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SUMMARY

High energy consumption is impedimental for eliminating refractory organic pol-
lutants in water by applying advanced oxidation processes (AOPs). Herein, we
develop a novel process for destructing these organics in chemical conjuncted
Fe0-FeyCz/Fex, graphited ZIF-8, and rGO air-saturated aqueous suspension
without additional energy. In this process, a strong Fe-p interaction occurs on
the composite surface, causing the surface potential energy �310.97 to
663.96 kJ/mol. The electrons for the adsorbed group of pollutants are found to
delocalize to around the iron species and could be trapped by O2 in aqueous
suspension, producing

,OH, H, and adsorbed organic cation radicals, which are
hydrolyzed or hydrogenated to intermediate. The target pollutants undergo sur-
face cleavage and convert H2O to ,OH, consuming chemical adsorption energy
(�2.852–9.793 kJ/mol), much lower than that of AOPs. Our findings provide a
novel technology for water purification and bring new insights into pollutant
oxidation chemistry.

INTRODUCTION

Thousands of industrial chemical compounds that are present in aquatic systems pose severe health

problems worldwide (Bullock, 2003). Many of them may have considerable toxicological consequences

at environmental concentrations, particularly when they are present as components of complex mixtures

(Schwarzenbach et al., 2006). Moreover, these substances are the necessities of human society develop-

ment, such as pharmaceuticals and detergents. Accordingly, it is important to develop and apply cost-

effective water purification technologies.

To date, advanced oxidation processes (AOPs) have been recognized as the most effective method for

converting organics into carbon dioxide, water, and other organic acids by continuous attacking of hydrox-

yl radicals (,OH). ,OH can be generated by a combination of oxidants (e.g., O3, H2O2), irradiation, and cat-

alysts (Adewuyi, 2005; Lee et al., 2020), which results in very high energy consumption. As a result, the AOPs

are rarely applied to eliminate organic pollutants at a large scale. Most of the organic pollutants possess

very high chemical energy, but these reactant energies have not been effectively utilized for water purifi-

cation (Li et al., 2015b; Abednatanzi et al., 2020). Cation-p interactions are electrostatic attractions between

cations and electron-rich p orbitals (Gebbie et al., 2017). A strong cation-p binding occurs when cations

interact with delocalized p orbitals perpendicular to the plane of aromatic rings (Dougherty, 1996),

exceeding the strength of hydrogen bonds, and possibly even charge-charge interactions, in aqueous so-

lutions (Ma and Dougherty, 1997; Deakyne and Meot-Ner, 1985). Since Dougherty came up with the

concept of cation-p interaction in 1990, cation-p interactions have been widely studied in structural

biology, supramolecular chemistries, neurobiology, etc. (Yamada, 2018; Salonen, et al., 2011). In addition,

charge transfer has been observed in transition metal ion-p interactions from the complex of transition

metal ions with phenolic organic pollutants (Lagutschenkov et al., 2010). Our recent studies (Lyu et al.,

2017, 2018a, 2018b; Jiang et al., 2018) indicate that, in a dual-reaction center Fenton-like system, by

cation-p interaction, the energy of some organic pollutants and their intermediates as electron donors

can be used to reduce H2O2 in the electron-rich area. Also, pollutants are degraded by losing electrons

at the electron-poor area rather than being attacked by ,OH. In this situation, about 90% H2O2 is utilized

and a high degree of organic pollutants are oxidized. With an increase in the cation-p interaction, the
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Figure 1. Preparation of Fe0-FeyCz/Fex-GZIF-8-rGO

Schematic illustration of the preparation of Fe0-FeyCz/Fex-GZIF-8-rGO.
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consumption of H2O2 was greatly decreased in CoMoS2 nanosphere-embedded rGO nanosheets (Han

et al., 2019) owing to the reduction of O2 to H2O2 using energy of the pollutants. Therefore, the strong

cation-p interaction provides a feasibility of utilizing the energy of the organic pollutants.

Reduced graphene (rGO) is capable of p-p interactions with aromatic molecules (Georgakilas et al., 2012),

adsorbing most of organic pollutants by p-p stacking and hydrogen bonding (Teixido et al., 2011; Algara-

Siller et al., 2015). Thus, electrons of organics are transferred to the surfaces of metal oxides that are com-

plexed by rGO via the transition metal ion-p interaction without additional energy.

Herein, a composite catalyst Fe0-FeyCz/Fex-GZIF-8-rGO is synthesized as described in Figure 1. Various

persistent organic pollutants (Table S1) including pharmaceuticals (ibuprofen, ciprofloxacin, phenytoin,

and diphenhydramine), pesticides (2-chlorophenol, 2,4-dichlorophenoxyaceticacid), and endocrine dis-

rupting chemicals (bisphenol A) were selected to evaluate the performance of our catalytic system because

of their presence in water and adverse ecotoxicological effects. The degradation and mineralization per-

formances of the target pollutants were examined in the air-saturated or N2-saturated water containing

Fe3+ and an aqueous suspension of our catalyst. The surface reaction mechanism induced by strong

cation-p electrostatic force was proposed for the cleavage of adsorbed pollutants and ,OH production

from H2O based on both experimental results and density-functional theory (DFT) calculations.

RESULTS AND DISCUSSION

Characteristics of Fe0-FeyCz/Fex-GZIF-8-rGO

In the X-ray diffraction (XRD) pattern of Fe0-FeyCz/Fex-GZIF-8-rGO (Figure 2A), three diffraction peaks at 2q =

42.9�, 43.5�, and 49.2� were ascribed to Fe3C; a peak at 44.6
� was ascribed to Fe0; andpeaks at 50.6�, 57.4�, and

74.2� were ascribed to Fe3O4. The diffraction peaks at 2q = 10.4� and 26.3� were assigned to rGO (Wu et al.,

2019;Moon et al., 2010;Menget al., 2013). The XRDpeak of the ZIF-8 sample, which was prepared by the same

procedure, appeared at 24.9� in the inset of Figure 2A, indicating that ZIF-8 became a graphited carbon skel-

eton (GZIF-8) after the calcination at 700�C (Gu et al., 2019). Therefore, GZIF-8 also contributed to the diffrac-

tion peak at 26.3� in Fe0-FeyCz/Fex-GZIF-8-rGO. Based on the hyperfine parameters (Table S2), the fitting

curves from the room temperature 57Fe Mössbauer spectra of Fe0-FeyCz/Fex-GZIF-8-rGO (Figure 2B) ex-

hibited three sextets for FexCy, Fe3C and a-Fe; a doublet for Fe2+xN; and a singlet for a-Fe and g-Fe (Zitolo
2 iScience 24, 102874, August 20, 2021
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Figure 2. Structural characterization of Fe0-FeyCz/Fex-GZIF-8-rGO

(A) XRD pattern of Fe0-FeyCz/Fex-GZIF-8-rGO (Inset: XRD pattern of GZIF-8).

(B) Room temperature 57Fe Mössbauer spectrum of Fe0-FeyCz/Fex-GZIF-8-rGO.

(C–F) (C) Fe 2p XPS, (D) C 1s XPS, (E) O 1s XPS, and (F) N 1s XPS spectra of Fe0-FeyCz/Fex-GZIF-8-rGO and GZIF-8.
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et al., 2015; Wang et al., 2018; Liang et al., 2019). No Fe3O4 phase was detected, indicating its low content in

the composite. The existence of Fe2+xN revealed that relative amounts of Fe(II) and Fe(III) were coordinated to

the N atoms, and most of the Fe atoms were Fe0 existing as a-Fe, g-Fe, FexCy, and Fe3C. These results indi-

cated that the catalyst predominantly consisted of three phases: Fe0-FeyCz/Fex, GZIF-8, and rGO.

In X-ray photoelectron spectroscopy (XPS) of Fe0-FeyCz/Fex-GZIF-8-rGO, the Fe 2p XPS spectra (Figure 2C)

showed peaks at 708.3, 710.5, and 720.4 eV and were assigned to Fe(II), whereas those at 713.1, 723.9, and

727.8 eV were assigned to Fe(III), along with a shakeup satellite peak at 716.4 eV (Tang and Wang, 2018;

Jin et al., 2017). In addition, a strong peak for Fe0 appeared at 707.0 eV (Li et al., 2015a, 2015b). In the C 1s

XPS spectra (Figure 2D), the peak at 284.8 eV was assigned to C=C of the aromatic rings in GZIF-8 and

rGO, the peak at 286.2 eV was ascribed to C–N of GZIF-8, and the peak at 288.4 eV was ascribed to C–OH

of rGO (Zhang et al., 2011). In the O 1s XPS (Figure 2E), the two peaks at 532.6 and 533.8 eV were attributed

to the surface OH– and H2O. The peak at 531.3 eV was attributed to the lattice oxygen of C–O–Fe or C–O–Zn.

The peak at 530.1 eV is typically ascribed to Fe–O–Fe in Fe3O4 but it was not present, indicating that an insig-

nificant amount of Fe3O4 existed on the surface of the composite, confirming the 57Fe Mössbauer spectra.

The binding energies of Zn 2p3/2 (1,021.8 eV) and Zn 2p1/2 (1,044.9 eV) for Fe0-FeyCz/Fex-GZIF-8-rGO were

higher than those for GZIF-8 (1,021.6 and 1,044.8 eV) (Figure S1A), whereas the binding energies (531.5 and

288.4 eV) of both O 1s and C 1s for C–O in Fe0-FeyCz/Fex-GZIF-8-rGO were lower than those for rGO (532.6

and 288.5 eV) (Figures S1B and S1C). These results indicated that both N–Zn–O–C and Fe–O–C bonds

formed between the O atoms of the phenolic groups in rGO and the Zn atom in GZIF-8 or Fe(III) in Fe0-

FeyCz/Fex (Li et al., 2016) (Figure S1D). The N 1s XPS spectra of Fe0-FeyCz/Fex-GZIF-8-rGO (Figure 2F)

show the peaks corresponding to pyridinic N (398.7eV), pyrrolic N (400.9 eV), and pyridinic N+–O– (404.4

eV) of the GZIF-8 carbon skeleton (Liu et al., 2009), which are higher than those of the pure GZIF-8 sample,

indicating the formation of the Fe-N complexes.

In Fe K-edge extended X-ray absorption fine structure (EXAFS) spectroscopy (Figure 3A), a distinct Fe–Fe

coordination shell at 2.08 Å was observed in Fe0-FeyCz/Fex-GZIF-8-rGO, which is similar to the Fe–Fe shell

of Fe foil, confirming the existence of the Fe0 species. And the slight deviation in this shell from the Fe foil
iScience 24, 102874, August 20, 2021 3
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Figure 3. Surface structure and uneven electron distribution of Fe0-FeyCz/Fex-GZIF-8-rGO

(A) Fourier transforms of the k3-weighted EXAFS oscillations obtained at the Fe K-edge of the various samples.

(B) Configuration of Fe0-FeyCz/Fex-GZIF-8-rGO.

(C) ESP distribution for different structural model fragments of Fe0-FeyCz/Fex-GZIF-8-rGO.
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indicated that the coordination environment of Fe in Fe0-FeyCz/Fex-GZIF-8-rGO was influenced by the co-

ordinated elements, which was also confirmed by the appearance of the protruding Fe–X coordination

shells at 1–2 Å (no phase correction) in Fe0-FeyCz/Fex-GZIF-8-rGO. From advanced fitting of the EXAFS

spectra (Figure S2), both Fe–N(3.3) and Fe–O(2) were detected in Fe0-FeyCz/Fex-GZIF-8-rGO (Table S3).

The short bond distance (R = 1.3 Å) of Fe–N indicates that N was in the first coordination layer of Fe, con-

firming the formation of Fe–N bonds (Chen et al., 2018). However, the bond distance (R = 2.44 Å) of the Fe–

O shell in Fe0-FeyCz/Fex-GZIF-8-rGO was much larger than that (R = 1.97 Å) of the pure Fe3O4 sample (van

Genuchten et al., 2018), indicating that the Fe–O bond on the Fe0-FeyCz/Fex-GZIF-8-rGO surface was

mainly from the coordination of Fe(II)/Fe(III) with the hydroxyl group in the aromatic ring of rGO, rather

than from the lattice O of Fe3O4. These results also indicate that Fe(II)/Fe(III) on the surface were predom-

inantly complexed by pyridinic N, the pyrrolic N group of GZIF-8, or the hydroxyl group of rGO, forming

coordination bonds among three phases.

In the Raman spectra (Figure S3), the D band peaks at �1,333 cm�1 and the G band peaks at �1,592 cm�1

were observed in all the samples, which originated from the defects/disordered carbon and the ordered

structure of the sp2 carbon atoms, respectively (Yang et al., 2020). Fe0-FeyCz/Fex-GZIF-8-rGO exhibited

a higher ratio of ID/IG (1.06) than GZIF-8-rGO (0.99), GZIF-8 (0.99), and GO (0.97), indicating that more de-

fects were produced in Fe0-FeyCz/Fex-GZIF-8-rGO (Luo et al., 2013). In addition, GZIF-8 exhibited a peak

analogous to that of pure GO at 2,646 cm�1, which was assigned to the 2D band of GO (Wang et al., 2014).

This indicated the formation of a graphene-like structure in GZIF-8 and confirmed the XRD results. Based

on the above results, the structure of Fe0-FeyCz/Fex-GZIF-8-rGO was proposed as shown in Figure 3B.

Three chemical coordination bonds were formed in the interface of different phases, including Fe–O–C be-

tween Fe0-FeyCz/Fex and rGO, Fe–N between Fe0-FeyCz/Fex and GZIF-8, and C–O–Zn–N between GZIF-8

and rGO. Moreover, these coordination bonds were all connected to the aromatic rings of rGO and GZIF-8

by phenolic group, pyridinic N, or pyrrolic N. Therefore, a particularly strong cation (Fe or Zn)-p interaction

occurred with the delocalizedp orbitals perpendicular to the plane of the aromatic rings via an electrostatic

force. Three kinds of optimal structural model fragments were constructed involving Fe(III)–N(pyrrolic), Fe
(III)–

O–C, and Fe0–N(pyridinic) of Fe
0-FeyCz/Fex-GZIF-8-rGO. The electrostatic surface potential (ESP) distribu-

tion was calculated employing DFT methods. For all the model segments, the highest electrostatic

potential (61.26–134.77 kcal/mol) (red) appeared at the Fe sites, and the delocalized p orbitals perpendic-

ular to the plane of the aromatic rings exhibited the lowest ESP distribution (�24.11 � �13.03 kcal/mol)

(Figure 3C). These results reveal that the strong cation-p interaction promoted the nonuniform distribution
4 iScience 24, 102874, August 20, 2021



Figure 4. Catalytic performance of Fe0-FeyCz/Fex-GZIF-8-rGO

(A–C) (A) Degradation curves, (B) TOC removal of various organic pollutants, and (C) multiple reaction runs for BPA

degradation (reaction time: 120 min per run) in the air-saturated aqueous suspensions of Fe0-FeyCz/Fex-GZIF-8-rGO.

(D) BPA degradation in the aqueous suspension of Fe0-FeyCz/Fex-GZIF-8-rGO under different reaction conditions

specified in the panel. Reaction conditions: initial pH ~7.0, catalyst concentration 0.6 g L�1, initial organic pollutant

concentration 10.0 mg L�1, temperature 35�C. All error bars are calculated from the data of three parallel experiments.
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of electrons on the catalyst surface, resulting in the formation of an electron-rich area around the iron spe-

cies and the electron-poor one around the aromatic rings of GZIF-8 and rGO in Fe0-FeyCz/Fex-GZIF-8-rGO

(Lyu et al., 2018a; Kumar et al., 2018). The surface potential energy between both areas might be 663.96/

547.38/310.97 kJ/mol.

Fe0-FeyCz/Fex-GZIF-8-rGO performance for pollutants removal

In the air-saturated Fe0-FeyCz/Fex-GZIF-8-rGO aqueous suspension, the pollutants were considerably

oxidized and mineralized with increasing the reaction time. Bisphenol A (BPA), ciprofloxacin (CIP), 2-chlor-

ophenol (2-CP), ibuprofen (IBU), 2,4-dichlorophenoxyacetate (2,4-D), diphenhydramine (DP), and

phenytoin (PHT) were degraded by approximately 97%, 96.2%, 84%, 64.3%, 68%, 53.1%, and 77.1% within

120 min, respectively (Figure 4A). The total organic carbon (TOC) concentration after 180 min of reaction

time was approximately 67.5%, 57.5%, 59.1%, 28.1%, 29.4%, 27.4%, and 39.7%, respectively (Figure 4B).

In nano-Fe3O4, rGO, and GZIF-8 air-saturated suspension, about 13.4%, 17.9%, and 33.0% of BPA were

removed within 120 min, respectively (Figure S4), which come mainly from adsorption of these materials

according to BPA desorption phenomena and no intermediate production.

Furthermore, the catalyst activity did not significantly decrease after six consecutive cycles (Figure 4C) for

degradation of BPA, and the dissolved iron concentration was 0.13 mg L�1 during the reaction, indicating

its high stability. Moreover, the structure of Fe0-FeyCz/Fex-GZIF-8-rGO did not change before and after re-

action in the XRD pattern and the 57Fe Mössbauer spectra (Figure S5). Furthermore, in the N2-saturated

Fe0-FeyCz/Fex-GZIF-8-rGO suspension with Fe3+ addition, the catalyst still exhibited the same activity as

that under the air-saturated condition (Figure 4D). In this case, Fe2+ was produced in the solution with

increasing reaction time (Figure S6), and no significant oxidation was observed without addition of Fe3+

or in the presence of Cu2+. Meanwhile, no reduction of Cu2+ was observed under the otherwise identical

conditions. The results implied that O2/Fe
3+ could serve as an electron acceptor for maintaining the degra-

dation of these organic pollutants in the reaction system, indicating activated electrons generation from

the surface reaction of these pollutants on Fe0-FeyCz/Fex-GZIF-8-rGO.
iScience 24, 102874, August 20, 2021 5
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Figure 5. Interaction between Fe0-FeyCz/Fex-GZIF-8-rGO and the organic compounds

(A) Optimal adsorption modes of BPA on different model fragments via DFT calculations.

(B) N 1s XPS spectra of Fe0-FeyCz/Fex-GZIF-8-rGO before and after the adsorptions of BPA and DP in N2 atmosphere.

(C) EPR spectra of Fe0-FeyCz/Fex-GZIF-8-rGO before and after the adsorption of BPA in N2 atmosphere. Reaction

conditions: (B) initial pH ~7.0, catalyst concentration 0.6 g L�1, initial organic pollutant concentration 10.0 mg L�1,

temperature 35�C.

ll
OPEN ACCESS

iScience
Article
Surface reaction mechanism induced by cation-p interaction

The adsorption isotherms of BPA and DP (Figure S7) were investigated on Fe0-FeyCz/Fex-GZIF-8-rGO

with N2 atmosphere at different temperatures. Langmuir isotherm models is more suitable to fit the

experimental data (Table S4), and the adsorption heats (DHs) of BPA and DP (Table S5) are 2.852 and

9.793 kJ/mol, respectively (detailed calculation in supplemental information). By DFT calculations,

because of the comprehensive effect of the Fe species (Figure 5A), BPA molecules could be stably ad-

sorbed on GZIF-8 and rGO of Fe0-FeyCz/Fex-GZIF-8-rGO by p-p stacking and hydrogen-bond interac-

tions (Yang et al., 2018; Li et al., 2018), with adsorption energies of �1.73, �2.01, and �2.37 eV for

Fe(III)–N(pyrrolic), Fe(III)–O–C, and Fe0–N(pyridinic) structure models. Moreover, the N 1s XPS spectra

including the pyridinic N, pyrrolic N, and pyridinic N+–O– exhibited significant shift (Figure 5B) for

BPA/DP-adsorbed Fe0-FeyCz/Fex-GZIF-8-rGO, confirming that a strong p-p interaction produced be-

tween the aromatic rings of the pollutants and the aromatic rings of GZIF-8/rGO of the catalyst, resulting

in the changes of the N 1s bond energies of pyridinic N, pyrrolic N. The electron paramagnetic reso-

nance (EPR) spectroscopy signal of Fe0-FeyCz/Fex-GZIF-8-rGO (Figure 5C) was observed at a g factor

of �2.53, which was attributed to the single electrons in the iron species (Wang et al., 2017), whereas

that of BPA-adsorbed Fe0-FeyCz/Fex-GZIF-8-rGO was at a g value of 2.31, and the signal intensity signif-

icantly increased, indicating the electrons of the adsorbed group of the BPA molecule were delocalized

due to the strong molecular orbital interaction formed between the adsorbed pollutants and GZIF-8/rGO

of the catalyst, and migrated around the iron species by the surface potential energy, resulting in the

decrease of the bound energy of BPA to the electrons.

O2 can capture the excess electrons from the surface of metal oxides and transform them into O2
,- (Setvin

et al., 2013). By DFT calculations, on all the surface regions of Fe(III)–N(pyrrolic), Fe
(III)–O–C, and Fe0–N(pyridinic),

the O2 molecules were confined in the micro-areas of the iron species and inclined to stable adsorption at

the Fe sites with adsorption energies of �1.08, �2.13, and �2.04 eV (Figure 6A). The EPR signal of BMPO-

O2
,- with the hyperfine values of aN = 14.3 G and aH = 11.7 G (Buettner, 1987) was observed in Fe0-FeyCz/

Fex-GZIF-8-rGOair-saturated suspensions without BPA (Figure 6B), indicating that the single electrons around

the iron species could be trapped by O2. With increasing BPA addition, the O2
,- signal significantly increased

by approximately three times from 10 to 50 mg L�1. A similar phenomenon occurred in the Fe0-FeyCz/Fex-

GZIF-8-rGO/DP suspension (Figure 6C). This result demonstrated that the electrons from the adsorbed pol-

lutants were captured by O2 around the Fe species. Moreover, Fe3+ in the solution could trap these electrons
6 iScience 24, 102874, August 20, 2021
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Figure 6. Surface-radical chain reaction onto Fe0-FeyCz/Fex-GZIF-8-rGO

(A) Optimal adsorption modes of O2 on different model fragments in Fe0-FeyCz/Fex-GZIF-8-rGO by the DFT calculation.

(B–E) BMPO spin-trapping EPR spectra for O2
,- in air-saturated methanol suspensions with/without (B) BPA or (C) DP, and

for ,OH in the air-saturated D2O suspensions with/without (D) BPA or (E) DP.

(F) Schematic illustration of the radical chain reaction between organic compounds and the H2O molecules.
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to Fe2+ (Figure S6), whereas Cu2+ was unable to, indicating that the electrons were bounded by more than the

redox potential of Cu2+ to Cu+ (0.159 V) around the Fe species. Meanwhile, the 4-fold characteristic peak of

BMPO-,OH adducts (aN = aH = 14.9 G) (Buettner, 1987) with an intensity ratio of 1:2:2:1 was detected in

Fe0-FeyCz/Fex-GZIF-8-rGO in an aqueous suspension that was equilibrated with air or a solution containing

Fe3+ that was equilibrated with N2 (Figures S8A and S8B), and the EPR signal was increased with increasing

reaction time. The results demonstrated that the surface-adsorbed H2O could donate an electron to O2 or

Fe3+, forming ,OH. For BPA/DP that was equilibrated with air (Figures 6D and 6E) or a solution containing

Fe3+ that was equilibrated with N2 in deuterium oxide (D2O) suspensions (Figures S8C and S8D), the

BMPO-,OH signals enhanced greatly with increasing concentrations of BPA/DP. Particularly, the positions

of the four peaks shifted significantly compared with those without pollutants, indicating that both H and –

OH of BPA/DP were converted to H and ,OH in solution by surface reaction, and some intermediates were

hydrolyzed into hydroxylated products, according to the exchange of H+ and D2O.

Based on both the by-products of pollutants in the solution and on the catalyst surface for 60 and 120 min

(Figures S9 and S10; Tables S6 and S7), the positions at the phenolic group and 2-propyl connecting both

benzene ring in BPA were broken, producing benzoic acid, benzene, methylmalonic acid, et al. Subse-

quently, benzene was reduced to cyclohexene; the benzene ring of part benzoic acid was cleaved to

formmethylmalonic acid, and then most of intermediates were converted into CO2, H2O (Figure S11). Simi-

larly, for CIP, the branches of benzene ring were broken. The next hydrogenation or hydroxylation
iScience 24, 102874, August 20, 2021 7
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produced benzene, 3,4-dihydroxyphenylglycol, 3-cyclohexene-1-carboxaldehyde, and benzoic acid.

Finally, some organic acid and alcohol formed with CO2, H2O, F�, and NO3
� (Figures S12 and S13).

According to DFT calculations, for BPA (Figure S14), both phenolic groups and the carbon atoms of the

aromatic ring belong to the highest occupied molecular orbital (HOMO), whereas the other moieties of

BPA belong to the lowest unoccupied molecular orbital (LUMO). Similarly, for the structure of CIP, the F

group, N-containing organic group, and carbonyl group connecting to benzene ring were in the

HOMO, whereas the other moieties were in LUMO.

D+ + OD� +H+#D+ +HDO (Equation 1)

Based on the above experimental data, the main surface reaction process was proposed (Figure 6F). By the

surface potential energy (663.96 or 547.38 or 310.97 kJ/mol), on the adsorbed organic pollutants, these

electrons on HOMO tended to delocalize and store around the Fe species. Thereafter, these electrons

were trapped by O2 or Fe
3+ to form O2

,- or Fe2+ in suspension, leading to the adsorbed hydroxyl and ar-

omatic ring groups were converted into H+ and ,OH, organic cation radicals. Subsequently, the H+

exchanged with D+ of D2O to HDO (Equation 1), and the organic cation radicals underwent hydrogenation

or hydroxylation to form hydroxylated organic intermediates (R0-OD/H). Then, the same surface reaction

process recurred over and over, which converted water molecules into ,OH, which is responsible for the

destruction and mineralization of organics in solution. Accordingly, our findings could be applied to the

development of new catalytic processes in industries and environmental protection.

Real wastewater treatment with Fe0-FeyCz/Fex-GZIF-8-rGO

Three kinds of wastewater were collected from the effluent after biological treatment of dyeing, kitchen, and

urban wastewaters in Guangdong Province, China, and the initial chemical oxygen demand (COD) was 87.0,

359.9, and 20.8 mg/L, respectively. Then, they were treated over Fe0-FeyCz/Fex-GZIF-8-rGO air-saturated sus-

pension. About 23.5%, 73.9%, and 60.7% of COD was removed for dyeing, kitchen, and urban wastewaters

within 120 min (Figure S15). Since three-dimensional excitation and emission matrix (3D-EEM) fluorescence

spectra could reflect the degree of organic pollution in water (Wu et al., 2016; Tang et al., 2018), they were

measured with the degradation of COD (Figures S16–S18). The fluorescence intensity of these peaks at Ex/

Em of 229–239/353–375 nm (peak A) for the aromatic proteins, 281–289/350-359 nm (peak B) for protein-

like compounds, and 244–250/415-465 nm (peak C) fulvic-like compounds, and the other peaks at 310/

465 nm (peak D), 360/463 nm (peak E), and 322–332/405–417 nm (peak F) for humic-like compounds (Chen

et al., 2003) all significantly gradually weakened with increasing reaction time for the three wastewaters.

The results indicated that organic pollutants in these real wastewaters were efficiently destructed over Fe0-

FeyCz/Fex-GZIF-8-rGO by the surface cleavage and the oxidation of ,OH. The results demonstrated that

Fe0-FeyCz/Fex-GZIF-8-rGO is a promising catalyst for practical wastewater remediationwith little energy input.

Limitations of the study

The current study reports an ingenious method for the fabrication of Fe0-FeyCz/Fex-GZIF-8-rGO composite

with the properties of strong cation-p interaction. However, at the current stage, the synthetic process is

complicated and the yield of product is relatively low. Thus, further optimizations are required to lower

the cost and improve catalytic efficiency for practical applications. In addition, the exact bound energy

of the surface to the delocalized electron belonging to the adsorbed group of organic pollutants could

not be accurately determined in the Fe0-FeyCz/Fex-GZIF-8-rGO suspension owing to the lack of character-

ization method at present.
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Zinc nitrate hexahydrate Guangzhou Chemical CAS: 10196-18-6

Polyvinylpyrrolidone Damao Chemical CAS: 9003-39-8

Iron(III) chloride hexahydrate Titan CAS: 10025-77-1

L (+)-Ascorbic acid Titan CAS: 50-81-7

sodium bicarbonate Titan CAS: 144-55-8

5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) Dojindo CAS: 387334-31-8

bisphenol A Adamas CAS: 80-05-7

2-chlorophenol Adamas CAS: 95-57-8

Phenytoin Adamas CAS: 57-41-0

2, 4-dichlorophenoxyacetate Adamas CAS: 94-75-7

Ibuprofen Adamas CAS: 15687-27-1

Diphenhydramine Shanghai TCI CAS: 147-24-0

Ciprofloxacin Shanghai TCI CAS: 85721-33-1

deuterium oxide Adamas CAS: 7789-20-0

Software and algorithms

Origin 8.1 OriginLab https://www.originlab.com/

Excel Microsoft N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Chun Hu (huchun@gzhu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.

� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
METHOD DETAILS

Synthesis of GO

Graphene oxide (GO) was prepared by a modified hummers method through the oxidation of graphite

powde (Hummers and Offeman, 1958; Zangmeister, 2010). Typically, the solid GO sample was prepared

by the same procedure as that of our previous work (2018b). 5.0 g of graphite was placed into 115 mL of

cold concentrated H2SO4 solution in an ice bath below 0�C. Then, 25.0 g of NaNO3 was added to the so-

lution, which was magnetically stirred for 30 min. KMnO4 (15.0 g) was then gradually added to the above

mixture under stirring, and the temperature of the mixture was kept below 0�C for 3.0 h. The mixture

was then transferred to a water bath and magnetically stirred at 38�C for 30 min. After that, 250 mL deion-

ized water was slowly added to the mixture under stirring, and the temperature of the mixture was raised to

95�C. After reacting for 1.0 h, 50 mL H2O2 (30 wt%) was added into the above solution to quench the
iScience 24, 102874, August 20, 2021 11

mailto:huchun@gzhu.edu.cn
https://www.originlab.com/


ll
OPEN ACCESS

iScience
Article
reaction and produce a golden-brown solution. The sample was subsequently washed with diluted HCl so-

lution and deionized water dozens of times via centrifugation until the pH of the washing solution was �6.

Finally, the product was dried at 70�C to obtain the solid GO sample.
Synthesis of nano-Fe3O4

Nano-Fe3O4 was prepared by a hydrothermal process. Generally, 0.176 g of L (+)-ascorbic acid was dis-

solved in 20 mL of deionized water. Following this, 1.62 g of FeCl3,6H2O and 1.52 g of NaHCO3 were dis-

solved in 60 mL of deionized water and stirred for 30 min at room temperature. Both solutions were placed

in a Teflon-lined steel autoclave and heated for 8 h at 150�C. After cooling naturally, the obtained nano-

Fe3O4 was washed with and dispersed in methanol for the subsequent experiments.
Synthesis of Fe0-FeyCz/Fex-GZIF-8-rGO

The Fe0-FeyCz/Fex-GZIF-8-rGO catalyst was prepared using a calcination method. First, 3 g of 2-methylimi-

dazole and 0.25 g of the as-prepared nanoFe3O4, dispersed in 10 mL of methanol, were added to 60 mL of

methanol to obtain suspension A. Thereafter, 0.8 g of Zn(NO3)2,6H2O, 0.9 g of polyvinylpyrrolidone, and

0.06 g of GO were mixed in 60 mL of methanol to obtain solution B. After they were treated with ultrasound

for 30 min, B was added to A and stirred for 6 h, followed by aging for 48 h at room temperature. The re-

sulting sample was washed with ethanol, dried overnight in an oven at 60�C, and calcinated for 2 h at 700�C
in an N2 atmosphere. Finally, Fe0-FeyCz/Fex-GZIF-8-rGO was obtained as the product after cooling and

washing with deionized water. As a reference, both GZIF-8-rGO and GZIF-8 were prepared using identified

conditions without the additions of nano-Fe3O4 or GO and nano-Fe3O4.
Characterizations

The XRD patterns of all the samples were recorded in the range of 5�–90� (2q) on a Scintag-XDS-2000

diffractometer with Cu Ka radiation (l = 1.540598 Å) operating at 40 kV and 40 mA. The Raman spectra

were recorded on a LabRAMHR Evolution (HORIBA, France) equipped with a CCD detector utilizing a laser

source at an excitation line of 532 nm. The XPS data were recorded on an AXIS-Ultra instrument utilizing

monochromatic Al Ka radiation (225 W, 15 mA, 15 kV) and low-energy electron flooding for the charge

compensation. The binding energies were calibrated with the C 1s hydrocarbon peak at 284.8 eV. The

EPR spectra of the solid samples were obtained on a Bruker A300-10/12 electron paramagnetic resonance

spectrometer. The Fe K-edge EXAFS spectra were measured at room temperature in the transmission

mode at the 1W1B beamline of the Beijing Synchrotron Radiation Facility (BSRF, China). The room-temper-

ature 57Fe Mössbauer spectra were measured on a Mössbauer spectrometer (Wissel, Germany) with a

radioactive source of 25 mCi 57Co (Pd).
General catalytic procedures

All the experiments were performed at a concentration of 0.6 g L-1 for the catalyst and an initial concentra-

tion of 10 mg L-1 for the organic pollutants, unless otherwise specified. In the typical experiment, 0.03 g of

the Fe0-FeyCz/Fex-GZIF-8-rGO powders were added to a 50 mL solution containing 10 mg L-1 organic pol-

lutants and magnetically stirred throughout the reaction time. At given intervals, 1 mL aliquots were

collected, centrifuged, and filtered through a Millipore filter (pore size, 0.22 mm) to remove the particulates

of the catalyst for analysis. The concentration of the organic pollutant was analyzed by a 1200 series HPLC

(Agilent, USA). The total organic carbon of the solution was analyzed with a TOC-L CPH CN200 (Shimadzu,

Japan) TOC analyzer. GC–MS analysis and the preparation of the samples are described below. The cata-

lyst was recycled by simple filtration without any treatment for each experiment cycle. Furthermore, to

study the durability of Fe0-FeyCz/Fex-GZIF-8-rGO, BPA was degraded for 120 min in the Fe0-FeyCz/Fex-

GZIF-8-rGO air-saturated aqueous dispersion.
GC-MS analysis

The samples for gas chromatography-mass spectroscopy (GC-MS) analyses were prepared as follows: the

suspensions were filtered at different reaction times to obtain a solid catalyst and solution. Thereafter, the

solution was evaporated in a vacuum freeze-drying oven. Subsequently, the residues were dissolved with

2 mL of dichloromethane, followed by trimethylsilylated with 0.2 mL N,O-bis(trimethylsilyl)trifluoroaceta-

mide (BTFA, TCI) at 60 �C for 30 min. Finally, the precipitate was separated by centrifugation before the

chromatographic analysis. GC-MS analysis was performed on an Agilent 6890GC/5973MSD GC mass
12 iScience 24, 102874, August 20, 2021
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spectrometer equipped with a capillary column (DB-5 MS). The chromatographic conditions were as fol-

lows: the initial column temperature was held for 2 min at 333 K before it was ramped to 553 K at 6 K/min.
DFT CALCULATIONS

The models of different fragments were developed with a GaussView. The dangling bonds of the edge

atoms were terminated by hydrogen atoms to obtain a neutral cluster. All the calculations were performed

on the Gaussian 09 program. The B3lyp-D3 method was employed for the optimization of the models. The

ESP distributions were constructed from the cube files of the DFT calculations employing the VMD pro-

gram. The adsorption energy (DE) was estimated via the following formula: DE (ads) = E (surface + mol)

� E(surface) � E (mol) + E (BSSE)

DE (ads) = E (surface + mol) � E(surface) � E (mol) + E (BSSE),

where E (surface + mol) is the total energy of the Fe0-FeyCz/Fex-GZIF-8-rGO surface-adsorbed bisphenol A

(BPA) and oxygen (O2) molecules, E(surface) is the total energy of the Fe0-FeyCz/Fex-GZIF-8-rGO surface, E

(mol) is the total energy of the BPA and the oxygen (O2) molecules, and E(BSSE) is the basis set super-

position error of the LCAO method.

Owing to the size and edge effects, the properties that were estimated with the finite-size model may vary

from those of the real system to some extent. However, it can be expected that the results obtainedwith the

current model would be qualitatively reliable in predicting the local chemical properties.
ISOTHERMAL ADSORPTION EXPERIMENT

All the adsorption isotherms for BPA and DP were obtained in 100 mL of 0.6 g L-1 Fe0-FeyCz/Fex-GZIF-8-

rGO N2-saturated suspensions at 25, 35, and 45 G 2 �C. The suspensions were equilibrated for 24 h in a

temperature-controlled shaker, and the obtained aliquots were analyzed with a 1200 series HPLC (Agilent,

USA).

These data (Table S4) from the adsorption isotherms were obtained by fitting the Langmuir and Freundlich

isotherm models:

Ce

Qe
=

1

Qmaxb
+

Ce

Qmax
ðLangmuir modelÞ

1

log Qe = log KF + n

log CeðFreundlich modelÞ;

where Ce is the equilibrium concentration (mg L-1), Qe is the amount adsorbed at equilibrium (mg/g), Qmax

is the adsorption capacity for the Langmuir isotherms, and ‘b’ is the equilibrium constant. Furthermore, ‘n’

indicates the degree of favorability of adsorption (as 1/n decreases the isotherm become more favorable

and KF is the isotherm capacity constant.

The thermodynamic parameters (Table S5) were obtained from the following equations:

b =
Qe

Ce

DG = � RT lnb

DS DH
log b =
2:303R

�
2:303TR

;

where Ce is the equilibrium concentration of the solution (mgL-1), Qe is the equilibrium concentration on the

adsorbent (mg L-1), and ‘b’ is the equilibrium constant. The values of DH and DS can be obtained from the

slope and intercept of the plot of lnb vs. 1/T.
Detection of ,OH and O2
,- EPR signals

The BMPO-trapped EPR signals were detected in Fe0-FeyCz/Fex-GZIF-8-rGO methanol/aqueous disper-

sions with/without the organic pollutants with a Bruker A300-10/12 EPR spectrometer at room temperature

in air or N2 atmosphere. Typically, 0.01 g of the prepared powder sample was added to 1 mL of H2O/D2O

(for the detection of ,OH) or methanol (for the detection of O2
,-). Thereafter, 20 mL of BMPO (250 mM) was
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added, and the solution was left to stand for a specified contact time. Following this, the solution was

sucked into a capillary tube for EPR detection.
Determination of Fe2+ concentration

To investigate the interface reaction mechanism, the production of Fe2+ was examined in the N2-saturated

Fe0-FeyCz/Fex-GZIF-8-rGO aqueous dispersion containing BPA (10 mg L-1) with Fe3+ (0.05 mM) in the so-

lution. The phenanthroline spectrophotometric method described by Bing et al. (Bing et al., 2015) was

employed to detect Fe2+ in the solution by recording the absorbance at 510 nm with an ultraviolet–

visible (UV-vis) spectrophotometer (UH4150, HITACHI).
Determination of chemical oxygen demand

10mL water sample was added in to a conical flask, and thenmixed with a certain volume of mercury sulfate

and potassium dichromate solutions. After adding a few glass beads and 15 mL silver nitrate-sulfuric acid

solution, the mixture was digested for 2 h in a HCA-112 COD digester. When cooled down to room

temperature, 45 mL deionized water was added and the resulted mixed solution was titrated using ammo-

nium ferrous sulfate solution.
3D-EEM fluorescence measurements

The 3D-EEM fluorescence spectra of various samples were obtained on an F-7000 spectrometer (HITACHI)

with a xenon excitation source, and slits were set to 5 nm for both excitation and emission. The excitation

wavelengths were incremented from 200 to 420 nm in 5-nm steps; for each excitation wavelength, the

emission was detected from 280 to 550 nm in 3-nm steps.
14 iScience 24, 102874, August 20, 2021
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