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Abstract

Groundwater can be contaminated by both organic micropollutants and inorganic heavy
metals and thus, it is essential to develop environmental-friendly and cost-effective
technologies for the remediation of such multiple contaminants. Advanced nanomaterials,
including nano-calcium peroxide (nano-Ca0,), induced Fenton-like treatment has been
recently developed to effectively oxidise and remediate various organic micropollutants. The
Ca(OH), residues have the potential to further remove toxic heavy metals via precipitation,
however, it has been rarely studied. To investigate the proposed feasibility and understand the
mechanisms, an optimised pH-regulated chemical precipitation method was developed to
synthesis the nano-Ca0, material and then catalysed by Fe(ll) towards Simultaneous removal
of the model compounds of p-nitrophenol (PNP) and cadmium (Cd). The Electron Spin
Resonance (ESR) measurements demonstrated that hydroxyl radicals (-OH) and singlet oxygen
(*0,) are two major reactive oxygen species that lead to 93% removal of PNP (40 mg/L), and
simultaneously, over 99% of the Cd (10 mg/L) was removed through the precipitation with
Ca(OH)2 and/or co-precipitation with ferrite using optimum conditions (Fe?* = 75 mg/L, nano-
Ca0; = 500 mg/L, pHini = 2.8, oscillation frequency = 160 rpm, T = 298 K). The existence of
sunlight illumination and competition ions, i.e. K*, Na*, Ca?*, Mg?*, SO4>, NOs’, and CI-, showed
negligible effect on the removal performance, which supported its feasibility for the treatment
of both ground- and surface water. Nevertheless, some environmental conditions, such as pH,
temperature, HCOs~ and Mn?* should be taken into consideration during the application as
they could led obvious impacts on the treatment. Overall, this study provided a new
groundwater ex-situ remediation technology that removed organic micropollutants and

inorganic heavy metals simultaneously via mechanisms revealed nano-remediation technique.
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remediation technology; reactive oxygen species

1. Introduction

Groundwater is an essential freshwater resource, on which the survival and development of
the whole ecosystem depend, including human populations [1-3]. However, the continual
increase in industrial and agricultural activities has resulted in a gradual decline in the
environmental quality of groundwater, with groundwater environments becoming increasingly
contaminated with anthropogenic pollutants such as organic micropollutants, such as
pharmaceuticals and personal care products (PPCPs), endocrine-disrupting chemicals
(EDCs)[4], and inorganic heavy metals, such as arsenate (As), chromium (Cr), and cadmium
(Cd)[5-7].

As a typical nitroaromatic pollutant in groundwater, p-nitrophenol (PNP) has been widely used
in agriculture, dyes/pigments, engineering polymers and pharmaceuticals[3]. After the
inappropriate discharge and pre-treatment, PNP can seep and penetrate the soil layer under
the action of environmental forces and present in groundwater [9]. Even at the low exposure
level (LDso=250 mg/kg, rats orally) [10], PNP can cause eye and skin irritation,
methemoglobinemia, cyanosis, coma and other health effects [11, 12]. Heavy metals such as
cadmium (Cd) in groundwater is often considered an environmentally hazardous substance,
which can result in kidney disease, bone disease, lung function damage, cell cancer or death
in severe cases [13, 14]. Moreover, both aforementioned compounds are chemically stable, not
easily degraded under natural conditions and bioaccumulated in the environment, thus
presenting a long-term risk to groundwater systems [10, 15]. Therefore, it is essential to
develop environmental-friendly and cost-effective technologies for the remediation of such

multiple contaminants.

Advanced nano-remediation techniques have developed rapidly, achieving good results in the
field of groundwater pollution remediation [16-18]. For example, nano-zero-valent iron,
graphene oxide, iron sulphide nanoparticles and nanoscale magnesium peroxide have been
used to remove trichloroethylene [19], Cd [20], hexavalent chromium [21] and toluene [22]
from groundwater, respectively. Recently, nano-calcium peroxide (nano-Ca0;) has drawn high
attention due to its multi-functionality, high efficiency, and environmental friendliness (Table
1). Nano-CaO; contains a high-energy peroxide covalent bond (-O-0O-) in its chemical structure
which has high oxidation activity (Fig. S1), undergoing deliquescence in aqueous environments
(as described in Eq. 1 and Eq. 2). The O,, H,0, and Ca(OH), released during nano-CaO,
hydrolysis have previously been applied to facilitate the bio-remediation, chemical-
remediation and physical-remediation processes [23].

Ca0; + H,0 - H,0, + Ca (OH), (Eq. 1)
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Ca0; + H,0 = 0O, + Ca (OH), (Eq. 2)

The recent development and application of Nano-CaO, for environmental remediation are
summarized in Table 1. It can be found that Nano-CaO, has been successfully used for the
removal of organic pollutants. Qian et al. synthesized nano-CaO, for the degradation of
toluene, showing that toluene degradation was removed completely in 3 days[24]. Sun et al.
used nano-Ca0,/Fe?* to degrade trichloroethylene in groundwater, confirming that nano-Ca0O,
could achieve a higher removal rate (70.4% vs. 61.1%) than traditional CaO, under the same
conditions [25], and the nano-Ca0, performed better than commercial CaO, in naphthalene
removal (84.5% vs. 95.4%) when catalyzed by Fe(ll)/citric acid[26]. Moreover, nano-Ca0, has
been definitely confirmed to have obvious broad-spectrum reactivity in the removal of more
organic pollutants such as polycyclic aromatic hydrocarbons, benzene series, and chlorinated
hydrocarbon[27]. In addition, nano-CaO, has been used as a filling material in a groundwater
permeable reaction barrier system, providing an oxygen source for microorganisms and
therefore, supporting effective bioremediation [28]. The reactions were mainly based on either
the first hydrolysate of H,0, or the second hydrolysate of O,. Some studies have also
investigated the possibilities of using nano-CaO, for the treatment of inorganic pollutants, such
as arsenic, phosphorus and silver, via chemical precipitation[28-30]. Nevertheless, those
experiments were conducted separately only for a single pollution type, but did not carry out
co-remediation of organic and inorganic combined pollution. We claim that the third
hydrolysate of Ca(OH), could further contribute to the remove of inorganic heavy metals,
which may pave a way to simultaneously removal organic micropollutants and inorganic heavy
metals. To be sure, the synthesis process of nano-Ca0, was slightly improved, and it is novel
to propose an intermediate CaCl,-8NHs3 that would be favourable for the diffusion of

nanoparticles.

Herein, a nano-Ca0,/Fe?* catalytic technique was established to systematically study the
simultaneous remediation of PNP and Cd, as the model organic micropollutant and toxic heavy
metal respectively. The optimum dose ratio of nano-Ca0, and Fe?* were studied to achieve the
best removal efficiencies of both PNP and Cd. Besides, electron spin resonance (ESR)
technology and free radical quenching experiments were conducted to reveal key reactive
oxygen species (ROSs) that contribute to PNP degradation. The effects of the existence of
common anions and cations, i.e. Na*, K*, Ca%*, Mg?*, Fe3*, Mn?*, HCOs", SO4%, CI, and NOs,,
were also investigated to indicate the real-world implementation feasibility. Additionally, the
treatment processes were also evaluated under different simulated environmental conditions,
such as various initial pH, oscillation frequency (water movement), temperature and light
illumination. With these results, the feasibility of practical application of this technology for
the simultaneously remediation of organic micropollutants and heavy metals was discussed.
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Table 1

Summary of nano-Ca0; synthesis and application in environmental remediation

Main materials Particle size Contaminants (concentration) Removal mechanism  Maximum removal rate or Year  Reference
125 nm Naphthalene (0.1 mM) Chem-oxidation Over 99% (180 min) 2022 [27]
125 nm Naphthalene (0.1 mM) Chem-oxidation 95.4% (180 min) 2021 [26]
50-200 nm Trichloroethylene (1.5 mM) Chem-oxidation Over 70.4% (180 min) 2019 [25]
109 nm BTEX (0.5 mM) Chem-oxidation Over 90% (180 min) 2019 [25]
No given Acrylic acid (2882-7206 mg/L) Physisorption Almost 100% (140 min) 2018 [31]
CaCl,, H,0,, PEG 200 o ) ) ) —
5-15 nm a-toluic acid (7.06 g/L) Physisorption 98.05% (34 min) 2017 [32]
10-40 nm Benzeneacetic acid (6.8 g/L) Physisorption 94.49% (30 min) 2017 [33]
5-15 nm a-toluic acid (5446 mg/L) Physisorption 4697.2 mg/g 2016 [34]
15-25 nm Arsenic (0.4 mg/L) Chem-precipitation Over 88% (30 min) 2012 [35]
15-25 nm Silver nanoparticles (No given) Chem-oxidation Over 90% (8 hours) 2011 [29]
CaCl,, H,0,, CTAB® No given Diclofenac sodium (0.02 mM) Chem-oxidation 97.5% (180 min) 2021 [36]
CaCl,, H,0,, PVA® 14-19 NM Trichloroethylene (0.15 mM) Chem-oxidation 91% (360 min) 2020 [37]
13-62 nm Benzene (50 mg/L) Bio-remediation 100% (90 days) 2019 [38]
CaS0,, H,0, No given Naphthalene (20 mg/L) Bio-remediation 100% (50 days) 2018 [28]
13-62 nm Benzene (50 mg/L) Bio-remediation 100% (60 days) 2017 [39]
Ca(NO3),, H,0, 20-50 nm Methyl blue (0.01 mM) Photo-oxidation Over 80% (80-100 min) 2016 [40]
Nano-Ca(OH),, H,0; 100-200 nm  Toluene (0.2-0.6 mM) Chem-oxidation 100% (3 days) 2013 [24]
Common Ca0; (Grind) 110 nm Diesel (1000 mg/L) Bio-remediation 60% (14 days) 2018 [41]
Biochar, CaCly, H,0,, PEG 200 20-25 nm PO* (100 mg/L) Chem-precipitation,  213.22+13.57 mg/g 2020 [30]

?: CTAB - Cetyltrimethylammonium bromide; °: PVA - Polyvinyl alcohol.



2. Materials and methods

2.1. Materials

The chemicals of P-nitrophenol (Cas: 100-02-7, Shanghai Maclean Biochemical Technology Co.
Ltd., Shanghai, China), CaO, (70%, Cas: 1305-79-9, Shandong Xiya Chemical Industry Co. Ltd.,
Shanghai, China), FeSO4¢7H,0 (Cas: 7782-63-0, Xilong Chemical Co. Ltd., Guangdong, China),
FeClze6H,0 (Cas: 10025-77-1, Tianjin Damao Chemical Reagent Factory, Tianjin, China), were
obtained from Tianjin Bodi Chemical Co. Ltd., Tianjin, China. Other reagents, such as CdSO4
(299.0%, Cas: 7790-84-3), H,0, (30%, Cas: 7722-84-1), CdSO4 (Cas: 7790-84-3), 5,5-Dimethyl-
1-pyrroline-N-oxide (DMPO, 97.0%, Cas: 3317-61-1) and 2,2,6,6-tetramethylpiperidine
oxidation (TEMPO, 97.0%, Cas: 2564-83-2), were purchased from Sinopharm Chemical
Reagent Co. Ltd., Shanghai, China. All reagents were of analytical grade or higher.

2.2. Preparation of nano-Ca0O,

The synthesis of nano-CaO, was performed based on a modified version of the method
from[40], in which CaCl, was used as the precursor rather than Ca(NOs); as it is more
economical and the sequence of addition of H,O, and NHs-H,O was changed. The specific
process was as follows: (i) First, 11.1 g of CaCl, was weighed and transferred to a 200 mL beaker,
combined with 25 mL of pure water and dissolved with ultrasonication (40 KHz, 10-20 min). It
is of note, that as CaCl; is hydrolyzed to produce slightly soluble Ca(OH),, its agueous solution
will become cloudy for a while. (ii) Once dissolved, 35 mL of NH3-H,0 was added to the solution,
followed by 20 mL of 30% H.0,, which was then slowly injected into the solution at 0.2 mL/min,
with mixing maintained at 500 rpm throughout the whole process. A yellowish CaO,
precipitation was gradually formed and increased with ongoing injection of H,0,; (iii) The
precipitation was then centrifuged at the high speed of 11000 rpm for 20 min, then washed
three times with pure water and ethanol, sequentially, then dried at 80 °C for more than 2

hours.

2.3. Characterization of nano-CaO,

The morphological features and particle size of synthetic nano-CaO, particle samples were
measured by scanning electron microscope (SEM, SIGMAS500, Zeiss, Germany) and
transmission electron microscope (TEM, TECNAIG2F20-S-TWIN, FEI, UK). It is of note, that the
samples were pre-processed using a gold spray to achieve a high-definition SEM image, with a
small number of samples ultrasonically dispersed in an ethanol solution for 5 min prior to TEM
scanning. X-ray diffraction (XRD, D/max-2500PC, Rigaku, Japan) was conducted to identify the
crystallographic structure of samples using a computer-controlled X-ray diffractometer. Raman

spectrometry (HR Evolution, Varian, Germany), X-ray photoelectron spectroscopy (XPS, AXIS
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Supra, Kratos, UK) and Fourier transform infrared spectroscopy (FTIR, Nicolt iS5, Thermo, USA)

were used to identify the molecular structure of the peroxide covalent bond in nano-CaO,.

2.4. Experimental Procedures

200 mL of synthetic 40 mg/L PNP and 10 mg/L Cd multiple solution with controlled pHin was
combined in a 250 mL conical bottle. Different pHini (2.6, 2.8, 5.0, 7.0, 9.0,11,0) was adjusted
using 0.01 — 0.1 M HCI/NaOH to evaluate the effect of pH changes on the mix-pollution
remediation. Then, different dosage of Fe?* (0, 5, 10, 15, 20 mg) and nano-Ca0, (0, 50, 75, 100,
125 mg) were added successively for optimal material consumption. The degradation
experiment was performed immediately using a constant temperature oscillator at OF=160
rom and T=298 K. 3 mL samples were taken at 30, 60, 120 and 180 min, respectively, with each
sample filtered through a 0.22 um water filtration membrane. From each collected sample, 2
mL was used for PNP determination and 1 mL was used for Cd measurements. The effect of

sampling volume was ignored. Each treatment was carried out in triplicate.

In addition, batch investigations were performed under simulated groundwater environment
conditions including in hydrochemical characteristics, no light exposure, temperature,
fluctuation. The hydrochemical characteristics of groundwater were simulated by adjusting the
pHini, and using predetermined concentrations of the various ions (NaHCOs = 688 mg/L, MgS0,
= 996 mg/L, CaCl, = 555 mg/L, NaSO4 = 309 mg/L, KNO3 = 326 mg/L, MnSO4 = 272 mg/L,
Fe»(S04)3 = 360 mg/L) while changing only one of factor at a time. And additional control
experiments with dark (no light exposure), relatively high temperature (323 K) and low
oscillation frequency (60 rpm) were performed, respectively. Worthy of note was that
variations in the movement of the groundwater were simulated by changing the oscillation

frequency so as to investigate the serviceability in an underground environment.

2.5. Analytical methods

PNP was determined by UV-Vis spectrophotometry (U-2910, Hitachi, Japan) [9]. Firstly, in order
to terminate the degradation reaction, 2 mL of the sample was immediately mixed with1 mL
excess methanol to quench -OH; Secondly, the sample was acidified by adding HCI (1 mL, 50%
V/V) and heating the mixture at 60 °C for 20 min to eliminate interference from fine particles
such as Fe(OH)s, Ca(OH), and Cd(OH),. Thirdly, ascorbic acid (1 mL, 5 g/L) was added
immediately after cooling to eliminate the colour of trivalent iron. Finally, the final colorimetric
volume was fixed to 10 mL, and colorimetric determination of PNP was performed at 317 nm,

exhibiting the ultraviolet characteristic peak of PNP under acidic conditions.

Cd was determined by flame atomic absorption spectrophotometry (SpectrAA 220 with GTA

110, Varian, Germany). Fe was determined using inductively coupled plasma emission

spectrometry (ICPE-9000, Shimadzu, Japan). Details pertaining to the quantitative analytical
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methods used for H,0; and Ca0;, as well as the qualitative analytical method for ROS, are

provided in the Supporting Materials.

3. Results and discussion

3.1. Characterization of the nano-CaO,

Nano-Ca0; and the Ca0, commercial reagent were subjected to XRD and Raman spectroscopy,
with the results shown in Fig. 1A and Fig. 1B, respectively. Based on the XRD pattern, the phase
and intensity of the major observed peaks were attributed to CaO, (d = 3.058, 2.961, 2.524
and 1.916; JCPDS card number 85-0514; see (a) in Fig. 1A). However, there were also some
minor peaks for CaClIOH observed (d = 4.947, 3.177, 2.352 and 1.916; JCPDS card number 73-
1885; see (b) in Fig. 1A), the occurrence of which depended on the conditions of synthesis.
Titration of the synthetic material with KMnO4 showed that the CaO, content was about 71%,
which was consistent with the XRD results. The Raman spectra of the synthesized nano-Ca0,
and the Ca0, reagents (Fig. 1B) exhibited a distinct characteristic peak at 835 cm™ [42], and
the XPS peak at 531.0 eV (Fig. 1D) and the FTIR absorption peak at 875 cm™ (Fig. 1E) observed
for nano-Ca0,, were similar to those of CaO, as reported in the literature, which was
attributed to the peroxide bond (-O-0-) of Ca0, [30, 43, 44].

The SEM image in Fig. 1C showed that the morphology of a single particle of synthesized nano-
Ca0; was approximately a sphere with a particle diameter of about 46 nm. The particle size
established by SEM analysis was consistent with the results of TEM imaging (Fig. 1F). However,
the shape of a single particle size was found to be similar to the symbol 8 in TEM images (Fig.
S2), which might be related to the chemical structure of CaO, (Fig. S1). Overall, the results of
XRD, RAMAN, XPS, FTIR, SEM and TEM analysis confirm that the synthesized material was Ca0O,

nanoparticles.

The mechanism of nano-CaO, synthesis can be summarised as follows. The complex
CaCl;-8NHs was formed from CaCl, in a high concentration ammonia solution according to the
reaction described in Equation 3. It is worth noting that the CaCl, solution would be cloudy
due to the inhalation of CO, in the air. Once the high concentration ammonia was added, the
solution would immediately become clear and translucent. The existence of CaCl,-8NHs, thus,
could be confirmed. The main product CaO, was formed from the reaction between H,0, and
CaCly-8NHs, along with the by-products HCl and NH4OH (Eq. 4), with these by-products
undergoing an acid-base neutralization reaction (Eq. 5), which further promoted the formation
of Ca0,.

8NH40H + CaCl; - CaCl-8NHs + 8H,0 (Eq. 3)
H,0, + CaCl,-8NHs + 8H,0 = Ca0,, + 2HC| +8NH4OH (Eq. 4)
HCl + NH3-H20 = NH4Cl + H,0 (Eq. 5)
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Figure 1. Characterization of nano-Ca0O;: A) XRD spectra; B) Raman spectra; C) SEM image; D) TEM
image; E) XPS O 1s spectra; F) FTIR spectra.

3.2. The improvement of the nano-Ca0O, synthesising

As outlined in Table 1, there are four current methods for the synthesis of nano-CaO,: (i) Using
CaCl; as a precursor, NH3-H,0 is added initially to neutralize the by-product HCI, followed by
the slow dropwise addition of H,0, and polymers (PEG-200/PVA) under high-speed stirring
and then adjusted to a strong alkaline pH using NH3-H,O or NaOH, while maintaining high-
speed stirring throughout the synthesis process [40]. (iii) Using a CaSO4 emulsion as a precursor,
an excess of KOH and H,0, were injected into the emulsion under high-speed stirring
conditions [28, 38, 39, 46]. (iv) Using CaO, as a raw material, nano-Ca0, is prepared by high-
speed rapid physical grinding [41].

Compared with the aforementioned existing methods for nano-Ca0, synthesis, the optimized
synthesis method used in the present study had the advantages of generating high purity of
products, with large volumes formed, at low cost and with easy separation, making the
optimized method suitable for engineering applications. Using the optimized method
separation was easier to perform than synthesis method (i), avoiding the need to add the
polymer PEG-200. Compared with method (ii), adjusting the sequence of addition of NHs-H,0
and H,0,, resulted in the nanoparticles being more dispersed due to the formation of
intermediate complex Ca0,-8NHs, while also avoiding the need to use a controlled nitric acid

reagent. Using the optimized method, the amount of nano-Ca0, synthesized was larger than
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using method (iii), with the purity of products also being higher. Furthermore, the particle size
of nanoparticles was about 46 nm, which was smaller than that of method (iv) while a particle

diameter of 110 nm was produced using the fourth method of physical grinding.

3.3. Removal performance of PNP and Cd and associated mechanisms

3.3.1. PNP removal

A Fenton-like advanced oxidation process can be performed using Fe?* as a catalyst to
hydrolyse H,0; from CaO;, for use in the oxidative degradation and removal of organic
pollutants [47]. Furthermore, a Ca(OH), hydrolysate from CaO, can be used for the
precipitation and removal of heavy metals [48, 49]. Based on these two principles, nano-Ca0O;
was designed and synthesized to treat the co-existing pollutants PNP and Cd, with the results
shown in Fig. 2. The removal rates of PNP and Cd reached 93% and 99% in 180 min, respectively
(Fig. 2 A, blue arrow), indicating that nano-CaO; could effectively remove both organic

compounds and heavy metals.
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Figure 2. Performance in the removal of PNP and Cd. The solid line represents the PNP data and the
dashed line represents the Cd data. Experimental conditions: solution volume = 200 mL, initial PNP =
40 mg/L, initial Cd = 10 mg/L, Fe?* = 75 mg/L, nano-Ca0, = 500 mg/L, pHini = 2.8, oscillation frequency
=160 rpm, T=298 K.

As shown in Fig. 2A, the degradation and removal efficiency of PNP reached 83% within 30 min
(Fig. 2A, red arrow). This indicates that the PNP degradation process mainly occurred in the
initial stage of the reaction, as CaO; is catalyzed by Fe?* to rapidly produce highly active -OH,
which can degrade PNP under acidic conditions in the first 30 min of the reaction. The catalytic
degradation mechanism was as follows: Firstly, CaO. preferentially reacted with H*, rapidly
forming H,0; under acidic conditions (Eq. 7). Secondly, H,0, was catalyzed by Fe?* to form -OH
(Eg. 8) and finally, PNP was degraded by -OH (Eqg. 9) [50-52]. Detailed analysis of the PNP

degradation process showed that there was a large amount of dissolved iron present in the
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solution, with degradation occurring rapidly in the first 30 min, while dissolved iron was not
detected in the system after 60 min, at which point PNP degradation was negligible. The PNP
degradation curve is shown in Fig. 2A, and the dissolved iron concentration curve is shown in
Fig. 2B, exhibiting an opposite trend to that of PNP degradation, indicating that PNP
degradation was closely affected by dissolved iron and therefore, confirmed the catalytic
mechanism. Ca(OH),, one of the hydrolyzed products of Ca0;, increased the pH of the system
(see the blue line in Fig. 2B), causing Fe?* and Fe3* to precipitate with OH™ (Eq. 10 and Eq. 11),
depleting dissolved iron and resulting in PNP degradation ceasing due to the absence of

available catalysts.

Ca0; + 2H* > H,0, + Ca** (Eq. 7)

Fe?* + H,0, + H*-> -OH + H,0 + Fe3* (Eqg. 8)
‘OH + PNP = CO, + H,0 + products (Eq.9)
Fe?* + Ca(OH), - Fe(OH),l + Ca** (Eq. 10)
2Fe®** + 3Ca(OH), - 2Fe(OH)s + 3Ca** (Eq. 11)
Cd2* + 20H = Cd(OH)2 (Eq. 12)

3.3.2. Role of ROSs

In order to verify the mechanism of PNP degradation by nano-Ca0/Fe?*, the -OH capture
agent DMPO and the 'O, capture agent TEMPO were added to different systems for ROSs
analysis by ESR respectively, as shown in Fig. 3A and Fig. 3B. The 1:2:2:1 pattern in Fig. 3A
demonstrated the presence of -OH [53]. However, it was found that under acidic conditions
the -OH peak height was smaller than in the non-acidic system (Fig. 3A), which contradicts the
established theory that the Fenton-like process had a higher reaction activity under acidic
conditions. The observed colour changes in the system (solution became faint pink when the
acid was added) indicated that other chemical changes occurred during the capture process,

resulting in a decrease in the -OH peak shape.

Moreover, the presence of 10, was confirmed by the 1:1:1 peak in Fig. 3B [54]. In the process
of CaO; catalysis by Fe?*, the existence of !0, was neglected and the mechanism of its
formation remains unclear. Previous studies have shown that 0, formation could be well
explained using molecular orbital theory. As shown in Fig. 3C, an electron in the nt*;p; orbital
of the peroxide bond (0,%) was captured using a strong oxidant such as -OH or Fe3*, leaving a
lone electron to form a superoxide free radical (-O;) as described in Eq. 13 and Eq. 14 (Fig. 3C,
red arrow). The lone electron on m*;,; was more likely to be lost due to general chemical
principles, indicating that -O,” was more susceptible to oxidation by -OH or Fe3* to form 0., as
described by Eq. 15 and Eq. 16 (Fig. 3C, blue arrow). However, 10, existed in an excited state,

eventually releasing energy and returning back to its ground state 30, (Fig. 3C, green arrow).

‘OH + 0, > -0, + OH" (Eqg. 13)
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Fe3* + 0, > -0, + Fe” (Eq. 14)
‘OH + -0, > 10, + OH" (Eq. 15)
Fe3*+.0, =10, +Fe” (Eq. 16)
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Figure 3. ESR diagram of -OH and the 'O,

Previous studies had shown that both -OH and 0, had high activity and can be used for the
degradation of organic pollutants [47, 55-59]. Therefore, in order to establish the main species
responsible for PNP degradation, methanol was added to the system as a -:OH quencher and
-OH guenching tests were carried out, as shown in Fig. 4C. -OH was quenched preferentially by
methanol with high reactivity (k (chson, -on) = 9.7x108 M~1s71 [60]), making it unable to degrade
PNP, thus proving that the main factor in PNP degradation was :OH originating from the Fenton

process.

3.3.3. Cd removal

The removal mechanism of Cd was that Ca(OH),, one of the hydrolyzates of nano-Ca0,, would
release OH’, and then ferrite co-precipitation was induced to separate Cd ions from the
solution in the presence of Fe agent. As a result, High pH conditions facilitated the removal of
Cd (Eqg. 12). As shown in Fig. 2B, at reaction times of 30, 60, 120 and 180 min, the pH increased
from an initial level of 2.8 to 4.3, 5.2, 6.2, and 10.3, respectively, with corresponding Cd
removal rates of 6%, 13%, 73%, and 99%. It is of note, that the concentration of Cd decreased
despite consistently acidic pH conditions in the first 120 min of the reaction (Fig. 2B, green
arrows). It may be speculated that Cd might be adsorbed by nano-Ca0O,, while Cd might also

be co-precipitated by Fe?* or Fe3* to form ferrite [61-64].

It was worthy of note that the total amount of Cd did not decrease in the in-situ remediation
11



of groundwater, but reduced its migration and environmental risk due to the form of solid
sludge. However, when the groundwater was pumped out and treated by the nano-Ca0,/Fe(ll),
the precipitation sludge containing Cd as hazardous waste could be dewatered and desilted in

the sedimentation tank.3.4. Process parameters and groundwater factors

3.4.1. Dose effect of the Fe(ll) application

The effects of Fe?* dosage on the rates of PNP and Cd removal were investigated, as shown in
Fig. 4A. Studies had shown that the PNP degradation efficiency increased significantly in
accordance with increasing Fe?* dosage, whereas the rate of Cd removal decreased gradually.
When Fe was not added to the reaction system, PNP degradation was minimal, while the Cd
removal rate was higher. When only 5 mg of iron was added to the system, the PNP
degradation rate reached 80% and the Cd removal rate reached 95% at 60 min. When the
concentration of Fe was increased to above 15 mg, PNP degradation reached 93%, while the
Cd removal rate reached 99% in 180 min. The PNP degradation effect was not significantly
improved when an excess of Fe was added. However, the Ksp of Fe(OH)s (2.79x1073°), Fe(OH),
(4.87x10Y), and Cd(OH), (7.20x10*°) were smaller than that of Ca(OH), (5.02x10®) at the

same temperature (25°C). It was indicated that Fe?* and Fe3* could form competitive

precipitation reactions with Cd?*. Because Ksp (Fe(OH)s) << Ksp (Ca(OH),) and Ksp (Fe(OH),) < Ksp
(Ca(OH),), Ca(OH), would be tend to react more with Fe ions (Eg. 10 and Eq. 11). which was

not conducive to Cd removal due to the competitive precipitation.

- Felt = =
100% - A Fe dgﬁ.e.:.:.:.".-'..-_-; e C‘ OH quenChlng
il -f e PNP
B il —#—CH,0H not added
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Figure 4. Effect of Fe?* dosage (A), CaO, dosage (B) and CH3OH quencher addition (C). The solid line
represented the PNP data and the dashed line represents the Cd data. Experimental conditions: solution
volume = 200 mL, initial PNP = 40 mg/L, initial Cd = 10 mg/L, Fe?** = 75 mg/L, nano-Ca0, = 500 mg/L, initial
pH = 2.8, oscillation frequency = 160 rpm, T = 298 K.

3.4.2. Dose effect of the nano-Ca0; application

The effect of different nano-Ca0O; dosages on PNP and Cd removal was shown in Fig. 4B. It was

observed that the rates of PNP and Cd removal were both 0% without the addition of nano-
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Ca0.. When the dosage of nano-CaO: was 50 mg, 75 mg, 100 mg and 125 mg, the PNP
degradation rates were 93%, 96%, 94% and 94%, and the Cd removal rates were 8%, 99%, 99%
and 99%, respectively. The PNP degradation efficiency exhibited a trend of increasing initially
and then decreasing as the nano-CaO; dosage was increased further. Actually, the system
was strongly acidic and nano-Ca0, was sufficient for a short period of time in the early stage.
Nano-Ca0,, therefore, would produce excess H,0, with H* according to Eq. 7., but the large

amount of H,0, would consumed -OH (Eq. 17),[65-67], resulting in adverse effect on the
degradation of PNP. As the high dosage of CaO; resulted in the release of more OH™, it was

beneficial to the precipitation of Cd(OH), and therefore, the rate of Cd removal was increased

in accordance with the nano-Ca0; dosage.

H20; + *OH +OH™ - 2H,0 + 2:0,~ (17)

3.4.3. Effect of initial pH

As shown in Fig. 5, the pH value of the system was an important key factor for successful
pollutant removal. High pH conditions were not conducive to the degradation of PNP, but were
beneficial to the removal of Cd. In contrast, low pH conditions had an opposite effect. 93% of
PNP was removed within 180 min at an initial pH of 2.8. However, when the initial pH was
increased to 9.0, PNP degradation reached only 20%, while PNP degradation was negligible at
an initial pH of 11.0. Because of Cd(OH), production, it was observed that the Cd removal rate
was higher under higher pH conditions. One of reasons for the decrease in PNP removal rate
was that the Fenton reaction occurred preferentially under acidic conditions. Fe** and OH"
formed Fe(OH)s precipitation under high pH conditions, causing the concentration of dissolved
Fe to decrease and the catalytic degradation reaction to be interrupted, as confirmed by the
variation in dissolved Fe concentrations shown in Fig. 2B. These experimental results were
consistent with the conclusions of previous studies on organic pollutant degradation by Fenton
processes [25, 68-72]. In addition, low pH conditions favour the formation of H,0, from CaO;

and H*, which was catalyzed to produce -OH (Fig. 5B).
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Figure 5. the Effect of initial pH on removal and release H,0,. (The experimental conditions: solution
volume = 200 mL, oscillation frequency = 160 rpm, T = 298 K. (A) initial PNP = 40 mg/L, initial Cd = 10
mg/L, Fe?* dosage = 75 mg/mL, nano-Ca0, dosage = 500 mg/mL, (B) nano-Ca0, dosage = 100 mg.)

3.4.4. Effect of illumination, temperature and oscillation frequency

The effects of illumination, temperature and oscillation frequency on the removal of PNP and
Cd by nano-Ca0y/Fe (Il) were shown in Fig. 6. Because the light are not the excitation condition
for -OH production catalyzed by nano-CaO,/Fe(ll), exposure to light had little effect on the
removal of PNP and Cd (Fig. 6A), which showed that nano-Ca0,/Fe (IlI) was suitable for the
dark environment of groundwater aquifers. As shown in Fig. 6B, low temperature conditions
were not conducive to the catalytic activity of Fe?*, reducing the Fenton reaction rate and
therefore, causing the PNP degradation rate to decrease[73-75]. Moreover, Low temperature
would reduce the ionic activity of Cd** and OH- and decrease their contact opportunities. Thus,
the decrease in temperature was not beneficial to Cd precipitation and removal, with the time
required for Cd removal rate to reach 99% reaching 180 min at 295 K, while only 60 min were
required at 323 K. This illustrates that this method would require longer for the remediation

of contaminated groundwater due to low groundwater temperatures.

To assess the effects of groundwater dynamics, the oscillation frequency was modified to
simulate variations in water flow or water level fluctuations. As shown in Fig. 6C, within 180,
the removal rates of PNP and Cd were 93% and 99% at OF=160 rpm, while the rates decreased
to 78% and 32% at OF=60 rpm, respectively. It was indicated that high frequency oscillation
were beneficial to the system reaction, as high frequency oscillation promoted the generation
of H,0, and Ca(OH), by Ca0O,, while low oscillation frequency were not conducive to the

removal of PNP or Cd, which was consistent with the results of our previous study[76].
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Figure 6. the Effect of illumination(A), temperature(B) and oscillation frequency(C). Experimental
conditions: solution volume = 200 mL, initial PNP = 40 mg/L, initial Cd = 10 mg/L, Fe>* dosage = 75
mg/mlL, initial pH = 2.8, oscillation frequency = 160 rpm, T = 298 K.

3.4.5. Effect of groundwater chemical conditions

In general, the chemical composition of groundwater includes K*, Na*, Ca%*, Mg?*, Fe3*, Mn?*,
HCO37, SO4%, NOs, and CI- [77-79]. As shown in Fig. 7, the effects of anions and cations were
studied by adding extremely high concentrations of salt to simulate real groundwater chemical
characteristics to verify the applicability of the nano-Ca0,/Fe (ll) technique in groundwater co-
contaminated by PNP and Cd. Important conclusions were derived: Firstly, the addition of Na*,
K*, Ca?*, Mg?*, Fe3*, SO4%, ClI"and NOs ions had no significant effect on PNP degradation, but
the PNP degradation rate decreased from 93% to 16% after the addition of HCOs™ (Fig. 7A, blue
arrow), indicating that HCOs™ had a negative impact on PNP removal in this system. HCO3"
significantly affected the system pH (Eq. 18 and Eq. 19), resulting in a decrease in Fenton
catalytic efficiency. Furthermore, -OH was consumed in the formation of HCO3;™ from CO3? and
OH" (Eqg. 20 and Eq. 21) [25]. Results showed that Ca%*, Mg?*, Mn?* and Fe®* could protect the
system from alkalinisation (Eq. 22), reducing the system pH. Therefore, it was beneficial to the
degradation of PNP and was not conducive to the removal of Cd by precipitation. However,
the negative effect on Cd removal could be eliminated by increasing the nano-Ca0O; dosage.
For example, the addition of 0.9 mM Fe3* resulted in a reduction in the Cd removal rate from
99% to 24% (Fig. 7A, red arrow), However, when the nano-CaO; dosage was doubled, the
removal rate returned to 99% (Fig. 7B). The PNP degradation rate reduced from 93% to 33%
due to the addition of 18 mM Mn?* (Fig. 7A, purple arrow), showing that PNP degradation was
greatly affected by Mn?*, as it could initiate a catalytic reaction to consume H>0; under alkaline
conditions, which was not conducive to the removal of PNP. The addition of Mn?* first caused
the formation of Mn(OH), using OH" (Eg. 23), with Mn(OH), then oxidized by H,0 to form
black MnO; (Eq. 24), which was consistent with experimental results with black precipitate
formation. As a catalyst, MnO, continually decomposed H,0; (Eq. 25) [80, 81], resulting in less

-OH being required to decompose PNP and ultimately causing the PNP degradation rate to be
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reduced.

HCOs + H* = -CO, + H,0 (Eq. 18)
HCOs + OH - -C0O3% + H,0 (Eq. 19)
HCO3 +-OH - -HCOs™ + OH" (Eq. 20)
CO3* +-:0OH > -CO3* + OH" (Eq. 21)
XM + yOH = My(OH),J,  (M: Ca”, Mg”, Fe?) (Eq. 22)
Mn?* + 20H > Mn(OH),\ (Eq. 23)
Mn(OH)2 + H,0, > MnO,\ + 2H,0 (Eq. 24)
MHOZ
H,0, — H,0+ 0,1 (Eq. 25)
A:100mg Nano-Ca0O, u PNP Removal Rate B:200mg Nano-CaQ, = PNP Removal Rate
= Cd Removal Rate = Cd Removal Rate
. 98% 99% 100% 99% 99% 99% 99% 99% 9%%
88% = 91%“' 91 947 90
80
7%
“
33y, 39% i 32
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1*" 13

NaHCO; MgSO, CaCl; Na,SO, MnSO, KNOs; Fe;(SO4)s NaHCO; MgSO, CaCl, MnSO, Fe,(SO,)s

Figure 7. Effect of groundwater chemical composition. experimental conditions: solution volume = 200
mL, initial PNP = 40 mg/L, initial Cd = 10 mg/L, Fe?* dosage = 75 mg/mlL, initial pH = 2.8, oscillation
frequency = 160 rpm, T =298 K, t = 180 min, NaHCO3 = 688 mg/L, MgS0,4 = 996 mg/L, CaCl, = 555 mg/L,
NaSO4 =309 mg/L, KNOs = 326 mg/L, MnSO, = 272 mg/L, Fe,(SOa4)s = 360 mg/L.

3.5. Cost evaluation of the reagents

According to the optimal reagent concentrations, it was calculated that 75 kg CaCl,, 36 kg
FeS04:7H,0, 250 L ammonia, 150 L H,0,, 500 L ethanol, and 100 L HCI would be needed to
remediate 100 m? of groundwater. The total cost of reagents at current prices would be on the
order of $6680. Table S1 provided further details. Interestingly, the preparation of nano-CaO>
accounted for approximately 91% of the total reagent cost. Thus, the high cost of
nanopreparation would be a constraint to the development of this nano-remediation
technology. Fortunately, the large amount of ammonia and ethanol (85% of material
preparation cost) used in nano-CaO. preparation could be recycled, which would greatly
reduce the total cost.

In addition, it is worth mentioning that the Ca salt generated as a byproduct from nano-Ca0,
and the Fe catalyst can be separated by precipitation without secondary pollution. More
importantly, even if these green reagents are overdosed, they will not harm the environment.
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So, such approach supports the sustainable development of the environment.

4. Conclusion

Ca03 nanoparticles were successfully synthesized and combined with Fe?* to form a novel
Fenton-like system for the treatment of combinations of the PNP and Cd. Using these
nanoparticles, 93% of 40 mg/L PNP and 99% of 10 mg/L Cd were removed under the optimal
conditions described. -OH was the main factor causing PNP degradation, and the Cd removal
mechanism was mainly co-precipitation with Ca(OH), and ferrite. It was demonstrated that
Low pH conditions, high Fe?* dosages, high oscillation frequencies and high temperatures were
beneficial to the catalytic degradation of PNP, while high pH conditions, low Fe?* dosages, high
nano-Ca0; dosages, high oscillation frequencies and high temperatures were favourable for
Cd precipitation and removal. In contrast, special attention should be paid to the negative
effects of HCOs™ and Mn?* on the remediation of PNP contaminated groundwater by nano-
Ca0,/Fe?*, as well as to the competitive precipitation reactions of ions such as Fe3*, Ca?* and
Mg?*, for the effective remediation of Cd heavy metal pollution. In conclusion, these results
show that nano-Ca0; based methods have high application prospects for the remediation of

organic matter and heavy metals co-occurring as groundwater contaminants.
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Supporting document. 1-Analytical methods

1.1 Analytical method of H,0;

The measurement of H,0, was carried out by spectrophotometry[1, 2]. The brief steps were: adding
1.00mL sample, 2mL 2.5 mM ammonium molybdate and 2mL 0.5 M sulfuric acid in 5mL water, and
measuring at 340nm after 15min.

1.2 Analytical method of Ca0O;

Ca0; was measured by potassium permanganate titration. The potassium permanganate solution
calibrated by oxalic acid was used to titrate the content of H,0, which was generated by CaO; under
strong acid conditions. The color of the titration end point was pink.

1.3 Qualitative analytical method of ROS

200mg/L DMPO capture agent or TEMPO capture agent was added to the sample in advance, and
then the quantitative FeSO, and CaO; solution were added. ESR was immediately scanned after 5
minutes of reaction.

Supporting document. 2- Figure

Figure S1. Chemical structure of CaO,

Figure S2. TEM of CaO;
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