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Environmental significance 

 

Cerium oxide nanoparticles (CeO2 NPs) are important engineered nanomaterials (ENMs) 

that are widely used as catalysts in industrial applications, which lead to their notable 

presence in both natural and engineered water systems. In wastewater treatment plants 

(WWTPs), CeO2 NPs can remain colloidally stable and be released in the 

 
secondary effluents. After their entrance into tertiary treatment processes, such as 

advanced oxidation processes (AOPs), it is important to know how the reactive oxygen 

species (ROS) generated will alter the colloidal stability, aggregation, and the surface 

chemistry of CeO2 NPs, and to understand the influence of organic matter, such as natural 

organic matter (NOM) on the reactions between CeO2 NPs and ROS. This study 

 

reports, for the first time, that the ROS generated during the UV/H2O2  (i.e., O2
�-

) 

 

reaction promoted the sedimentation of CeO2 NPs. The coating of NOM on CeO2 NPs 

 

surface helped to stabilize CeO2 NPs and acted as a protective layer to resist their 

 

reaction with ROS. New findings from this work provide useful insights 

into predicting the fate and transport of important redox-sensitive 

engineered nanomaterials during water treatment processes. 

Page 1 of 36 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



 

Co-effects of UV/H2O2 and Natural Organic Matter on the 

Surface Chemistry of Cerium Oxide Nanoparticles  

 

 

 

 

 

Xuanhao Wu
1
, Chelsea W. Neil

1
, Doyoon Kim

1
, Haesung Jung

1
, and Young-Shin Jun

1,
*  

1
Department of Energy, Environmental and Chemical Engineering, Washington University, St. 

Louis, MO 63130 

 

 

 

 

 

 

E-mail: ysjun@seas.wustl.edu 

http://encl.engineering.wustl.edu/ 

Submitted: July 2018 

 

Environmental Science: Nano 

 

*To Whom Correspondence Should be Addressed 

Page 2 of 36Environmental 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



 1 

 

 

 

ABSTRACT 1 

The widespread industrial applications of cerium oxide (CeO2) nanoparticles (NPs) have 2 

increased their likelihood of entering into natural and engineered aqueous environments. This 3 

study investigates the surface chemistry changes of CeO2 NPs at pH 5.4 in the presence of both 4 

UV/H2O2 and natural organic matter (NOM). This condition can be relevant to advanced 5 

oxidation processes (AOPs). The results indicated that NOM stabilized CeO2 NPs in solution 6 

through surface complexation between the COO
-
 functional groups of NOM and CeO2 surfaces, 7 

reversing the zeta potential of CeO2 from 39.5 ± 2.7 mV to -38.3 ± 1.8 mV. Exposure to the 8 

UV/H2O2 treatment reduced the colloidal stability of CeO2 NPs, increased the percentage of Ce
3+

 9 

on the surface from 17.8% to 28.3%, and lowered the zeta potential to close to neutral (3.8 ± 3.4 10 

mV). With UV/H2O2 and NOM together, NOM coated on CeO2 NPs acted as a protective layer, 11 

making the direct reactions between reactive oxygen species (ROS) and CeO2 and their impacts 12 

on the colloidal stability to be insignificant in a short reaction period. During the UV/H2O2 13 

treatment, the adsorption of superoxide radicals (O2
·-
)
 
dominated in neutralizing the surface 14 

charge of CeO2, leading to decreased electrostatic repulsive forces between nanoparticles and a 15 

higher extent of sedimentation. These new findings provide important implications for 16 

understanding the colloidal stability, sedimentation, and surface chemical properties of CeO2 NPs 17 

in aqueous systems where NOM and ROS are present.  18 
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1. Introduction  19 

Cerium oxide (CeO2) nanoparticles (NPs) have been widely utilized as an engineered 20 

nanomaterial (ENM) in industrial applications, such as chemical mechanical polishing (CMP) 21 

processes and catalytic processes.
1
 The wide applications of CeO2 NPs have led to a higher 22 

possibility of their existence in natural and engineered water systems. An estimated 10,000 23 

metric tons of CeO2 NPs were produced and used in 2010 globally, of which 1,100 metric tons 24 

went through wastewater treatment plants (WWTPs).
2
 In WWTPs, the majority of CeO2 NPs can 25 

be removed by activated sludge through adsorption or aggregation.
3-6

 However, a significant 26 

fraction of the total CeO2 NPs introduced to wastewater (up to 6–11 wt%) can still remain in the 27 

secondary effluents due to the influence of surface charge and stabilizing surfactants.
3-7

 The 28 

remaining CeO2 NPs in the secondary effluents will then be released into subsequent engineered 29 

or natural water systems, in which they might form aggregates or remain colloidally stable, 30 

affecting the water quality and resulting toxicity to the biosphere.
8-10

 Therefore, it is vital to 31 

improve our understanding of the fate and transport of CeO2 NPs after their release in secondary 32 

effluents.  33 

In addition to traditional wastewater treatment methods, advanced oxidation processes 34 

(AOPs) have been developed and utilized in last few decades to achieve tertiary treatment of 35 

contaminants.
11, 12

 Thus, the CeO2 NPs remaining in secondary effluents could enter AOPs. UV-36 

driven AOPs, such as the UV/H2O2 process, are widely used due to their high removal rate of 37 

contaminants and lower cost compared with ozone (O3) treatment.
12, 13

 During UV/H2O2, 38 

ultraviolet radiation cleaves the O–O bond in H2O2 and generates hydroxyl radicals (·OH).
14

 39 

Subsequent chain reactions produce other powerful reactive oxygen species (ROS), including 40 

superoxide radicals (O2
·-
).

15-17
 CeO2 NPs have been shown to be able to react with ROS, and the 41 
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scavenging effect of CeO2 on ROS has been reported in biological systems.
18

 The redox cycles 42 

between the Ce
3+

 and Ce
4+

 oxidation states allow CeO2 NPs to react catalytically with O2
·-
/·OH, 43 

mimicking the behavior of two key antioxidant enzymes, superoxide dismutase and catalase.
19-22

 44 

Interestingly, no studies have examined the chemical reactions of CeO2 NPs under combined 45 

UV/H2O2 conditions, which generates O2
·- 

or ·OH from H2O2. The effects of these two ROS in 46 

affecting the surface chemistry, colloidal stability, and aggregation of CeO2 NPs are thus still 47 

unknown. Furthermore, a better mechanistic understanding of the relationship between the 48 

surface chemistry change and the aggregation of CeO2 NPs is needed. 49 

Natural organic matter (NOM), one of the major components in wastewater,
23-25

 also 50 

reacts with CeO2 NPs. Derived from the degradation of plants and microorganisms in natural 51 

systems, NOM enters into engineered water treatment processes, causing problems including 52 

unwanted disinfection byproducts and bacterial regrowth in water distribution systems.
26, 27

 The 53 

humic-substances of NOM can also be produced from biological processes in WWTPs, and 54 

constitute an important fraction of the total soluble microbial products (SMPs).
28-31

 NOM is a 55 

complex mixture of different organic constituents, containing carboxylic groups, phenolic groups, 56 

and aromatic structures.
32

 NOM can adsorb onto nanoparticles’ surfaces through various 57 

mechanisms,
33-35

 altering the surface charge,
36

 colloidal stability,
37-41

 and 58 

hydrophobicity/hydrophilicity of NPs.
42

 Previous studies have reported the stabilization of CeO2 59 

NPs by NOM.
43-45

 The influence of NOM on the toxicity and bioaccumulation of CeO2 NPs has 60 

also been examined recently.
46

 In WWTPs, besides associating with microbial products,
3, 47

 CeO2 61 

NPs can also form complexes with NOM. Due to NOM’s notable presence in wastewater and its 62 

ability to stabilize CeO2 NPs in an early stage of treatment processes, NOM can play an 63 

important role in controlling the fate and transport of CeO2 NPs before their entrance into AOPs. 64 
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However, the detailed mechanism of NOM adsorption onto CeO2 NPs surfaces and the influence 65 

of AOPs on the adsorption process have not been fully investigated. 66 

As a major constituent of effluent organic matter (EfOM) in secondary effluents, NOM 67 

(~ 5 mg C/L) can also enter into tertiary treatment processes, including AOPs.
48, 49

 During AOPs, 68 

NOM can be partially oxidized quickly,
50

 leading to a decrease in its aromaticity,
51

 molecular 69 

size,
52

 and hydrophobicity.
53

 After CeO2 NPs-NOM complexes enter AOPs, the ROS generated 70 

could react with both CeO2 NPs and NOM, possibly changing the NOM coating and the surface 71 

chemical properties CeO2 NPs. The main goal of this study was to evaluate the co-effects of 72 

ROS and NOM on the colloidal stability, surface charge, and Ce
3+

/Ce
4+

 oxidation state change of 73 

CeO2 NPs during the UV/H2O2 process. Using a combination of qualitative and quantitative 74 

methods, the roles of two different ROS (O2
·-
/·OH) were also elucidated. Our findings are crucial 75 

for understanding the impacts of NOM and ROS on the fate and transport of CeO2 NPs in AOPs. 76 

2. Experimental Section 77 

2.1 Chemicals and materials 78 

Reaction solutions were prepared using sodium chloride (NaCl, ACS grade, BDH, PA), 79 

hydrogen peroxide (H2O2, 30%, ACS grade, BDH, PA), 2-methyl-2-propanol (tertbutyl alcohol, 80 

t-ButOH, > 99.5%, Sigma Aldrich, MO), superoxide dismutase (SOD, Cu/Zn-SOD, ≥ 90%, 81 

Sigma Aldrich, MO), and ultrapure deionized (DI) water (resistivity > 18.2 MΩ-cm). To prepare 82 

CeO2 NPs suspended solutions, purchased CeO2 NPs (Sigma Aldrich, MO) were used to better 83 

represent commercially available engineered NP−environmental systems. CeO2 NPs were 84 

characterized using high resolution transmission electron microscopy (HRTEM, JEOL 2100F) 85 

(Fig. S1A and S1B in ESI†) and wide angle X-ray diffraction (WAXRD) in sector 11-ID-B at 86 

the Advanced Photon Source (APS) at Argonne National Laboratory (IL, USA) (Fig. S1C†). 87 

Page 6 of 36Environmental 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



 5 

 

 

 

Suwannee River NOM (SRNOM, 2R101N, RO isolation), purchased from the International 88 

Humic Substances Society, was the NOM source. Details on the preparation of SRNOM stock 89 

solutions and the characterization of SRNOM are in the ESI (Table S1).
54

 For all experiments, 10 90 

mM of NaCl solution was added to ensure consistent ionic strength (IS). The initial pH of all 91 

solutions, 5.4 ± 0.2, was chosen for two reasons. First, this was the pH of the system after adding 92 

NaCl, thus reducing the effects of pH adjustment on the ionic strength. Second, acidic conditions 93 

(pH 3–6) are preferred in most established UV/H2O2 systems due to their higher efficiency in 94 

producing ROS.
55

 A high intensity UVA lamp (Ultra-Violet Products Ltd., Black ray B-100A, 95 

Upland, CA) was the UV source. The irradiance spectrum of the UVA light source is provided in 96 

the ESI (Fig. S2†). 97 

2.2 Colloidal CeO2 NPs and aqueous chemistry measurements. 98 

To quantify changes in the colloidal stability and the sedimentation of CeO2 NPs, 99 

UV−Vis spectroscopy (Thermo Fisher Scientific Inc., Evolution 60S, Waltham, MA) was 100 

utilized to measure the absorbance of CeO2 at a wavelength of 305 nm, where the absorbance is 101 

proportional to CeO2 concentration.
56

 Six different systems were tested for both light and dark 102 

conditions: CeO2 NPs-only system (light/dark); CeO2 NPs with 3 and 30 mM H2O2 (light/dark); 103 

CeO2 NPs with NOM (light/dark); and CeO2 NPs with 3 and 30 mM H2O2 with NOM (light/dark) 104 

(Table S2†). Triplicate experiments were conducted for each condition. The CeO2 NPs-only 105 

system in the dark was called as the control system. For each reaction condition, 50 mg/L CeO2 106 

NP dispersions were created in 50 mL test tubes and ultrasonicated for 1 hr before reaction, 107 

using an ultrasonic bath (model no. FS6, Fisher Scientific). The H2O2 concentrations chosen in 108 

this study have been commonly used, both in industrial UV/H2O2 systems and in previous 109 

studies.
57, 58

 The concentration of NOM was 3.3 ± 0.2 mg C/L, confirmed by a non-purgeable 110 
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organic carbon measurement (NPOC, Shimadzu TOC Analyzer). This concentration of NOM is 111 

in the range of NOM concentrations commonly found in wastewater effluents.
48, 49

 Aliquots of 112 

CeO2 NPs dispersions were taken from the supernatant at 0, 20, 40, 60, 80, 100, and 120 minutes 113 

during particle sedimentation experiments. Percentages of suspended CeO2 NPs were obtained 114 

by normalization using the initial concentrations. The detailed experimental design for the UV-115 

Vis study is available in the ESI (Fig. S2†) 116 

Zeta potential (ζ) values of CeO2 NPs were measured using a Zetasizer (Malvern 117 

Instruments Inc., Nano ZS, Westborough, MA) with capillary Zeta cells (DTS1070) at reaction 118 

time points of 1 hr and 2 hrs. The isoelectric point of CeO2 NPs was measured to be around pH 119 

6.9 (Fig. S1D and Table S3, ESI†). At our pH conditions, the unreacted CeO2 NPs should be 120 

positively charged. To measure the hydrodynamic particle diameter of CeO2 NPs, the Zetasizer 121 

was also used with dynamic light scattering (DLS) cells (DTS0012, Malvern Instrument Inc., 122 

MA). HRTEM was used to compare the morphology of CeO2 NPs reacted under different 123 

conditions. The pH change during the reaction period was also monitored (Table S4, ESI†). To 124 

test CeO2 NPs dissolution during the reactions, inductively coupled plasma optical emission 125 

spectrometry (ICP-OES) was applied. Reactions were prepared as described for sedimentation 126 

experiments. At 1 hr and 2 hrs, samples were ultracentrifuged, filtered, and acidified to be 127 

measured by ICP-OES. Detailed experimental information about the dissolution test is provide in 128 

the ESI (Table S5†). Ion chromatography (IC) was incorporated to test the decomposition of 129 

NOM during the reaction with CeO2 and UV/H2O2 (Fig. S5†).   130 

2.3 Oxidation state determination using X-ray photoelectron spectroscopy (XPS) 131 

X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II, Ulvac-PHI with 132 

monochromatic Al Kα radiation (1486.6 eV)) was utilized to quantify the oxidation states of 133 
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cerium (Ce 3d) before and after reaction with UV/H2O2 and NOM, and to observe the adsorption 134 

of NOM as represented by carbon (C 1s) peaks. While accurate quantitative comparison of C 1s 135 

peaks is not possible, the relative quantitative change can be determined. To prepare the samples, 136 

after 2 hrs reaction, CeO2 NP solutions were centrifuged at 5000 rpm for 15 minutes (Centrifuge 137 

5804, Eppendorf Inc.), and the supernatants were removed, leaving only the CeO2 NP sediment 138 

in the test tube. The sediment was left to dry in an anaerobic chamber to prevent any further 139 

oxidation by oxygen in the air. The detailed sample preparation for XPS is available in the ESI 140 

(Fig. S2†). For XPS data analysis, the binding energies were referenced to the C 1s line at 284.8 141 

eV. The reference binding energy peaks for Ce
3+

 are at 885.0 (vʹ) and 903.5 (uʹ) eV, and the 142 

reference peaks for Ce
4+

 are at 907.2 (uʹʹ), 900.6 (u), 897.9 (vʹʹʹ), 888.3 (vʹʹ), and 889.1 (v) 143 

eV.
59, 60

 The XPS reference binding energies, absolute values of areas for each peak, and 144 

calculated percentages for oxidation states/bonds for Ce 3d and C 1s under different reaction 145 

conditions are provided in Tables S6 and S7. Equation 1 was used to calculate the Ce
3+

 146 

percentage on the surface, which was the sum of the Ce
3+

 peak areas over the total area.
61, 62

  147 

C���% =
��	��
	

��		���	�����
			��
		��
	��

  .         (1) 148 

2.4 NOM adsorption measurements using attenuated total reflection Fourier transform 149 

infrared (ATR-FTIR) spectroscopy and contact angle measurements 150 

Attenuated total reflection Fourier transform infrared (ATR-FTIR; Thermo Scientific 151 

Nicolet Nexus 470 spectrometer equipped with a diamond crystal) spectroscopy was used to 152 

analyze the adsorption of NOM on the CeO2 NPs surfaces. The sample preparation process for 153 

the ATR-FTIR was the same as that for XPS analysis (Fig. S2†). An average of 400 scans with a 154 

resolution of 4 cm
-l 

was used. To determine the change in the extent of 155 

hydrophilicity/hydrophobicity of CeO2 NPs before and after reaction with NOM and UV/H2O2, 156 
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we conducted replicate contact angle measurements using CeO2 NP-sputtered Si wafers. CeO2 157 

NP-sputtered Si wafers were prepared using a method introduced in our previous study.
56

 158 

Reaction solutions were prepared in the same way as for the sedimentation experiment, except 159 

that CeO2 NP-sputtered Si wafers (5 mm × 5 mm) were put into the solutions instead of CeO2 160 

powders. After reaction, deionized water was dropped onto the dried wafer surface, and a contact 161 

angle analyzer (Phoenix 300, Surface Electro Optics Co. Ltd) was used to measure contact 162 

angles.  163 

2.5 ROS scavenging experiments using UV-Vis spectroscopy and X-ray photoelectron 164 

spectroscopy (XPS) 165 

To better understand the roles of two different ROS, the hydroxyl radical (·OH) and 166 

superoxide radical (O2
·-
), in affecting the sedimentation and surface properties of CeO2, 167 

experiments using ROS scavengers were conducted. CeO2 NPs dispersions were prepared as 168 

described in the sedimentation experiments. Tertbutyl alcohol (t-ButOH, 0.1 M) and superoxide 169 

dismutase (SOD, 0.5 µM) were used as scavengers of ·OH and O2
·-
, respectively, based on 170 

equations 2–4.
63, 64

   171 

(CH�)�COH +∙ OH	 →	∙ CH�(CH�)�COH + H�O                     (2) 172 

Cu�� − SOD + O�
∙� 	→ 	Cu� − SOD + O�                                (3) 173 

Cu� − SOD + O�
∙� + 2H� 	→ 	Cu�� − SOD + H�O�               (4)  174 

Once the samples were reacted in the presence of the scavengers, UV−Vis spectroscopy 175 

was utilized to measure the absorbance of CeO2 NPs at 305 nm. Then, X-ray photoelectron 176 

spectroscopy (XPS) was used for characterizing surface oxygen species on the CeO2 NPs surface 177 

in the presence of different ROS.  178 
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3. Results and Discussion 179 

3.1 Effects of UV/H2O2 and NOM on the colloidal stability of CeO2 NPs 180 

The colloidal stability of CeO2 NPs in the presence of UV/H2O2 decreased significantly 181 

(Fig. 1A). Specifically, UV-Vis spectrometer results showed that, after 2 hrs, the concentration 182 

of CeO2 NPs in the supernatant was much lower with UV and H2O2, than the control group, 183 

which contained only CeO2 NPs. This indicates that UV/H2O2 exposure decreased the colloidal 184 

stability of CeO2 NPs. For example, 76% of the initial CeO2 NPs remained in the supernatant in 185 

the control group after 2 hrs, while only 24% of the initial CeO2 NPs remained colloidally stable 186 

in the presence of UV and 30 mM H2O2. In the presence of NOM, almost all the CeO2 NPs 187 

remained colloidally stable in the supernatant, indicating that NOM stabilizes CeO2 NPs. The 188 

difference in NP sedimentation due to the presence of UV/H2O2 and NOM could also be 189 

observed visually (Fig. S3†). Moreover, as shown in Fig. 1A, when UV/H2O2 was added 190 

together with NOM, the CeO2 NPs remained colloidally stable during the first 40 minutes, and 191 

after that, they started to settle, with 53% of the initial CeO2 NPs remaining colloidally stable 192 

after 2 hrs. The settlement velocity was close to that of CeO2 NPs with UV/H2O2, while faster 193 

than the settlement velocity of the CeO2 NPs only system. These observations suggest that there 194 

was reaction between CeO2 NPs and UV/H2O2 after 40 minutes, but before 40 minutes, this 195 

reaction was not significant. IC results (Fig. S5†) show that NOM itself also participated in 196 

redox reactions with UV/H2O2 and decomposed rapidly into smaller molecules (i.e., acetate) 197 

during the first 40 minutes. Considering the results from both the UV-Vis and IC measurements, 198 

in the first 40 minutes, ROS generated from UV/H2O2 reacted mainly with NOM, and after that, 199 

ROS reacted with CeO2 NPs to promote their aggregation. Thus, we infer that NOM on CeO2 200 

Page 11 of 36 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



 10 

 

 

 

NPs acted as a protective layer, which made the reactions between CeO2 NPs and ROS 201 

insignificant in a shorter reaction period.  202 

To understand the effects of UV/H2O2 and NOM on the particle aggregate sizes and 203 

surface charges of CeO2 NPs in the supernatant, the zeta potentials (ζ) and hydrodynamic particle 204 

sizes were measured (Fig. 1B and 1C). The zeta potential for stable dispersions of unreacted 205 

CeO2 in DI water with 10 mM NaCl at pH 5.4 was 39.2 ± 3.4 mV. For the CeO2-only system, the 206 

zeta potential was 38.6 ± 5.1 mV after 2 hr settlement. The presence of UV and 30 mM H2O2 207 

decreased the absolute value of the zeta potential to 3.8 ± 3.4 mV after 2 hrs, while NOM 208 

reversed the zeta potential to -38.3 ± 1.8 mV. The lowered absolute value of the zeta potential in 209 

the presence of UV/H2O2 resulted in weaker electrostatic repulsive forces between CeO2 NPs, 210 

making it easier for them to aggregate and then settle, which can explain the decreased colloidal 211 

stability of CeO2 NPs from the UV-Vis results. However, in the presence of NOM, the absolute 212 

value of the zeta potential was close to that of unreacted CeO2 NPs, thus maintaining the strong 213 

electrostatic repulsive forces and resisting their aggregation. When both NOM and UV/H2O2 214 

were present in a system, the zeta potential was altered to -12.9 ± 2.1 mV after 2 hrs (not -38.3 ± 215 

1.8 mV), suggesting that the effect of the NOM on the CeO2 NPs had been changed by UV/H2O2. 216 

Hydrodynamic size also provided a useful clue. The hydrodynamic particle size was 217 

140.7 ± 53.0 nm for stable dispersions of unreacted CeO2 in DI water at pH 5.4. After 2 hrs, for 218 

the CeO2 NPs control system, the hydrodynamic size was 460 ± 60 nm. UV/H2O2 treatment 219 

increased the size to 5,574 ± 253 nm, while NOM kept the size at 175 ± 39 nm. When NOM and 220 

UV/H2O2 were present together, the size still increased to 3,276 ± 122 nm after 2 hr reaction. 221 

The results from the zeta potential and particle size analyses all indicated that NOM stabilized 222 

CeO2 NPs at first, and then the reaction between NOM and UV/H2O2 eventually destabilized 223 
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CeO2 NPs to form larger aggregates and settle. The zeta potential and hydrodynamic particle size 224 

values for all the conditions are also in the ESI (Table S3†). 225 

CeO2 NPs morphology change was monitored by HRTEM (Fig. 2). Compared with the 226 

CeO2 control system (Fig. 2A), UV/H2O2 treatment resulted in forming large aggregates, helping 227 

the particles to settle (Fig. 2B). In the presence of NOM (Fig. 2C), however, CeO2 NPs were 228 

observed to be coated with NOM, which helped to keep particles separate from each other and 229 

inhibited aggregation. Similar coatings of NOM on other nanoparticles, such as zero-valent iron, 230 

mercuric sulfide, and carbon nanotubes, have been reported before.
65-67

 With UV/H2O2 and 231 

NOM together, after 2 hrs, the adsorbed NOM was decomposed into smaller molecules (Fig. 2D), 232 

and CeO2 NPs were bonded closely to each other to form aggregates.  233 

3.2 Oxidation state change of CeO2 NPs  234 

 We hypothesized that the promoted sedimentation of suspended CeO2 NPs exposed to 235 

UV/H2O2 was due to redox reactions between CeO2 and ROS generated from UV/H2O2. Thus, to 236 

observe changes in the Ce oxidation states on the nanoparticle surface after 2 hrs, XPS was 237 

conducted (Fig. 3A). The Gaussian−Lorentzian curve-fitting of XPS spectra shows that CeO2 238 

NPs in this study had both Ce
3+

 and Ce
4+

 on the surface, while Ce
4+

 was the dominant oxidation 239 

state. Surface Ce for unreacted CeO2 consisted of 82.2% Ce
4+ 

and 17.8% Ce
3+

. After reaction 240 

with UV/H2O2 for 2 hrs, surface Ce contained 71.7% Ce
4+ 

and 28.3% Ce
3+

, indicating that 241 

UV/H2O2 process reduced Ce
4+ 

on the CeO2 surface partially to Ce
3+

 and increased the Ce
3+

/Ce
4+

 242 

ratio. Based on ICP-OES data, the dissolved Ce concentration did not increase within an 243 

experimental error range in the presence of UV/H2O2, which indicates that the newly produced 244 

Ce
3+

 stayed on the surface of the CeO2 NPs, rather than dissolving into solution (Table S5†). 245 

NOM itself did not change the percentage of Ce
3+ 

much, but the presence of both NOM and 246 
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UV/H2O2 still increased the percentage of Ce
3+ 

to 21.8%. As shown from XPS, in the presence of 247 

UV/H2O2, the redox reactions between CeO2 and ROS resulted in an increased Ce
3+

/Ce
4+

 ratio on 248 

the CeO2 NPs’ surfaces. This observation can partially explain the decreased surface charge of 249 

CeO2 NPs that we observed, which can also result from other factors, such as the adsorption of 250 

negatively charged anions, discussed in section 3.4. Recent studies have shown that the redox 251 

state ratio of Ce
3+

/Ce
4+

 on a CeO2 surface can change the direction of the redox reaction between 252 

CeO2 and ROS, but the fundamental mechanism behind the redox state ratio-dependent 253 

properties of CeO2 in the presence of ROS is still elusive.
21, 22, 68-71 

With a high Ce
3+

/Ce
4+

 ratio, 254 

Ce
3+

 on the CeO2 surface can be oxidized by O2
·-
 to form Ce

4+
, which is the SOD mimetic 255 

activity of CeO2.
21, 69-71

 On the other hand, with a low Ce
3+

/Ce
4+

 ratio, H2O2 can reduce Ce
4+

 to 256 

Ce
3+

 with the oxidation of H2O2 to molecular O2 and the production of protons, which is the 257 

catalase mimetic activity of CeO2.
22, 68, 71 

Similarly, here we report that Ce
4+

 can also be reduced 258 

to Ce
3+

 with a low Ce
3+

/Ce
4+

 ratio under the UV/H2O2 condition, in which a pH decrease was 259 

also observed (Table S4†). This decrease reflects protons being produced from the oxidation of 260 

H2O2 or ·OH (eq. 5–7).
22, 68

  261 

           2Ce�� + H�O� → 	2Ce
�� + O� + 2H

�                                                                              (5) 262 

           H�O�
��
��2 ∙ OH                                                                                                                   (6) 263 

          2Ce�� + 2 ∙ OH → 	2Ce�� + O� + 2H
�                                                                              (7) 264 

A systematic study of the effect of the Ce
3+

/Ce
4+

 ratio on redox chemistry between CeO2 NPs and 265 

ROS is an interesting future direction. 266 

3.3 NOM adsorption on CeO2 NPs surface 267 
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ATR-FTIR provides valuable information on the structural and functional properties of 268 

NOM molecules and their adsorption onto the CeO2 NPs surface.
34

 ATR-FTIR spectrum of 269 

unreacted CeO2 NPs showed peaks around 585, 720, 1350, 1570, 1630, and 3400 cm
-1

. These 270 

peaks were assigned as hydroxyl residues and bridged, bidentate, and monodentate carbonates 271 

adsorbed on the surface (Fig. S6†).
72-74

 Fig. 3B shows the ATR-FTIR spectra of (a) NOM, (b) 272 

NOM adsorbed on CeO2, and (c) NOM adsorbed on CeO2 in the presence of UV/H2O2. The 273 

spectra b and c were obtained by subtracting the spectrum of pure CeO2 from the spectrum of 274 

CeO2 with NOM or NOM/UV/H2O2. Several peaks in the spectrum a can be identified as 275 

specific functional groups of NOM, including 1720 cm
-1

 (C–O stretching of COO
-
), 1580 cm

-1 
276 

(asymmetric stretching of COO
-
), 1390 cm

-1
 (symmetrical stretching of COO

-
), 1260 cm

-1 
277 

(phenolic O–H), and 950–1125 cm
-1 

(C–O stretching) (Fig. 3B, a).
34, 75-77

 For the NOM used, the 278 

pKa1 for carboxylic groups was 4.16, and the pKa2 for phenolic groups was 9.99,
54

 thus the 279 

carboxylic portion of NOM would be partly deprotonated at pH 5.4, existing as COO
-
, and the 280 

phenolic groups would mainly exist as O–H. The spectrum of the sample containing CeO2 and 281 

NOM showed peaks at 1720, 1620, 1550, 1390, 1260, and 950–1125 cm
-1

, confirming the 282 

adsorption of NOM on the CeO2 surfaces (Fig. 3B, b). Peaks at 1720 and 1390 cm
-1 

indicated the 283 

adsorption of COO
- 
functional groups of NOM on the CeO2 surface. In spectrum b, peak 1550 284 

cm
-1

 could be identified as the asymmetric stretching of COO
- 
complexed with the CeO2 surfaces 285 

(CeO2≡) (eq. 8), while it shifted a bit towards lower wavenumbers compared with the 286 

carboxylate asymmetric vibrational frequencies for other metal–carboxylate complexes.
76, 78

 The 287 

peak at 1620 cm
-1 

represents the adsorption of aromatic C=C or conjugated carbonyl C=O.
34, 77, 79

 288 

The peak around 1260 cm
-1

 in the spectrum b indicates the complexation between phenolic O–H 289 

functional groups of NOM and CeO2 surfaces (CeO2≡) (eq. 9). 290 

Page 15 of 36 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



 14 

 

 

 

CeO� ≡ OH�
� + �OOC − NOM − COO� 	→ 	CeO� ≡ OOC − NOM − COO

� + H�O   (8) 291 

CeO� ≡ OH					 + 					HO − NOM − OH				 → 			CeO� ≡ O − NOM − OH	 + 	H�O            (9) 292 

From eq. 8, after the adsorption of NOM, the COO
-
 functional groups of NOM reversed 293 

the surface charge of CeO2 NPs from positive to negative, which was observed through zeta 294 

potential measurements. When adding UV/H2O2 together with NOM, the peaks around 1720, 295 

1550, 1390, 1260, and 950–1125 cm
-1 

all decreased, indicating that UV/H2O2 decomposed NOM 296 

adsorbed on the CeO2 surface by breaking the COO complexation between NOM and the CeO2 297 

surface (Fig. 3B, c). The remaining small intensity of these peaks could be the adsorption of 298 

NOM decomposition products such as aldehydes and carboxylic acids on the CeO2 surface,
51, 52

 299 

while the peak expansion around 1620–1660 cm
-1

 could result from the adsorption of hydroxyl-300 

like groups produced after reaction with UV/H2O2.
72

 XPS data for C 1s gives further evidence of 301 

NOM adsorption on CeO2 (Fig. 3C). Three peaks were used to fit the C 1s spectra: C–C (284.8 302 

eV), C=O (285.6 eV), and O–C=O (288.8 eV).
77

 Compared with unreacted CeO2 (Fig. 3C, a), the 303 

presence of NOM increased the total percentage of C=O and O–C=O on the CeO2 surface from 304 

14.0% to 36.3%, while the addition of UV/H2O2 into the NOM system decreased the percentages 305 

of C=O and O–C=O back to 23.0%. Detailed XPS reference binding energies for C 1s are 306 

available in the ESI (Table S6†). 307 

To investigate the effects of NOM adsorption on the hydrophobicity/hydrophilicity of the 308 

CeO2 NPs surface, the contact angles of a DI water drop on CeO2-sputtered Si wafer surfaces 309 

were measured (Fig. S7A†). For an unreacted CeO2-sputtered Si wafer, the contact angle was 310 

82.2º ± 2.2º (Fig. S7A†, i), and after 2 hrs wetting using a 10 mM NaCl solution, the contact 311 

angle decreased to 78.2º ± 3.6º (Fig. S7A†, ii). After reaction with NOM, the contact angle 312 

decreased to 57.0º ± 2.5º (Fig. S7A†, iii). NOM has been shown to contain both hydrophobic 313 
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fractions, including humic species, and hydrophilic fractions, including carboxylic acids, 314 

carbohydrates, and amino acids.
80, 81

 This decreased contact angle indicates that NOM adsorption 315 

on CeO2 NPs makes their surfaces more hydrophilic. With the addition of UV/H2O2, together 316 

with NOM, the contact angle became even smaller (36.6º ± 4.2º), suggesting that the presence of 317 

both NOM and UV/H2O2 could make the CeO2 surface more hydrophilic (Fig. S7†, iv). 318 

Regardless of this increased hydrophilicity, however, CeO2 NPs tended to aggregate more. This 319 

observation indicates that factors other than hydrophilicity, such as steric interactions and 320 

electrostatic repulsive forces, are dominant in affecting CeO2 colloidal stability. 321 

3.4 Dominant reaction mechanisms  322 

To provide a more detailed mechanism explaining the decreased colloidal stability of 323 

CeO2 NPs during treatment with UV/H2O2, ROS scavenging experiments were conducted using 324 

UV-Vis and XPS to elucidate the role of two radicals, O2
·-
 and ·OH, in changing the surface 325 

chemistry of CeO2 NPs (Fig. 4). Fig. 4A shows the UV-Vis absorbance of CeO2 at elapsed times 326 

under different reaction conditions. Here, SOD was utilized to quench O2
·- 

(k = 1.79 × 10
9
 M

-1
 s

-
327 

1
)
15

, and t-ButOH was used to quench ·OH (k = 6 × 10
8
 M

-1
 s

-1
)
63

. In the presence of SOD, the 328 

sedimentation of CeO2 NPs slowed significantly, indicating that O2
·- 

played an important role in 329 

destabilizing CeO2. After the addition of t-ButOH, the sedimentation of CeO2 NPs was further 330 

promoted compared to the system with only UV/H2O2. This finding suggests that ·OH and O2
·-
 331 

affect the colloidal stability of CeO2 differently: O2
·- 

promotes the sedimentation of CeO2, while 332 

·OH inhibits the sedimentation of CeO2.  333 

To better understand the surface oxygen species on CeO2 surfaces after the reaction, the 334 

O 1s spectra from XPS were fitted with four peak contributions, referred to as OI, OII, OIII, and 335 

OIV peaks (Fig. 4B). The major peak OI (BE ≈ 528.6–529.0 eV) is characteristic of lattice oxygen 336 
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in CeO2.
82, 83

 Peak OIII (BE ≈ 531.3–532.0 eV) belongs most likely to hydroxyl-like groups,
84-86

 337 

and peak OIV (BE ≈ 533.5–534.3 eV) is characteristic of residual adsorbed H2O.
87

 In the 338 

presence of UV/H2O2 (Fig. 4B, b), the area ratio of peak OII (BE ≈ 530.1–530.7 eV) was 36.8%, 339 

much higher than that of unreacted CeO2 (11.5%, Table S5). The presence of t-ButOH further 340 

increased the ratio of peak OII to 48.0% (Fig. 4B, c). In contrast, the presence of SOD decreased 341 

the ratio of peak OII back to 18.2% (Fig. 4B, d). These results indicate that the increase of peak 342 

OII may involve the bonding of O2
·-
 with the CeO2 surface. In earlier reports, peak OII (530–531 343 

eV) has been assigned to provide evidence for chemisorbed molecular oxygen species such as 344 

peroxo-like species
87-89

 or superoxo-like species
90

, although most of them are dealing with other 345 

nanoparticles than CeO2. Peak OII has also been reported to result from carbonates.
91

 However, 346 

with the pH conditions in this study, the dissolved CO2 in the solution for different systems 347 

would be similar, thus the contribution of carbonates to the peak OII should be similar.
87

 Based 348 

on UV-Vis results, O2
·- 

played the main role in promoting the sedimentation of CeO2, and its 349 

negative charge was capable of neutralizing the positive surface charge of CeO2. Thus, we 350 

deduce that the bonding of O2
·-
 with the CeO2 surface contributes dominantly to the increase of 351 

peak OII. The ability of O2
·- 

to bond with the CeO2 surface has also been reported by other 352 

studies.
92

 It should be noted that XPS results could not directly show the adsorption of O2
·- 

353 

radicals onto CeO2 surface, because O2
·- 

would change into oxygen bonding after the adsorption. 354 

However, this consequent oxygen bonding shown by XPS still suggests the adsorption of 355 

metastable molecular oxygen species onto the CeO2 surface during the reaction.     356 

Summarizing the results of the UV-Vis and XPS experiments, a mechanism regarding the 357 

reaction between CeO2 NPs and ROS was proposed, shown in Fig. 5. Before reaction with ROS, 358 

CeO2 NPs contained relatively a lower ratio of Ce
3+

/Ce
4+ 

(stage I). During UV/H2O2 process, the 359 
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ROS generated, such as ·OH and O2
·-
,
 
reacted with CeO2, reducing part of the Ce

4+
 to Ce

3+
 on the 360 

CeO2 surface and increasing the ratio of Ce
3+

/Ce
4+

. During this process, protons were released, 361 

which contributed to the decreased pH values observed. Oxygen molecules were also generated 362 

from the oxidation of H2O2 or ·OH by CeO2.
22, 68

 At stage I, the CeO2 surface was positively 363 

charged due to surface adsorbed hydroxyl functional groups such as –OH2
+
.
34, 93, 94

 From stage I 364 

to stage II, O2
·-
 radicals adsorbed onto the CeO2 surface by exchanging with –OH2

+ 
functional 365 

groups and neutralized the surface charge of CeO2, as observed from zeta potential 366 

measurements. A lowered surface charge resulted in smaller electrostatic repulsive forces 367 

between nanoparticles, making them aggregate and settle. The electron from each adsorbed O2
·- 

368 

could be transferred to or shared with one Ce
4+

 ion on the CeO2 surface, making it form Ce
3+

. 369 

This formation might be the reason for the observed higher ratio of Ce
3+

 on the CeO2 surface in 370 

our systems, but we still will need a separate future study to confirm this interesting point.  371 

4. Conclusions and Environmental Implications 372 

 The wide applications of engineered nanomaterials in industry have increased their 373 

chances of entering into engineered water treatment processes, including AOPs. Our work, for 374 

the first time, systematically evaluated the co-effects of NOM and ROS on the surface properties, 375 

colloidal stability, and aggregation of CeO2 NPs in simulated AOPs. It was found that UV/H2O2 376 

promoted CeO2 NPs sedimentation by neutralizing the surface charge of NPs, while NOM 377 

helped to stabilize CeO2 NPs by reversing the surface charge of NPs and maintaining the 378 

electrostatic repulsive forces. In the presence of NOM and UV/H2O2 together, however, NOM on 379 

CeO2 NPs acted as a protective layer, which made the reactions between CeO2 NPs and ROS 380 

insignificant in a shorter reaction period. The roles of different types of ROS in changing the 381 

surface chemistry and colloidal stability of CeO2 NPs were also evaluated. In the experimental 382 
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system, the adsorption of superoxide radicals (O2
·-
) dominated in neutralizing the surface charge 383 

of CeO2 NPs compared with other ROS, such as hydroxyl radicals (·OH). Previously the redox 384 

reactions between ROS and CeO2 NPs (in particular, the change of the Ce
3+

/ Ce
4+

 ratio on the 385 

surface) were mainly considered, but in this study, we showed that ROS could have surface 386 

complexation with CeO2 NPs and change their surface charge, which leads to the aggregation 387 

and sedimentation of NPs. 388 

The results have significant implications for better understanding the fate and transport of 389 

CeO2 NPs in WWTPs (in particular, AOPs). Organic matter, such as NOM, can help to stabilize 390 

CeO2 NPs through surface complexation and by changing the steric interactions between NPs. 391 

Therefore, it is likely that CeO2 NPs associated with NOM will be transported in wastewater 392 

without much sedimentation and removal, increasing their transport distances and potentially 393 

increasing their concentration in the secondary effluents. The complexation mechanism of NOM 394 

on CeO2 NPs, its effect on CeO2 NPs’ surface charge and hydrophilicity, and the alleviation of 395 

the CeO2 NPs-ROS reaction by NOM coating can all contribute to a mechanistic understanding 396 

of the effects of organic matter on the fate and transport of CeO2 NPs in WWTPs.  397 

CeO2 NPs in WWTPs can also form complexes with other types of organic matter, 398 

including SMPs which contain higher fractions of hydrophilic constituents (i.e., polysaccharides 399 

and proteins) than NOM.
28-31

 Considering that NOM is an organic macromolecule that contains 400 

many of the same functional groups that occur in cellular debris, it is a useful probe molecule to 401 

provide insights into the role of organic matter in changing the fundamental chemistry of CeO2 402 

NPs in the UV/H2O2 system. However, the effects of different types of organic matter in 403 

WWTPs (i.e., NOM, SMPs, and EfOM) on the aggregation of CeO2 NPs in AOPs should all be 404 

carefully studied and compared in the future. After the CeO2 NPs and organic matter complexes 405 
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enter AOPs, the ROS can decompose the organic matter coated on CeO2 NPs surface and also 406 

reduce the colloidal stability of CeO2 NPs through the neutralization of their surface charge, 407 

which can lead to the sedimentation of NPs. Thus, AOPs could possibly provide another 408 

mechanism to remove and recover CeO2 NPs from secondary effluents. In the future, besides 409 

different organic matter types, more efforts should also be devoted to evaluate the effects of 410 

water chemistry (i.e., pH values, ionic strength) and water constituents (i.e., cations, anions) on 411 

the fate of CeO2 NPs or other engineered nanomaterials in AOPs. 412 

Our findings also have intriguing implications for other research areas. For example, in 413 

natural water systems, it is also possible for CeO2 NPs to meet NOM and ROS together. Our 414 

results will help to predict CeO2 NPs’ fate under such circumstances. Furthermore, because of 415 

the free-radical-scavenging property of CeO2 NPs, there have been many studies discussing 416 

using them as antioxidants for cells to resist the ROS-induced cell injury.
95-97

 Our study also 417 

suggests that in such biomedical applications, CeO2 NPs might aggregate after their reaction with 418 

ROS, especially O2
·-
. The toxicity of aggregated CeO2 NPs to normal cells, the influence of CeO2 419 

NPs aggregation on their therapeutic behavior, and their transport in the body should be carefully 420 

elucidated. 421 
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List of Figures 

Fig. 1  (A) UV-Vis data showing the sedimentation of CeO2 NPs at 10 mM NaCl and pH 

5.4 in the presence and absence of UV/H2O2 (30 mM) and NOM (3.3 ± 0.2 mg C/L). 

The percentages were obtained by normalizing the suspended nanoparticle 

concentration by the initial concentration. (B) Zeta potential results for CeO2 NPs in 

the presence and absence of UV/H2O2 (30 mM) and NOM. The zeta potential for 

stable dispersions of unreacted CeO2 in DI water with 10 mM NaCl at pH 5.4 was 

39.2 ± 3.4 mV. (C) Hydrodynamic particle size values for CeO2 NPs in the presence 

and absence of UV/H2O2 (30 mM) and NOM. The error bars represent the standard 

deviation from triplicate experiments. Only representative conditions are presented 

here, and other detailed results are provided in the ESI (Fig. S4† and Table S2†).  

Fig. 2  Representative TEM images for CeO2 NPs with 10 mM NaCl at pH 5.4 after 2 hrs. 

(A) CeO2 control, (B) CeO2 with UV/H2O2, (C) CeO2 with NOM, and (D) CeO2 

with NOM and UV/H2O2. 

Fig. 3  (A) XPS spectra of Ce 3d obtained from CeO2 sedimentation with 10 mM NaCl at 

pH 5.4 after 2 hrs reaction. (a) CeO2 control, (b) CeO2 with UV/H2O2, (c) CeO2 with 

NOM, and (d) CeO2 with NOM and UV/H2O2. Dotted lines show the position of two 

different Ce
3+

 peaks: Ce
3+

 3d5/2 and Ce
3+

 3d3/2. The red curves are the 

Gaussian−Lorentzian curve-fitting of XPS spectra. The variation of calculated Ce
3+

 

and Ce
4+

 percentages from the fitting of at least triplicate samples was within ±1%. 

(B) FTIR spectra of CeO2 sedimentation with 10 mM NaCl at pH 5.4 after 2 hrs 

reaction. (a) NOM, (b) NOM reacted with CeO2, (c) NOM reacted with CeO2 and 

UV/H2O2. The spectra of NOM with CeO2 and NOM with CeO2/UV/H2O2 (b and c) 
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were obtained by subtracting the spectrum of pure CeO2 from their measured spectra. 

(C) XPS spectra of C 1s obtained from CeO2 sedimentation with 10 mM NaCl at pH 

5.4 after 2 hrs reaction. (a) CeO2 control, (b) CeO2 with UV/H2O2, (c) CeO2 with 

NOM, and (d) CeO2 with NOM and UV/H2O2. 

Fig. 4  (A) CeO2 NP concentration measured by UV-Vis with 10 mM NaCl at pH 5.4 with 

SOD and t-ButOH. Dotted lines are control experiments with only SOD and t-

ButOH. The percentages were obtained from the suspended nanoparticle 

concentrations normalized by the initial suspended concentration. The error bars 

represent the standard deviation of CeO2 NP concentrations from triplicate 

experiments. (B) XPS spectra of O 1s obtained from CeO2 sedimentation with 10 

mM NaCl at pH 5.4 after 2 hrs reaction. (a) CeO2 control, (b) CeO2 with UV/H2O2, 

(c) CeO2 with UV/H2O2 and t-ButOH, and (d) CeO2 with with UV/H2O2 and SOD.  

Fig. 5  Schematic diagram for the proposed mechanism of the reaction between CeO2 and 

ROS generated during UV/H2O2 exposure. 
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