq). We chose to use commercially available CeO2 NPs so that our results are more closely 

connected to real engineered NPs and are more comparable to other studies that used similar 

particles. CeO2 NPs were characterized using wide-angle X-ray diffraction (WAXRD, 58.66 keV, 

Figure S1) in sector 11-ID-B at the Advanced Photon Source (APS) at Argonne National 

Laboratory (IL, USA). The surface area of the NPs was measured by the Brunauer�Emmett�Teller 

method (BET, NOVA 2000e) to be 48.34 m2/g. A 10 mM sodium chloride (NaCl; BDH, PA) was 

used to maintain the same ionic strength in each system.

Sedimentation and Dissolution Experiments. To study the effect of Cr(VI) on CeO2�Fe2+ 

interactions, �CeO2�, �CeO2+Fe2+�, �CeO2+5Cr(VI)� systems were used as controls and there 

were two reaction systems: �CeO2+Fe2++Cr� and 

�CeO2+Fe+5Cr�. Prior to the experiments, a 50 mg/L CeO2 stock solution was prepared using 

deoxygenated water and sonicated for 1 h inside an anaerobic chamber. One hour sonication 

(Fisher Scientific ultrasonicator model no. FS6 with a frequency of 50/60 kHz and power of 30W) 

allowed time for aggregates to break up and for the CeO2 NPs to equilibrate with the deoxygenated 
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6

water. After sonication, aliquots of the CeO2 NP stock solution were added to 50 mL test tubes 

with 10 mM NaCl. To initiate the reactions, the solutions were made to contain 1 × 10-4 M Fe2+ 

and/or 1 (or 5) × 10-6 M Cr(VI) (referred as Cr (or 5Cr)). The CeO2+Fe2++5Cr system was tested 

to determine the effects of higher Cr(VI) concentrations on CeO2 NPs� chemical and physical 

stability. The concentrations of each of the reaction constituents are given in Table S1 in the 

Electronic Supplementary Information (ESI). The Fe2+ concentrations are relevant to typical 

concentrations used during wastewater coagulation pretreatment (0.05�0.5 mM)42-46 and in 

groundwater (0.001�2 mM)47-51. Similarly, Cr(VI) concentrations are in the range of those in 

wastewater effluents (0.1�20 µM)52-56 and groundwater (1�100 µM)57-59.  The pH of the stock 

reactant solutions were all ~pH 5 before mixing to start the reaction. 

To evaluate CeO2 NPs� colloidal stability, sedimentation experiments were conducted. For 

sedimentation and dissolution experiments as well as all subsequent experiments employing both 

Fe2+ and Cr(VI) ions, Fe2+ was added to the CeO2-containing system first, followed by immediate 

addition of Cr(VI). Once CeO2, CeO2+Fe2+, CeO2+Fe2++Cr, and CeO2+Fe2++5Cr systems were 

prepared, the test tubes were capped and mixed by shaking vigorously for 15 seconds. At hourly 

intervals for a total of 6 h, 1 mL from each solution was pipetted into cuvettes for UV-Vis 

spectrophotometry (Agilent Cary® 50 UV-Vis, CA) analysis. To better determine the CeO2 NPs� 

settlement in each system, the 1 mL sample was taken at the top 5 mL of the 50 mL test tube to 

avoid collecting large aggregates near the middle and bottom of the test tube. The cuvettes were 

then capped, wrapped with Teflon tape to prevent gas transfer, and removed from the Coy 

anaerobic chamber to measure the absorbance of CeO2 NPs using UV-Vis at 305 nm. The 305 nm 

wavelength was confirmed in our previous study to indicate the absorption peak for CeO2 NPs.41, 

60 To relate the particle size of CeO2 NPs in each system to their sedimentation, dynamic light 
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7

scattering (DLS, Malvern 1011155 Zetasizer Nanoseries, MA) was used to measure the 

hydrodynamic particle size of CeO2 NPs or heterogeneous aggregates in each reaction system. 

For CeO2 NP dissolution experiments, solutions were prepared in 50 mL test tubes as before, 

then divided into 5 mL test tubes for mixing in a rotator throughout the sampling period. Each 

hour, samples from the 5 mL test tubes were transferred to ultracentrifuge tubes in the chamber, 

capped, and ultracentrifuged (Thermo Scientific Sorvall WX Ultra Series) at 40,000 rpm for 45 

min. After ultracentrifugation, the tube was placed back in the Coy chamber, filtered using a 0.2 

µm syringe filter, then acidified to 2% v/v nitric acid for inductively coupled plasma-mass 

spectrometry (ICP-MS, Agilent 7500ce, CA) aqueous Ce measurements. The hydrodynamic 

diameter of CeO2 NP aggregates was around 1 µm (DLS, Figure S2); therefore, ICP-MS analysis 

should be of aqueous cerium only. Triplicate measurements were conducted for both sedimentation 

and dissolution experiments. 

While CeO2LC�2+L�(<E9= interactions are more likely to occur in aerobic aquatic 

environments, it is important to separate out the effects of dissolved oxygen (DO) to better 

elucidate the redox reaction mechanisms among CeO2, Fe2+, and Cr(VI) in our systems. Thus, the 

majority of experiments were conducted under anaerobic conditions in a Coy chamber (i.e., PO2
 = 

0 atm), where all solutions and aqueous-based experiments were prepared using deoxygenated 

water. For comparison, however, CeO2+Fe2+ and CeO2+Fe2++Cr dissolution and sedimentation 

experiments were also conducted under aerobic conditions to check potential DO effects.

Heterogeneously Formed Secondary Mineral Phase Identification. To systematically 

study heterogeneous precipitation in experimental systems, CeO2-sputtered Si wafers (�CeO2 

wafer�) were prepared by depositing CeO2 NPs onto Si (111) wafers via physical vapor deposition 
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8

(Kurt Lesker PVD 75, CA). Si wafers were first cleaned with acetone and DI water, dried with 

nitrogen gas, and stripped of their native oxide layer using buffered oxide etch solution (Transene 

Company, Inc., MA) for 3 min. During the physical vapor deposition (PVD) process, DC (diode) 

mode was applied under 1 mTorr argon pressure, with 100 watts power input to the CeO2 source 

for 2000 seconds. The deposition was monitored in situ via a built-in quartz crystal microbalance. 

To prepare heterogeneously formed precipitates on the CeO2 surface, the CeO2 sputtered wafer 

was cut into a 1 cm × 1 cm coupon and placed at the bottom of a cuvette. The cuvette was then 

transferred into the anaerobic chamber to prevent the influence of DO. Triplicate coupons for each 

of the two CeO2 and CeO2+Fe2+ control systems and two reaction (CeO2+Fe2++Cr and 

CeO2+Fe2++5Cr) systems were then reacted under the same aqueous chemistry as the reaction 

systems in the sedimentation and dissolution experiments. To minimize the accumulation of 

homogeneously formed precipitates on the coupon by gravitational settling, the cuvettes were 

inverted so that the coupon was on top of the solution and there was no discernible air gap between 

the solution and the coupon. After 1 h of reaction, the coupons were removed from the cuvette, 

rinsed with deoxygenated DI water, and then allowed to dry in the anaerobic chamber overnight. 

To visualize precipitates, the coupon topographies were analyzed with tapping mode atomic 

force microscopy (AFM, Veeco Multimode). The probes were 125 µm long, with phosphorus (n) 

doped silicon tips (a nominal tip radius of 10 nm, MPP-11100-10, Veeco probes). The images 

were collected with drive frequencies of 312�320 kHz, typical spring constants of 20�80 N/m, 

scan sizes of 3 µm × 3 µm, and scan rates of around 0.80�1.0 Hz. The surface roughness was 

measured using Nanoscope® 7.20 software over a scan area of 2 µm × 2 µm. To characterize the 

surface chemistries and oxidation states of precipitates, X-ray photoelectron spectroscopy (XPS, 

PHI 5000 VersaProbe II, Ulvac-PHI) was used to measure Fe 2p, Cr 2p, O 1s, and Ce 3d spectra 
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9

on the dried CeO2 coupons. An Al Q[ monochromator radiation at a passing energy of 1486.6 eV 

was used to collect the spectra, and Multipack (V7.0.1, Ulvac-PHI, Inc.) was used to fit the data 

using the Gaussian-Lorentzian fitting function. The peak positions used in the Gaussian-

Lorentzian fit for O 1s, Fe 2p, and Ce 3d are given in Table S2, S3, and S4.

Homogeneously Formed Secondary Mineral Phase Identification. Several complementary 

analytical techniques were performed to identify secondary phases: High resolution transmission 

electron microscopy (HR-TEM, JEOL 2100F) electron diffraction (ED), X-ray absorption 

spectroscopy (XAS, sector 13-BM-D, Argonne National Laboratory), and diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS, Praying Mantis accessory, Harrick Scientific). 

For HR-TEM analysis, approximately 50 µL of experimental solution was placed on 300-mesh Cu 

Formvar-carbon grids to dry before analysis. HR-TEM and AFM were used to observe secondary 

mineral phase formation before and after reaction. ED patterns collected during HR-TEM analysis 

were used to identify secondary mineral phases on and near CeO2 NPs. For AFM analysis, the 

cuvettes containing the CeO2-sputtered coupons and experimental solutions were not inverted to 

better observe the contribution of homogeneously nucleated precipitates along with 

heterogeneously formed precipitates. To prepare solid samples for DRIFTS and XAS, larger 

volumes of the same CeO2 NP suspensions used in the sedimentation and dissolution experiments 

were prepared. As before, the solutions were ultracentrifuged and returned to the anaerobic 

chamber, where the supernatant was removed and the accumulated powder at the bottom of the 

ultracentrifuge tube was allowed to dry for 2�3 days in the chamber. For DRIFTS analysis, the 

samples were diluted 10 times (by mass) with potassium bromide powder. For XAS, the Ce K-

edge was measured in transmission mode while the Fe and Cr K-edges were measured in 

fluorescence mode. Fluorescence mode is needed for Fe and Cr because it is more surface-
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10

sensitive, and can thus detect the trace Fe and Cr phases compared to bulk CeO2. A Si (111) 

monochromator gave a focused beam size of 10 �m × 30 �m and a resolution of 1�10-4 �E/E. The 

energy flux was 1 � 109 at 10 keV. The energy range for this station was 4.5�70 keV. The Fe K-

edge in X-ray absorption near edge structure (XANES) was measured at 7.119 keV, the Ce K-edge 

at 40.444 keV, and the Cr K-edge at 5.989 keV. To provide insight into the differences of 

secondary phase physicochemical properties, thermogravimetric analysis (TGA) and the 

corresponding differential thermogravimetric analysis (DTA) were also performed on a TGA 

Q5000 (V3.17 Build 265) in nitrogen with a ramp of 15 °C/min. 

Electrophoretic Mobility and Aqueous Fe2+ and Cr(VI) Concentration Determination. 

To further investigate redox reaction mechanisms and to characterize changes in aqueous 

chemistry during the reaction, additional aqueous chemistry measurements were performed. In 

addition to the changes in system pH, we monitored the electrophoretic mobility evolution of the 

CeO2 NPs throughout the 6 h reaction period using a Zetasizer (Malvern 1011155 Zetasizer 

Nanoseries, MA). 

To determine changes in Fe2+ and Cr(VI) aqueous concentrations resulted from redox 

reactions and/or sorption onto CeO2 NPs, the aqueous concentrations of Fe2+ and Cr(VI) in the 

presence and absence of CeO2 were quantified by the ferrozine61 and diphenylcarbazide (DPC) 

colorimetric methods.62 The solutions for the CeO2+Fe2+, CeO2+Fe2++Cr, and CeO2+Fe2++5Cr 

systems were prepared in 50 mL test tubes inside the anaerobic chamber as before. After 6 h of 

reaction, the suspensions were ultracentrifuged and filtered using a 0.2 µm syringe filter as before. 

To measure aqueous Fe2+
 concentrations, 0.1 mL of each of the filtered solutions was added to 5 

mL of ferrozine solution, and ferrozine absorbance was measured using UV-Vis 

spectrophotometry at 562 nm. The ferrozine solution was prepared by dissolving 1 g of ferrozine 
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11

(J.T. Baker, PA) in 1 L of 50 mM HEPES buffer at pH 7 (prepared in the anaerobic chamber using 

deoxygenated water). To measure the aqueous Cr(VI) concentrations, the DPC method was used: 

100 µL of DPC solution (250 mg of DPC in 50 mL acetone) and 500 µL of 10% v/v H2SO4 were 

added to 5 mL of the filtered solutions containing Cr(VI), and DPC absorbance was measured 

using UV-Vis spectrophotometry at 540 nm. To determine the extent of Fe2+ oxidation and Cr(VI) 

reduction in the absence of CeO2 NPs, the same condition solutions were prepared in the anaerobic 

chamber without CeO2, and the ferrozine and DPC methods were employed as before. Triplicate 

tests were conducted. Additional experimental details are given in the ESI.

RESULTS AND DISCUSSION

Co-existing Fe2+ (aq) and Cr(VI)(aq) Enhance the Colloidal Stability of CeO2 NPs and 

Inhibit the Dissolution of CeO2 NPs. Under anaerobic conditions, CeO2 NP colloidal stability 

increased in the order: CeO2 < CeO2+Fe2+ < CeO2+Fe2++Cr < CeO2+Fe2++5Cr (Figure 1A). 

Nearly 80% of CeO2 NPs in the CeO2+Fe2++5Cr system remained in suspension after 6 h of 

reaction, while only 20% remained suspended in the CeO2 system. Compared to our previous 

study at a higher Fe2+ concentration (3 mM FeCl2),41 the lower 0.1 mM Fe2+ concentration in the 

CeO2+Fe2+ system used in this study only slightly improved colloidal stability compared to the 

CeO2 control system. This data suggests that increased Cr(VI) concentrations in Fe2+-containing 

systems may promote reactions near the CeO2 NP surface that increase CeO2 colloidal stability. 

The DLS hydrodynamic particle size measurements (Figure S2E) were consistent with settlement 

results, in that the CeO2+Fe2++5Cr system had the smallest aggregate size (and highest colloidal 

stability), while the CeO2 and CeO2+Fe2+ systems exhibited larger aggregate sizes and more 
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12

sedimentation. The CeO2+5Cr control displayed the fastest sedimentation (Figure 1A) and the 

largest aggregate size (Figure S2E).

Under anaerobic conditions, while Fe2+ and Cr(VI)(aq) containing systems significantly 

promoted CeO2 NP colloidal stability, the dissolution of CeO2 NPs was drastically inhibited in 

those systems (Figure 1B). Because the solubility of CeIVO2 is negligible compared to CeIII 

(hydr)oxide (i.e., Ksp = 5.0 × 10-60  for CeIVO2,63  and Ksp = 1.6 × 10-20 for Ce(OH)3),64, 65 we can 

assume that the dissolved Ce was in the 3+ oxidation state at our system pH. The CeO2+Fe2+ 

system exhibited the greatest dissolution, releasing over 14 times more Ce3+
 than the CeO2 system. 

Because CeO2 dissolution (i.e., CeO2 system) is negligible (Figure 1B), particularly compared to 

when Fe2+ is introduced (i.e., CeO2+Fe2+ system), the oxidation of Fe2+ could occur after sorption 

of Fe2+ onto CeO2 NPs rather than after oxidation by aqueous Ce3+ ions. The CeO2+Fe2++Cr 

reaction system had the second highest dissolution releasing twice as much Ce3+ as the CeO2 

system, followed by the CeO2+Fe2++5Cr system which exhibited the same dissolution as the 

CeO2 system. 

To test the effects of DO on CeO2 NP sedimentation and dissolution, CeO2+Fe2+ and 

CeO2+Fe2++Cr systems were examined. In particular, these two systems were chosen because 

they exhibited clear differences in both sedimentation and dissolution in the anaerobic 

experiments. The presence of DO significantly enhanced colloidal stability in both systems, 

resulting in only 17% settlement in the CeO2+Fe2+ system at 6 h, compared to 52% in the absence 

of DO (Figure 1A, dashed lines). In the CeO2+Fe2++Cr system at 6 h, there was 30% more 

suspended CeO2 colloids when DO was present. In the presence of DO, the measured aqueous 

Ce3+ in the CeO2+Fe2+ system was 6 times less than the Ce3+ released under anaerobic conditions 

(Figure 1B, dashed lines). This effect of DO on CeO2 dissolution was less severe in the 
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CeO2+Fe2++Cr system. Because the DO resulted in a significant enhancement of colloidal 

stability and simultaneous inhibition of Ce3+ dissolution, to delineate the redox chemistry 

mechanisms among CeO2, Fe2+, and Cr(VI), we pursued a more detailed systematic investigation 

under anaerobic conditions. 

To relate CeO2 NP surface chemistry changes and reaction mechanisms to changes in aqueous 

chemistry, the pH and zeta potential were measured after the initial mixing of the reaction species 

(roughly 10 min after reaction), and after 6 h of reaction. The zeta potential of the CeO2 NPs 

measured in 10 mM NaCl at pH 5 was 16 mV (Figure 1) and the zeta potential of the CeO2+Fe2+ 

system was even higher (28 mV). This suggests that the Fe2+ ions adsorbed to positively charged 

CeO2 NP surfaces despite repulsive electrostatic interactions.66 It is important to note that the 

surface potential of the bare CeO2 in NaCl system was tested at least 20 times with several batches 

of commercial CeO2 powders (from Sigma Aldrich, MO) and high variability in zeta potential was 

observed in the pH 5�7 range. In this pH range, the measured zeta potential of the bare CeO2 NP 

powders varied by ± 15 mV depending on the age of the commercial CeO2 powders, the history of 

exposure to oxygen, and the background electrolyte type used for surface potential measurements. 

However, once Fe2+ and Cr(VI) metal ions were added to the reaction mixture, the zeta potential 

measurements became highly stable and reproducible over five separate tests (in triplicate per test). 

The pH of the CeO2, Fe2+, and Cr(VI) stock solutions were pH 5 ± 0.1 prior to mixing. After 10 

min of reaction, the pH of the CeO2+Fe2++Cr and CeO2+Fe2++5Cr systems decreased from 5.0 

to 4.8 and 4.6, potentially due to Fe3+ hydrolysis or the adsorption of Fe2+ onto CeO2 surface 

through ion exchange.41 The pH drop coincided with increased zeta potentials on CeO2 NP 

surfaces, from 16.2 mV (in the CeO2 control system) to 29.0 mV and 31.0 mV in the 

CeO2+Fe2++Cr and CeO2+Fe2++5Cr systems. This indicates that Cr(VI) facilitated reactions with 
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Fe2+ that significantly increased the CeO2 NP surface potential because simple adsorption of Cr 

oxyanions on CeO2 NPs can only decrease the surface potential. In addition to Cr(VI)-facilitated 

Fe2+ transformation on and near CeO2 NPs, Cr(VI) may also sorb onto the CeO2 NPs. For example, 

in the CeO2+5Cr control system, the addition of Cr(VI) resulted in a 12.5 mV decrease in the 

CeO2 surface charge.

Cr(VI)(aq) Increases the Extent of Heterogeneous and Homogeneous Secondary Solid 

Phase Formation. HR-TEM micrographs revealed the extent of secondary solid phase formation 

on and near the CeO2 NPs in each reaction system (red arrows in Figure 2). As the Cr(VI) 

concentration increased, there was a clear increase in the amount of precipitates (Figure 2C and 

2D). The increase in secondary solid phase formation can also be observed in the AFM images for 

the non-inverted configuration (Figure S3, row 2). The HR-TEM electron diffraction analysis 

performed on the CeO2+Fe2+, CeO2+Fe2++Cr, and CeO2+Fe2++5Cr systems of new phases 

attached to CeO2 NPs identified 6-line ferrihydrite (6LF) as the Fe(III) phase formed (Figure S3). 

For the Cr(VI)-containing reaction systems, no Cr(III) (or Cr(VI)) solid phase was identified in 

the CeO2+Fe2++Cr system; however, eskolaite (Cr2O3) was identified in the CeO2+Fe2++5Cr 

system. There is a caveat that drying effects during the HR-TEM sample preparation might 

promote phase transformation to more thermodynamically stable phases. Therefore, we can expect 

that the Fe(III) and Cr(III) phases that form in solution are poorly crystalline, hydrous phases (i.e., 

Fe(OH)3 and Cr(OH)3). A complementary XPS analysis of heterogeneous secondary solid phases 

from the inverted CeO2 coupon test also confirmed the formation of both Fe- and Cr-containing 

precipitates (Figure 3A and 3B). The peak locations and their corresponding elemental 

composition match with references for O 1s, Fe 2p, and Ce 3d spectra are given in Tables S2, S3, 

and S4. Ce 3d XPS peaks (Figure S7A) indicate that the presence of Fe2+ increased the Ce(III)% 
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on CeO2 NP surfaces, which resulted from the CeIV/Fe2+ redox reaction. Furthermore, the XPS 

result of the CeO2+Fe2+ system is consistent with the dissolution results, in that highest amount of 

Ce(III) formed both on the surface and in the solution. This finding suggests that CeIV could be 

reduced to CeIII by Fe2+ on the CeO2 NP surface, and the subsequent formation of Ce3+ was released 

into solution. With increasing Cr(VI) concentration, the Fe2+/Fe3+ ratio decreased, suggesting more 

Fe(III) phases formed on the CeO2 NP surfaces. 67-6967-69  Similarly, the Fe/Ce ratio increases with 

increasing Cr(VI) concentration, which supports our experimental observations of larger extents 

of Fe3+ phase formation on CeO2 NP surfaces with the addition of Cr(VI). Note that the CeO2 XPS 

spectra appears to contain peaks in the Fe 2p spectra binding energy range (716.1 and 732.3 eV). 

The XPS survey scan for sputtered CeO2 (Figure S5), as well as reports by Krawczyk et al.,70 

indicate that Ce 3d contributed two peaks which overlap with Fe 2p peaks in lower energy ranges. 

The areas of the Fe-related peaks over the Ce peaks were used to calculate the Fe/Ce ratios shown 

in Table S3. On the other hand, Cr 3d XPS analysis of the heterogeneously nucleated particles 

(Figure 3B) shows Cr 2p1/2 and 2p3/2 peaks of 586.2 and 576.6 eV which correspond to Cr(III) 

phases on the CeO2 NP surface.71 

Bulk phase analysis of homogeneously formed precipitates revealed additional information 

regarding secondary Fe(III) and Cr(III) solid phases in each reaction system. As observed in the 

Fe 2p XPS data for heterogeneous precipitates, the Fe K-edge XAS (Figure S6A) and DRIFTS 

(Figure S6B) of newly formed hybrid NPs in solution also show increasing extents of 6LF 

formation in the order: CeO2+Fe2+ ` CeO2+Fe2++Cr < CeO2+Fe2++5Cr. This is consistent with 

changes in the zeta potential and pH values (table adjoining Figure 1). Hydrolysis of Fe3+ and 

consequential formation of 6LF will decrease pH and increase zeta potential of the NP surface to 

be more positive, as shown in the following equation: Fe3+ + 3H2O aaFe(OH)3(s) + 3H+.72, 73 The 
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largest pH drop in the CeO2+Fe2++5Cr system (pH 5 to pH 4.33 in 6 h) was due to the highest 

extent of iron hydrolysis, which is in agreement with observations of the highest extent of bulk 

and heterogeneous 6LF formation. Heterogeneous Fe(III) (hydr)oxide precipitates may help to 

increase the colloidal stability of CeO2 by increasing the surface charge and hydrophilicity of 

NPs.41 The concurrent pH decrease, zeta potential increase, and formation of heterogeneous Fe(III) 

phases can explain our observed trends of high colloidal stability for the CeO2+Fe2++Cr and 

CeO2+Fe2++5Cr reaction systems. Similarly, in the CeO2+Fe2+ system, the smallest magnitude in 

pH decrease, and the smallest increase in zeta potential and extent of heterogeneous Fe(III) 

formation could explain why the colloidal stability for CeO2+Fe2+ system was relatively low. 

Cr(III) phases were also identified in Cr(VI)-containing systems by several mineral phase 

identification techniques. In the CeO2+Fe2++Cr system, the Fourier-transformed Fe K-edge XAS 

spectrum exhibited an additional coordination (enclosed in the red box, Figure 3C) not associated 

with 6LF. The literature suggests this coordination corresponds to an FeIII
xCrIII

(1-x)(OH)3 (or a 

mixed Fe(III)-Cr(III) hydroxide) phase,74 which has also been reported in similar systems 

investigating Fe2+-Cr(VI) redox reactions.75 For example, Hansel et al. used Fe XAS to confirm 

the presence of an Fe0.67Cr0.33(OH)3 phase, which was produced from Cr(VI) reduction by iron-

reducing bacteria under anaerobic conditions.74 Similarly, Eary and Rai observed Crx(Fe1-x)(OH)3 

phases while investigating the reduction of Cr(VI) by Fe(II) at pH 5 under anaerobic conditions.75 

In the CeO2+Fe2++5Cr system, however, we suggest that distinct Fe(OH)3 and Cr(OH)3 phases 

form during reaction based on the XPS and TGA-DTA analysis. Elemental XPS calculations give 

L>� and H2O contributions in the CeO2+Fe2++Cr and CeO2+Fe2++5Cr systems from the O1s 

XPS spectra (Figure S6B and Table S2). In the CeO2+Fe2+ system, the percentage of L>� groups 

significantly increased, suggesting the formation of Fe(OH)3 phases on CeO2 surfaces. On the 
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other hand, the H2O peak significantly increased for the CeO2+Fe2++Cr and CeO2+Fe2++5Cr 

systems, which may be attributed to the formation of hydrated mixed Fe(III)-Cr(III) and Cr(III) 

phases. TGA-DTA analysis (Figure 4) also supports our hypothesis. The DTA exothermic peak at 

800°C (marked in Figure 4B) indicates the crystallization of amorphous (i.e., hydroxide or 

hydrous) phases in the CeO2+Fe2++Cr and CeO2+Fe2++5Cr systems.76 The exothermic peak was 

negligible in the CeO2 and CeO2+Fe2+ spectra due to the low extent of hydrous secondary phase 

formation in these systems. In the two reaction systems containing Cr(VI), the exothermic peak 

appeared significantly larger in the CeO2+Fe2++Cr spectra than in the CeO2+Fe2++5Cr spectra. 

This could be owing to the highly amorphous FeIII
xCrIII

(1-x)(OH)3 phase compared to the more 

crystalline Fe(OH)3 and Cr(OH)3 phases present in the CeO2+Fe2++5Cr system.

Competing Redox Reactions among CeO2 NP, Fe2+, and Cr(VI) Promote Solid Fe(III)  

Formation on CeO2 NPs and their Aggregates. The hydrolysis of Fe3+ in our experimental 

systems was enabled by the redox reactions of Fe2+/Cr(VI) and CeIV/Fe2+ pairs:

3Fe2+ + HCrO4
- + 7H+ aa3 Fe3+ + Cr3+ + 4H2O E°

rxn = 0.43 V                 (1)

Ce(IV)O2 + Fe2+ +4H+ aaCe3+ + Fe3+ + 2H2O E°
rxn = 2.05 V                 (2)                

where the standard reduction potentials are Fe3+/Fe2+(0.77 V),77 Ce(IV)/Ce3+(2.82 V),78, 79 and 

HCrO4
-/Cr3+(1.20 V).77 Detailed redox and cell potential calculations are available in the ES1. 

Based on our calculations using the Visual MINTEQ software80, at our initial system pH of 5, the 

dominant Cr(VI) species should be the HCrO4
-(aq) species. Visual MINTEQ was then used to 

determine the electrochemical potentials for reactions (3)�(5) for Fe(III) solid formation by 

HCrO4
- and CeO2. The Gibbs free energies were then calculated based on the modeled 

electrochemical potentials. 
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bGrxn (pH = 5, Fe2++Cr system) = -128.48 kJ;   (3)

bGrxn (pH = 5, Fe2++5Cr system) = -139.77 kJ; and      (4)

bGrxn  (pH = 5, CeO2+Fe2+ system) = -39.31 kJ (5)

Oxidation of Fe2+ is highly favored in reaction systems containing Cr(VI)(aq), particularly in 

the system containing higher Cr(VI) concentrations. The CeIV/Fe2+ redox reaction is still 

thermodynamically favorable to form Fe3+, but there is as lower thermodynamic driving force 

compared to the Fe2+/Cr(VI) pair. According to Visual MINTEQ modeling, Fe(III) phases were 

all supersaturated with respect to ferrihydrite with the Fe2++5Cr system exhibiting the largest 

degree of supersaturation. This finding is consistent with our experimental secondary phase 

formation results.

Ferrozine and DPC colorimetric analyses provided further information about the effect of 

CeO2 on the extent of Fe2+ oxidation by Cr(VI)(aq) species. Table 1 provides the amount of Fe2+ 

remaining in the system solutions after 6 h of reaction. To better determine the effect of CeO2 NPs 

on the redox chemistry, experiments were performed in the presence and absence of CeO2 for both 

ferrozine and DPC analyses.  The redox reaction between Fe2+ and Cr(VI) occurs readily (Table 1 

and Table 2), is thermodynamically favorable (Equation 3 and 4), and induces secondary mineral 

phase formation. The ferrozine (Table 1) and DPC (Table 2) results for the homogeneous Fe2+ and 

Cr(VI) reaction system in the absence of CeO2 NPs can provide insights into the amount of 

secondary phase formation occurring via redox reactions. In the presence of CeO2 NPs, the extent 

of Fe2+ oxidation and/or removal was enhanced and Cr(VI) reduction and/or removal was 

increased to a lesser extent. For example, in the Fe+Cr system, 30% more Fe2+ was transformed 
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(i.e., oxidized) or removed (i.e., adsorbed) when CeO2 NPs were introduced (Table 1). Similarly, 

Cr(VI) was completely reduced or adsorbed in the Fe+5Cr system in the presence of CeO2 NPs. 

Therefore, even if Fe2+ and Cr(VI) co-exist in natural or engineered aqueous environments and 

undergo redox reactions prior to exposure to CeO2 NPs, emerging CeO2 NPs can significantly 

impact the redox chemistry and reactivity by acting as reactive media.

For aqueous Fe2+ measurements, it is important to note that the amount of Fe2+ remaining after 

reaction can be influenced by multiple processes: (1) sorption of Fe2+ onto CeO2, (2) oxidation of 

Fe2+ by CeO2 and/or Cr(VI), and (3) precipitation of 6LF and/or the Fe(III) and/or Cr(III) 

hydroxide phases. This suggests that CeO2 can serve as an Fe2+ oxidizer (or adsorbent) even in the 

absence of Cr(VI), which we can observe indirectly from the rapid release of aqueous Ce3+ (from 

the Ce4+/Fe2+) redox reaction over the 6 h period in the CeO2+Fe2+ (Figure 1B) system and from 

the thermodynamic calculations. The further addition of Cr(VI) promoted Fe(III) secondary solid 

phase formation on or near the CeO2 NP surface (Figure 2, 3A and 3B), which also suggests that 

Fe2+ sorption onto CeO2 NPs is occurring in our system. The Fe3+ formation on or near the CeO2 

NP surface for this system may be thermodynamically favorable and kinetically fast (i.e., rapid 

release of Ce3+ seen in Figure 1B); however, the subsequent hydrolysis of aqueous Fe3+ to form 

solid Fe(III) phases may be slow (particularly at our initial system pH 5)81 as we observed the 

lowest extent of heterogeneous (and homogeneous) Fe(III) solid phases formed in the CeO2+Fe2+ 

system (Figure 3A). 

When Cr(VI) was added, 80% and 100% of measurable aqueous Fe2+ was oxidized in the 

CeO2+Fe2++Cr and CeO2+Fe2++5Cr systems according to the Ferrozine method analysis (Table 

1). In these systems, the extent of heterogeneous 6LF nucleation (as indicated by XPS analysis) 

from hydrolysis of sorbed Fe2+ oxidation was significantly larger than in the CeO2+Fe2+ system, 
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which suggests that the Fe3+ hydrolysis reaction is kinetically favored when Cr(VI) is present. The 

Cr(VI)(aq) remaining at the end of the 6 h reaction period was negligible (DPC detection limit: 

1×10-8 M) for all reaction systems (with and without CeO2), indicating that all the Cr(VI) was 

reduced and mineralized, forming the FeIII
xCrIII

(1-x)(OH)3 or Cr(OH)3 phases. 

CONCLUSIONS

In this study, we demonstrated the intricate redox reactions and CeO2 NP surface 

transformations that can occur when CeO2 NPs and redox-active species Fe2+ and Cr(VI)(aq) 

coexist in aqueous environments. Our results show that increased concentrations of Cr(VI)(aq) 

promoted colloidal stability and inhibited dissolution of CeO2 NPs when Fe2+
 was present. High 

concentrations of Cr(VI)(aq) promoted the formation of distinct Fe(OH)3 and Cr(OH)3 phases on 

the CeO2 NP surface, while lower concentrations generated a FeIII
xCrIII

(1-x)(OH)3
 solid solution 

phase on the surface. The Fe(III)-containing surface coating formed on CeO2 NPs and aggregates 

may alter the native CeO2 NP reactivity and facilitate sorption of additional contaminants if these 

hybrid particles are released to downstream in the environment. Furthermore, our DPC analysis 

suggests that the reduction of Cr(VI)(aq) to the less toxic solid Cr(III) phase is further promoted 

by the presence of co-occurring CeO2 NPs and Fe2+ species. This study provides new, mechanistic 

information on the surface chemistry transformations of CeO2 NPs in highly competing redox 

environments. By characterizing the physicochemical properties of both CeO2 NPs and newly 

formed hybrid NPs which form during redox reactions with Fe2+ and Cr(VI), we provide a basis 

for understanding the fate and transport of CeO2 NPs in the environment.
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LIST OF TABLES

Table 1. Ferrozine method results of available Fe2+ ions remaining at the end of the 6 h reaction 

period. All solutions were prepared using 10 mM NaCl as indicated in Table S1 describing the 

composition of the reaction systems. Ferrozine method detection limit = 1.0 × 10-6 M Fe2+

*indicates that approximately all aqueous Fe2+ and Cr(VI) was oxidized or reduced 

reaction system [Fe2+] (M) % [Fe2+]0 remaining

1×10-4 M Fe2+ (initial) 9.3×10-5 ± 7.6×10-6 100

1×10-4 M Fe2+ + 1×10-6 M Cr(VI)(aq) 4.7×10-5 ± 8.3×10-5 50.7 ± 7.7 

1×10-4 M Fe2+ + 5×10-6 M Cr(VI)(aq) 8.9×10-6 ± 1.0×10-6 9.5 ± 4.8 

CeO2+Fe2+ 2.9×10-5± 5.8×10-6 30.9 ± 1.2 

CeO2+Fe2++Cr 1.9×10-5± 3.4×10-6 20.4 ± 2.4 

CeO2+Fe2++5Cr (below detection)* 0
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Table 2. DPC colorimetric method results of available Cr(VI) remaining at the end of the 6 h 

reaction period. All solutions were prepared using 10 mM NaCl as indicated in Table S1 describing 

the composition of the reaction systems. DPC method detection limit = 1.0×10-8 M Cr(VI)

*indicates that approximately all aqueous Fe2+ and Cr(VI) was oxidized or reduced

reaction system [Cr(VI)] (M) % [Cr(VI)]0 remaining

1×10-6 M Cr(VI)(aq)
 (initial) 1.3×10-6 ± 3.6×10-7 100

5×10-6 M Cr(VI)(aq)
 (initial) 5.2×10-6 ± 2.8×10-7 100

1×10-4 M Fe2+ + 1×10-6 M Cr(VI)(aq) (below detection)* negligible

1×10-4 M Fe2+ + 5×10-6 M Cr(VI)(aq) 2.8×10-6 ± 1.1×10-6 2.3 ± 3.4 

CeO2+Fe2++Cr (below detection)* negligible

CeO2+Fe2++5Cr (below detection)* negligible 
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LIST OF FIGURES

Figure 1. (A) Sedimentation and (B) dissolution of CeO2, CeO2+Fe2+, CeO2+Fe2++Cr, and 

CeO2+Fe2++5Cr systems as a function of time. Dashed lines indicate the dissolution and 

sedimentation experiments conducted under aerobic conditions for the CeO2 and CeO2+Fe2+ 

systems. The table adjoining Figure 1 contains the zeta potential and pH measurements for each 

of the 5 reaction systems measured after the first 10 min of reaction, and after 6 h of reaction. 

Figure 2. HR-TEM micrographs of (A) CeO2, (B) CeO2+Fe2+, (C) CeO2+Fe2++Cr, and (D) 

CeO2+Fe2++5Cr systems. Arrows in the HR-TEM micrographs indicate the presence of a 

secondary mineral phase, which was confirmed to be 6LF. 

Figure 3. (A) XPS Fe 2p spectra showing increasing 6LF formation with increasing Cr(VI)(aq) 

concentration and (B) Cr 3d spectra shows the presence of Cr(III) phases in the CeO2+Fe2++Cr, 

and CeO2+Fe2++5Cr reaction systems. (C) Fourier-transformed Fe K-edge spectra with a boxed 

peak indicating the presence of a FeIII
xCrIII

(1-x)(OH)3 solid solution phase. 

Figure 4. (A) TGA and (B) DTA spectra for the CeO2, CeO2+Fe2+, CeO2+Fe2++Cr, and 

CeO2+Fe2++5Cr systems. The arrow in the DTA figure at 800 °C indicates the exothermic 

crystallization of amorphous (i.e., hydroxide or hydrous) phases.
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pH zeta potential (mV)
t0.15 h t6 h t0.15 h t6 h

Bare CeO2 5.4 ± 0.1 5.4 ± 0.1 16.2 ± 7.3 12.2 ± 7.1
CeO2+Fe2+ 5.1 ± 0.2 4.8 ± 0.1 27.8 ± 3.3 28.1 ± 3.8
CeO2+Fe2++Cr 4.8 ± 0.1 4.8 ± 0.1 29.0 ± 2.2 29.7 ± 1.2
CeO2+Fe2++5Cr 4.6 ± 0.1 4.3 ± 0.1 31.0 ± 4.8 30.2 ± 0.1
CeO2+5Cr 5.2 ± 0.1 5.3 ± 0.1 8.9 ± 1.6 -0.5 ± 3.9
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