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a b s t r a c t 

In this work, a novel metal-free black-red phosphorus (BRP) was prepared from red phosphorus (RP) and 

applied in Fe 2 + /peroxymonosulfate (PMS) process. Compared with that of RP, the contaminant degra- 

dation performance of BRP was significantly elevated due to the enhanced electron transfer from BRP 

to Fe 3 + . This enhancement was mainly induced by size decrease effect, the removal of oxidation layer 

and the partial phase conversion. Moreoevr, BRP avoided the radical quenching reaction caused by re- 

ductant itself, whereas it was inevitable using homogeneous reductant like hydroxylamine. More impor- 

tantly, the system had a superior recyclability and strong resistance to natural water. Though concurrent 

side-reaction between PMS and BRP occured, multiple PMS dosage could remarkedly alleviated the side- 

reaction, thus elevating PMS utilization efficiency. The dominant BRP oxidation products included phos- 

phite and phosphate. Interestingly, moderate increase of Fe 3 + concentration could efficiently reduce the 

by-product formation via the prompt PMS activation by regenerated Fe 2 + . Our work clarified the acceler- 

ation mechanism of Fe 3 + /Fe 2 + cycle by BRP and proposed the control strategy of by-prodoct formation. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Fe 2 + -activated H 2 O 2 , peroxymonosulfate (PMS) and perox- 

disulfate (PDS) advanced oxidation processes Eqs. (1 )–( (3) , 

 Pignatello et al., 2006 ; Xiao et al., 2020 )) have been intensively

nvestigated for decades of years due to their high oxidation ca- 

acity and low environmental toxicity ( Anipsitakis and Dionys- 

ou, 2004 ; Rastogi et al., 2009 ). However, the rate-limiting regener- 

tion of Fe 2 + from Fe 3 + heavily hampers the successive activation 

f these peroxides, which is generally considered as the Achille’s 

eels in Fe-based peroxide activation reactions ( Pignatello et al., 

006 ). Besides, excessive Fe 2 + dosage might also result in sec- 

ndary iron sludge pollution ( Zhang et al., 2019a ). Therefore, ac- 

elerating Fe 3 + /Fe 2 + cycle has become one of the most intractable 

ssues for their application. To date, many efforts have been 

ade to overcome this bottleneck like the introduction of elec- 
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043-1354/© 2020 Elsevier Ltd. All rights reserved. 
ric field ( Brillas et al., 2009 ), UV/Vis light ( Andreozzi et al., 2006 ;

ang et al., 2007 ) and reducing agents ( Fukuchi et al., 2014 ;

ing et al., 2018 ). Especially, the introduction of reducing agents 

ike homogeneous hydroxylamine ( Li et al., 2019 ) and cysteine 

 Li et al., 2016 ) as well as heterogeneous metal sulfides ( Liu et al.,

018a ) has been broadly studied due to their strong reducibility 

nd operating simplicity. Nevertheless, some intrinsic drawbacks 

re still hard to overcome like the toxicity and non-recyclability of 

ydroxylamine, the extra total organic carbon of cysteine and the 

econdary pollution of heavy metal dissolution. 

e 2+ + H 2 O 2 → Fe 3+ + •OH + OH 

− k = 76 M 

−1 · s −1 (1)

e 2+ + HSO 

−
5 → Fe 3+ + SO 

•−
4 + OH 

− k = 3 × 10 

4 M 

−1 · s −1

(2) 

e 2+ + S 2 O 

2 −
8 → Fe 3+ + SO 

•−
4 + SO 

2 −
4 k = 3 × 10 

1 M 

−1 · s −1

(3) 

https://doi.org/10.1016/j.watres.2020.116529
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116529&domain=pdf
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Compared with the metal-bearing reductants, non-metallic el- 

ment like boron, carbon, sulfur and phosphorus and their oxy- 

cid anions are usually possessed with lower toxicity. The fi- 

al oxidation products like carbonate, sulfate and phosphate are 

lso ubiquitous in the natural matrix. Moreover, previous stud- 

es have also pointed out the excellent physicochemical proper- 

ies of these non-metallic elements. For instance, in environmen- 

al remediation, non-metallic elements have been previously in- 

estigated such as organic adsorption by multi-wall carbon nan- 

tube (MWCNT) ( Apul and Karanfil, 2015 ) and photocatalytic bac- 

eria inactivation by red phosphorus (RP) ( Xia et al., 2015 ). Re- 

ently, Duan et al. (2019) also found that non-metallic boron and 

lack phosphorus (BP) could directly activate PMS to produce hy- 

roxyl radicals ( •OH) and sulfate radicals (SO 4 
•−), indicating the 

trong electron-donating ability of these non-metallic elements. 

owever, the direct activation performance seemed inferior and 

he recyclability was unsatisfactory. Similarly, in our previous work, 

e also found that MoS 2 could directly activate PMS and PDS but 

he re-utilization efficiency gradually declined after several runs 

 Zhou et al., 2020 ). Of note, it was reported that the addition of

e 3 + in MoS 2 /PMS ( Sheng et al., 2019 ), MoS 2 /PDS ( He et al., 2020 )

nd MoS 2 /H 2 O 2 ( Xing et al., 2018 ) systems could significantly pro-

ote the decomposition of peroxides and accelerate target con- 

aminant degradation. Inspired by these facts, we expect that the 

ombination of electron-rich non-metallic elements, Fe 3 + and dif- 

erent peroxides could also boost radical generation and expedite 

ontaminant degradation. 

Herein, in this work, we first studied the potential of different 

on-metallic elements (i.e., amorphous boron, MWCNT, RP, silica, 

ulfur and selenium) in promoting Fe 3 + /Fe 2 + cycle for PMS acti- 

ation. Carbamazepine (CBZ) was selected as the target contami- 

ant due to its potential threat to aquatic lives ( Soufan et al., 2013 ).

hen, we dominantly investigate the performance of RP due to its 

oderate performance and low cost. Furthermore, we modified RP 

nto hydrothermal red phosphorus (HRP) and black-red phospho- 

us (BRP) to enhance its reducibility. The performance of HRP and 

RP was evaluated and the crucial factors that enhanced the re- 

ucibility of pristine RP were discerned. The practical application 

erformance in actual water and influence of water parameters 

ike pH and dissolved O 2 were also investigated. Besides, the re- 

ction kinetics and the effects of multiple dosage modes on CBZ 

egradation were in detail discussed. Moreover, the generation and 

ransformation of intermediate phosphorus anions were monitored 

nd the chemisorption of PMS was simulated via density functional 

heory (DFT) calculation. Based on experimental and theoretical re- 

ults, the reaction mechanism among Fe 3 + , PMS and BRP was elu- 

idated. Finally, the control strategies of phosphorus by-product 

eneration were also proposed. 

. Materials and methods 

.1. Materials 

The details of materials were listed in Text S1. 

.2. Experimental procedure 

.2.1. BRP synthesis 

BRP was synthesized using an ethylenediamine (EDA) method 

 Liu et al., 2019 ). First, 1.5 g commercial RP and 60 mL deionized

ater were added in 100 mL stainless Teflon-lined autoclave and 

ealed at 200 °C for 12 h to obtain HRP. Then the HRP was washed

ith deionized water and ethanol 3 times respectively and dried 

t 50 °C in vacuum overnight. Next, 1.0 g HRP and 60 mL EDA were

imultaneously added into 100 mL stainless Teflon-lined autoclave 
2 
nd sealed at 140 °C for 12 h. After cooling down, the black prod- 

cts were washed with deoxygenated water and ethanol 3 times 

espectively and then dried at 50 °C in vacuum overnight. The ob- 

ained powder was thoroughly ground and then sifted through a 

00 mesh sieve. 

.2.2. Degradation procedures 

For contaminant degradation experiments, all bath experiments 

ere conducted in 250 mL beaker containing 150 mL contami- 

ant solution. The temperature was kept at 30 ± 1 °C by water 

atch heating. The pH of the solution was adjusted with 0.1 M 

 2 SO 4 and 0.1 M NaOH, if necessary. The stock solution of contam- 

nants was diluted into the working concentration and then cer- 

ain amount of PMS stock solution, Fe 3 + /Fe 2 + stock solution and 

aterials were added successively to initiate the reaction. At the 

redetermined time, 1.5 mL samples were taken, mixed with 20 

L ethanol (EtOH) and quickly filtered through a 0.22 μm PTFE 

yringe filter discs for the analysis of residual contaminant con- 

entration. For Cr (VI) removal experiment, the experimental prod- 

dures were similar to the above except that no Fe 3 + and EtOH 

ere added and the sample volume was 3 mL. 

.3. Characterization 

The morphologi e s of RP, HRP and BRP were investigated us- 

ng scanning electron microscope (SEM, SU8010, Hitachi, Japan). 

ransmission electron microscope (TEM) was conducted on FEI 

ecnai G2 F20 S-TWIN at a voltage of 200 V (Hillsboro, Oregon, 

SA). High-resolution transmission electron microscope (HRTEM) 

as conducted on JEOL, cat. no. JEM-2100F. Raman spectra were 

ecorded using a HORIBA LabRAM HR spectrometer with a 532 

m excitation laser. Fourier transform infrared spectroscopy (FT-IR) 

as conducted on Nicolet is50 (Thermo Fisher). X-ray diffraction 

XRD) patterns were acquired using PANalytical B.V with a scan 

ate of 2 °/min (Holland). The specific surface areas of RP, HRP and 

RP were measured based on the Brunauer-Emmett-Teller (BET) 

ethod using a surface area and porosity analyzer (TriStar II 3020, 

icromeritics, Norcross, GA). The surface chemical oxidation states 

ere recorded by an X-ray photoelectron spectroscopy (XPS, AXIS 

ltra DLD, Kratos Co., UK). Electron paramagnetic resonance (EPR) 

ignals were recorded using DMPO as a spin-trapping agent on 

ruker EMX plus X-band CW EPR spectrometer. EPR detection con- 

itions were microwave frequency: 9.83 GHz; microwave power: 

.00 mW. Nyquist plots and Tafel scans were acquired on CHI 

04E electrochemical workstation (Chenhua Instrument, shanghai, 

hina) with glassy carbon electrode as the working electrode, plat- 

num wire as the counter electrode and Ag/AgCl electrode as the 

eference electrode. 

.4. Analytic methods 

The concentration of target organics was measured using 

igh performance liquid chromatography (HPLC, LC-16, SHIMAZU) 

quipped with a InertSustain C18 separation column (4.6 × 250 

m). The detailed HPLC condition is listed in Table S1. The con- 

entration of hypophosphite (H 2 PO 2 
−), phosphite (H 3 PO 3 ), phos- 

hate (H 2 PO 4 
−) and pyrophosphate (P 2 O 7 

4 −) was analyzed by 

ionex AQUION ion chromatography (Thermo Fisher) using KOH 

s the eluent with a Dionex Ionpac TM AS15 column (4 ×250 mm). 

esidual PMS concentration was analyzed using a modified ABTS 

ethod (Text S2). Fe 2 + concentration was monitored using 1,10- 

henanthroline method. Cr (VI) concentration was measured using 

,5-diphenylcarbazide method. The intermediates of CBZ were de- 

ected using UPLC-QTOF MS (Agilent 1290 infinity Ⅱ UPLC with Ag- 

lent G6545 Q-TOF Mass Spectrometer) equipped with Eclipse plus- 
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Fig. 1. The performance of different non-metallic elements in accelerating Fe 3 + /Fe 2 + cycle for PMS activation. Experiment conditions: [Amorphous boron] = [Silica pow- 

der] = [RP] = [Sublimed sulfur] = [Selenium powder] = 0.1 g/L, [MWCNT-OH] = 0.05 g/L, [PMS] = 0.2 mM, [Fe 3 + ] = [Fe 2 + ] = 2 mg/L, [CBZ] 0 = 10.6 μM, pH ini = 3.0, 

reaction time = 60 min. 
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18 column (Eclipse plus-C18 3.0 ×100mm 1.8 μm). Analysis details 

ere provided in Text S3. 

.5. Kinetic studies and DFT calculation 

The degradation of CBZ was fitted with pseudo-first-order 

odel ( Eq. (4 )), where C 0 and C t represented the CBZ concentra- 

ion initially and at t moment and k obs represented the appar- 

nt reaction kinetic rate. The first-principle calculation was car- 

ied out using the Vienna Ab-initio Simulation Package (VASP 5.4). 

he projector-augmented wave (PAW) was used to describe the 

lectron–ion interactions, and the generalized gradient approxima- 

ion functional (GGA-PBE) was applied to describe the electron ex- 

hange and correlation ( Kresse and Joubert, 1999 ; Liu et al., 2018b ).

 cut-off energy of 400 eV and a k-point mesh (3 × 3 × 1) were 

elected ( You et al., 2020 ). The energy and force converged to 10 −5 

V/atom and 0.01 eV/ ̊A, respectively. A 3 × 3 × 2 supercell of BP 

as established in a 15 Å vacuum gap ( Cartz et al., 1979 ). For PMS

dsorption, the adsorption energy E ads was determined by Eq. (5 ) 

 Nie et al., 2020 ; Nie et al., 2019 ) 

n ( C t / C 0 ) = −k obs × t (4) 

 ads = E PMS / BP − ( E PMS + E BP ) (5) 

here E PMS/BP , E PMS , and E BP represented the total energies of the 

MS/BP system, the isolated PMS and BP in the same slab, respec- 

ively. 

. Results and discussion 

.1. Feasibility of different non-metallic elements for Fe 3 + reduction 

To evaluate the feasibility of various non-metallic elements 

n promoting Fe 3 + /Fe 2 + cycle, we selected six typical elemental 

aterials, including amorphous boron, hydroxyl-modified MWCNT 

MWCNT-OH), silica powder, RP, sublimed sulfur and selenium, and 

ntroduced them in Fe 2 + /PMS (or Fe 3 + /PMS) system for CBZ degra- 

ation. As shown in Fig. 1 , only 31.3% and 5.58% CBZ could be de-

raded in 60 min by Fe 2 + /PMS system and Fe 3 + /PMS system, re- 

pectively. However, with the addition of amorphous boron and RP, 

he CBZ degradation efficiency significantly increased to 100% and 
3 
3.2% even in Fe 3 + /PMS system. In comparison, silica powder, sub- 

imed sulfur and selenium powder were all ineffective for enhanc- 

ng CBZ degradation. 

MWCNT-OH had a superior adsorption ability towards CBZ 

43.4%) while the addition of PMS and Fe 3 + (20.81%) in turn inhib- 

ted CBZ removal. Besdies, to exclude the influence of functional 

roups, unfunctionalized MWCNT and carboxyl-modified MWCNT 

MWCNT-COOH) were also compared and the results showed that 

one of them were effective for CBZ degradation (Fig. S1). This 

emonstrated that direct Fe 3 + reduction by MWCNT was un- 

avorable. Although it was not consistent with the results of 

eo et al. (2015) where MWCNT could directly reduce Fe 3 + , the 

eductant dosage in their work was far more than that in this 

ork. Fig. S2 also depicted that in the absence of PMS, amorphous 

oron and RP could reduce 91.5% and 28% Fe 3 + in 60 min respec- 

ively, whereas marginal Fe 2 + was generated by other non-metallic 

lemental materials. This further demonstrated the superior roles 

f amorphous boron and RP in PMS activation. Given the earth- 

bundant and cost-effective properties Tian et al., 2018 ; Xia et al., 

015 ), RP was then selected and investigated in our work. To con- 

rm its efficiency, RP was also introduced into Fe 3 + /H 2 O 2 and 

e 3 + /PDS systems (Fig. S3). 60.5% and 43.7% CBZ could be degraded 

n 60 min respectively, suggesting the efficiency followed the or- 

er of PMS > H 2 O 2 > PDS. This order could be mainly ascribed to

he different reaction rates between Fe 2 + and the three peroxides 

 Eqs. (1 )–( (3) ) since the initial Fe 2 + concentration generated by RP 

n three systems was similar. We further replaced Fe 3 + with dif- 

erent metal ions (Cu 

2 + , Ag + , Ce 3 + , Mn 

2 + , Ni 2 + ) to investigate the

ole of Fe 3 + (Fig. S4). The degradation of CBZ was drastically en- 

anced in the presence of Cu 

2 + (83.5%), which could be due to the 

eneration of reactive Cu 

+ ( Lee et al., 2016 ). However, other metal 

ons were relatively inert to CBZ degradation, suggesting the gener- 

tion of low-valence metal ions was an essential step in promoting 

eroxide activation. 

.2. Characterization of RP, HRP and BRP 

To further enhance the reducibility of pristine RP, a facile two- 

tep modification method was conducted to prepare HRP and BRP 

espectively ( Liu et al., 2019 ). Energy-dispersive X-ray spectroscopy 

esults showed that the pristine RP was mainly comprised of P 

ith a part of O, which might derive from the surface oxidation 
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Fig. 2. SEM images of (a) pristine RP, (b) HRP and (c) BRP; (d) TEM images of BRP. 
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ayer (Fig. S5). As shown in Fig. 2 a-c, after the hydrothermal treat- 

ent, the bulk RP was split into substantial fragments and the size 

f pristine RP decreased from 100 μm to around 5 μm. Accord- 

ngly, the BET surface area appreciably increased from 0.1 m 

2 /g to 

0.2 m 

2 /g, which would facilitate its interaction with Fe 3 + . Subse- 

uently, the EDA modification further transformed the fragments 

nto flower-like spheres with some rodlike sheets sticking out. The 

EM images of BRP clearly displayed an overlapped sheet struc- 

ure ( Fig. 2 d). The BET surface area slightly declined to 16.4 m 

2 /g

ossibly due to this overlapped structure. From the HRTEM im- 

ges, it could be observed that BRP was composed of both amor- 

hous phase and crystalline phase (Fig. S6). The lattice fringes cor- 

esponded to the (0 2 0) lattice plane of BP, which confirmed the 

artial phase transformation after EDA modification. The digital 

raph also showed that the color of RP turned bright-red and fur- 

her black after the two modification steps (Fig. S7). 

Moreover, compared with pristine RP and HRP, three obvious 

eaks emerged at 2 θ = 17.3 °, 27.4 ° and 57.4 ° in the XRD patterns 

f BRP ( Fig. 3 a), which could be assigned to (0 2 0), (0 2 1) and (1

 1) planes of BP ( Antonatos et al., 2020 ; Shen et al., 2015 ). Simi-

arly, Raman spectra also confirmed the partial conversion from RP 

hase to BP phase ( Fig. 3 b). For pristine RP, the Raman band at 346

nd 393 cm 

−1 could be assigned to the fundamental mode (B 1 ) 

nd symmetric stretch mode (A 1 ) of RP, respectively. HRP exhibited 

o new band compared with pristine RP. However, for BRP, apart 

rom the bands of RP, three characteristic bands appeared at 362, 

 4 4 and 467 cm 

−1 , which could be attributed to the A g 
1 (out-of-

lane mode), B 2g and A g 
2 (in-plane mode) of BP ( Batmunkh et al., 

019 ). 

XPS was also acquired to probe the modification-induced sur- 

ace chemical state conversion. From Fig. 3 c, it could be observed 

hat N 1s peak appeared in BRP, which was induced by the 

DA treatment. Nevertheless, Fig. S8 revealed that the addition of 

DA could not accelerate CBZ degradation and Fe 3 + reduction in 

e 3 + /PMS system, which excluded the involvement of EDA in the 

g  

4 
eaction. Fig. 3 d further exhibited the P 2p core-level spectra. For 

ristine RP, a broad peak at 134.5 eV indicated the partial sur- 

ace coverage by a P 2 O 5 oxidation layer, which was unfavorable for 

he electron transfer from RP to Fe 3 + ( Tian et al., 2018 ). After the

ydrothermal process, the oxidation peak completely disappeared, 

uggesting the surface P 2 O 5 dissolution. The surfacial atomic ra- 

ios of O to P from XPS results were listed in Table S2. The results

lso demonstrated that after the hydrothermal process, the oxy- 

en content obviously decreased from 1.05 to 0.49. Furthermore, a 

eak oxidation peak of O-P = O appeared at 133.0 eV in BRP. This 

ould be ascribed to the partial re-oxidation of reactive BRP during 

he preparation process. FT-IR results showed no obvious change 

fter the modification processes ( Fig. 3 e). Moreover, no character- 

stic peaks of EDA like C-N bond (1065 cm 

−1 ) and N-H (1608 cm 

−1 )

ppeared after EDA treatment ( Krishnan and Plane, 1966 ), corrob- 

rating the minor EDA amount in BRP. 

.3. Enhanced CBZ degradation performance 

CBZ degradation experiments were carried out to evaluate the 

erformance of pristine RP, HRP and BRP. As shown in Fig. 4 a, 

ll of them showed a weak direct activation ability towards PMS. 

hough Fe 2 + /PMS alone could degrade 24.8% CBZ, this reaction al- 

ost terminated within 30 s. Besides, this two-stage kinetic bottle- 

eck could not be mitigated even with higher Fe 2 + or PMS dosage 

Fig. S9). However, after the addition of RP, HRP and BRP, the two- 

tage kinetic bottleneck was greatly mitigated. Specifically, com- 

ared with the incomplete CBZ degradation by pristine RP, 100% 

BZ degradation could be observed in 7.5 min by HRP. This con- 

rmed that the size decrease effect and the removal of surface 

xidation layer could greatly elevate the reducibility of RP. More- 

ver, complete CBZ depletion was observed even within 5 min 

sing BRP. To exclude the influence of specific surface area, the 

ET normalized k obs was calculated and it increased from 0.01 

 

•min 

−1 •m 

−2 of HRP to 0.06 g •min 

−1 •m 

−2 of BRP (Table S3). This
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Fig. 3. (a) XRD patterns of pristine RP, HRP and BRP; (b) Raman spectra of RP, HRP and BRP; (c) XPS survey of RP, HRP and BRP; (d) P 2p core-level spectra of RP, HRP and 

BRP. (e) FT-IR spectra of RP, HRP and BRP. 

Fig. 4. (a) The performance of pristine RP, HRP and BRP in accelerating Fe 3 + /Fe 2 + cycle for PMS activation; (b) DMPO trapped EPR spectra of different systems. Experiment 

conditions: [RP] = [HRP] = [BRP] = 0.075 g/L, [PMS] = 0.2 mM, [Fe 3 + ] = [Fe 2 + ] = 2 mg/L, [CBZ] 0 = 10.6 μM, [DMPO] = 10 mM, pH ini = 3.0. 
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mplied that apart from size decrease effect and oxidation layer re- 

oval, the role of partial phase conversion was also crucial in ac- 

elerating the electron transfer to regenerate Fe 2 + . 
According to the quenching experiments (Fig. S10), sulfate rad- 

cals (SO 4 
•−) and hydroxyl radicals ( •OH) were identified as the 

eactive species in the system. SO 4 
•− played a dominant role since 

he quenching effect of ethanol was more significant than that of 

ert butyl alcohol ( Zhou et al., 2020 ). EPR results further demon- 

trated that the radical generation was most boosted in the order 

f BRP, HRP and pristine RP ( Fig. 4 b). The detected CBZ degrada-

ion intermediates and the possible degradation pathways were 

imilar to other SO 4 
•- dominated systems (more details in Text 

4, Table S4 and Fig. S11) ( Wu et al., 2020 ; Zhou et al., 2020 ).

cridone (ACON, m/z = 196.0755) was also the detected final 

roducts of CBZ. To investigate whether ACON, which is hard to 

e completely degraded through conventional treatment process 

 Kosjek et al., 2009 ), would accumulate in this system, the degra- 

ation of ACON was also conducted (Fig. S12). The results showed 
5 
hat though a little slower than CBZ, ACON would be still degraded 

n Fe 3 + /PMS/BRP system, manifesting the minor accumulation of 

his hazardous intermediate. 

To compare the intrinsic reducibility of RP, HRP and BRP, we 

rst monitored the concentration of Fe 2 + and residual PMS. Ob- 

iously, RP, HRP and BRP could directly reduce 0.18 mg/L, 1.24 

g/L and 1.57 mg/L Fe 3 + in 20 min, respectively ( Fig. 5 a). Besides,

hese materials could not adsorb Fe 2 + , suggesting the generated 

e 2 + would not accumulate on the surfaces of these materials (Fig. 

13). In the presence of PMS, the Fe 2 + concentration remained low 

ithin 15 min due to the fast reaction between regenerated Fe 2 + 

nd PMS. After 15 min, it gradually rebounded owing to the deple- 

ion of PMS. This phenomenon was also consistent with previous 

tudies using zero-valent metal or metal sulfides as the reductants 

 Sheng et al., 2019 ; Yi et al., 2019 ). The time profiles of PMS de-

omposition showed that 31.2% and 62.3% PMS could be directly 

onsumed by HRP and BRP in 20 min due to their strong reducibil- 

ty ( Fig. 5 b). With the addition of Fe 3 + , PMS consumption rate ac-
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Fig. 5. (a) Time profiles of Fe 2 + concentration in different systems; (b) Time profiles of residual PMS concentration in different systems; (c) Nyquist plots and (d) Tafel scans 

of pristine RP, HRP and BRP. Experiment conditions: [RP] = [HRP] = [BRP] = 0.075 g/L, [PMS] = 0.2 mM, [Fe 3 + ] = [Fe 2 + ] = 2 mg/L, [CBZ] 0 = 10.6 μM, pH ini = 3.0. 
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elerated and most of the PMS could be depleted in 15 min. This 

mplied that the addition of Fe 3 + could promote the electron trans- 

er from BRP to Fe 3 + and further to PMS. Besdies, the enhanced 

lectron transfer efficiency could be also reflected by the Nyquist 

lots and Tafel scans ( Fig. 5 c and d). The arc sizes of HRP and BRP

ere smaller than RP, indicating the higher electron conductivity 

f HRP and BRP than that of RP ( Lim et al., 2019 ). Of note, the

rc size of BRP in high frequency region was greater than that of 

RP, which might be ascribed to the partial re-oxidation of BRP 

s shown in XPS spectra ( Fig. 3 d). However, despite a lower elec-

ron conductivity than HRP, the corrosion currents of RP, HRP and 

RP calculated from the Tafel slope were 3.17 × 10 −8 , 5.04 × 10 −8 

nd 1.05 × 10 −7 A, respectively. The higher corrosion current of 

RP suggested that BRP was more liable to be corroded and do- 

ate electrons to oxidants during a redox reaction, which might be 

scribed to the presence of more reactive BP phase. 

.4. Stability and broad applicability 

To study the stability of BRP after the reaction, the reacted BRP 

as then characterized. From the SEM image, the BRP surface was 

orroded due to the oxidation by Fe 3 + and PMS (Fig. S14). It could 

e also observed from the XRD pattern that the peak intensity 

eclined after the reaction (Fig. S15a). Raman spectrum showed 

hat the characteristic band of BP still existed, whereas the oxi- 

ation degree of BRP increased as the ratio of A g 
1 to A g 

2 declined 

rom 1.56 to 0.94 (Fig. S15b) ( Favron et al., 2015 ). P 2p core-level

pectra confirmed the surface oxidation of BRP as well since the 

eak intensity of O-P = O at 133.0 eV decreased while the peak of 

 2 O 5 at 134.4 eV emerged again (Fig. S16). The atomic ratio of 

 to P also slightly increased to 0.57 after the reaction. However, 
6 
he cyclic performance and Fe 3 + reduction ability did not decline 

everely ( Fig. 6 a and Fig. S17). Even after five successi ve experi- 

ents, 100% CBZ could be still degraded. This suggested that the 

light re-oxidation would not severely decrease the reactivity of 

RP. 

Furthermore, to investigate its applicability in various condi- 

ions, the influence of pH, dissolved O 2 and actual water was dis- 

ussed. First, this system had a strong resistance to initial pH (3- 

.1) due to the release of H 

+ from PMS (Fig. S18). However, when 

uffered with acetic acid, the optimal pH was less than 5. This 

as because the increase of buffer pH would result in the hydrol- 

sis of Fe 3 + , which would be unfavorable for both the reduction 

f Fe 3 + and the activation of PMS. Moreover, dissolved O 2 only 

howed a slight impact on CBZ degradation, revealing that this 

ystem was not sensitive to dissolved O 2 ( Fig. 6 b). More impor- 

antly, even in some actual water samples like tap water, Funan 

iver, Jingcheng Lake and Yangtze River, 100% CBZ could be re- 

oved in 10 min, which exhibited its strong resistance to water 

atrix (Table S5 and Fig. 6 c). Besides, the superior efficiency could 

e also reflected from the fast degradation of 9 typical contami- 

ants including atrazine, levofloxacin, bisphenol-S, p-nitrophenol, 

,4-dichlorophenol, benzoic acid, bezafibrate, iohexol and diphen- 

ydramine (Fig. S19). Furthermore, to confirm the broad applica- 

ility of BRP, the activation of H 2 O 2 and PDS was also conducted 

Fig. S20). 82.8% and 64.5% CBZ could be also effectively degraded 

ith H 2 O 2 and PDS respectively, which suggested the universal- 

ty of BRP in catalytic organic oxidation. Finally, apart from orgaic 

egradation, BRP could be also applied in high-valent metal, like 

r (VI), reduction. Specifically, 86.3% Cr (VI) could be efficiently re- 

oved by 0.4 g/L BRP in 30 min, which indicated its strong re- 

ucibility ( Fig. 6 d). 
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Fig. 6. (a) Cyclic performance of BRP in Fe 3 + /PMS/BRP system; (b) The influence of different atmosphere on the CBZ degradation in Fe 3 + /PMS/BRP system; (c) Performance 

of Fe 3 + /PMS/BRP system in different actual water. Experiment conditions: [BRP] = [Five-cycle reacted BRP] = 0.075 g/L, [PMS] = 0.2 mM, [Fe 3 + ] = 2 mg/L, [CBZ] 0 = 10.6 

μM, pH ini = 3.0. (d) Cr (VI) removal by BRP alone as a function of time. Experiment condition: [BRP] = 0.4 g/L, [Cr (VI)] = 10 mg/L, pH ini = 3.0. 
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.5. The influence of reagent dosage and the mitigation of 

ompetition reaction 

To figure out the primary factors that determine the overall 

eaction kinetics, the influence of BRP dosage, Fe 2 + dosage, PMS 

osage and initial CBZ concentration was studied and analyzed in 

etail in Text S5, Fig. S21 and Fig. S22. From the analysis results, 

he influence of BRP dosage, Fe 2 + dosage and initial CBZ concen- 

ration on the degradation efficiency and the corresponding k obs 

as primary, whereas the influence of PMS dosage was minor. Ac- 

ording to Fig. 5 a, the transient Fe 2 + concentration during 15 min 

as low. Therefore, the initial PMS dosage was relatively excessive 

ompared with Fe 2 + concentration. Even with a high PMS dosage, 

he reaction rate would not obviously increase. Besides, the exces- 

ive PMS present in the system would be also ineffectively con- 

umed by reductive BRP without CBZ degradation ( Fig. 5 b). Herein, 

o alleviate this competition reaction, multiple dosage was con- 

ucted since multiple dosage could avoid the unnecessary interac- 

ion between BRP and PMS. A higher CBZ concentration was used 

o evaluate the overall PMS utilization efficiency. Besdies, the total 

MS and BRP dosages were kept constant to compare the final CBZ 

egradation efficiency. 

As shown in Fig. 7 a, the degradation efficiency after 30 min in- 

reased from 64.8% to 78.4% and 80.7% with twice and four-time 

MS dosage, respectively. This confirmed that multiple PMS dosage 

ould actually alleviate the side reaction between PMS and BRP 

nd reduce PMS consumption, thus promoting more radical gen- 

ration. Conversely, multiple BRP dosage hampered CBZ degrada- 

ion ( Fig. 7 b). Though multiple BRP dosage could also alleviate the 

ide reaction, the reduction of Fe 3 + by BRP was also slowed down. 
7 
erein, multiple BRP dosage was unfavourable for the overall CBZ 

egradation efficiency. 

To comprehend the behavior of BRP thoroughly, the influence 

f multiple dosage on the performance of two benchmark reduc- 

ants (based on substantial previous works, Table S6), i.e. homo- 

eneous NH 2 OH and heterogeneous MoS 2 , was also investigated. 

rom Fig. 7 c and e, multiple PMS dosage was less effective for 

oS 2 and NH 2 OH. This could be ascribed to their relatively slow 

irect reaction with PMS, which would not cause prompt PMS con- 

umption ( Sheng et al., 2019 ; Zou et al., 2013 ). Similar to BRP, mul-

iple MoS 2 and NH 2 OH dosage could not promote CBZ degradation 

ither, which was due to the slower Fe 3 + reduction rate ( Fig. 7 d

nd f) ( Li et al., 2020 ). The intrinsic reducibility of NH 2 OH, MoS 2 
nd BRP was also compared via Fe 2 + generation amount (Fig. S23). 

he result showed that homogeneous NH 2 OH quickly reduced Fe 3 + 

ithin 1 min, whereas heterogeneous BRP and MoS 2 gradually 

enerated Fe 2 + . Though the Fe 3 + reduction reaction by NH 2 OH 

roceeded promptly, the final CBZ degradation efficiency was only 

50% no matter which dosage mode was conducted. This indicated 

hat the quenching effects between NH 2 OH and radicals in homo- 

eneous solution were inevitable ( Zou et al., 2013 ). However, the fi- 

al CBZ degradation efficiencies were 64.8% and 69.1% for BRP and 

oS 2 , respectively. This suggested the superiority of heterogeneous 

eductants in avoiding radical quenching by reductants themselves. 

lthough the side reaction would hamper the performance of BRP 

ompared with MoS 2 , multiple BRP dosage could significantly al- 

eviate the side reaction and promote CBZ degradation to 80.7%. 

hus, with less radical quenching than hydroxylamine and stronger 

educibility than MoS 2 , BRP exhibited a great potential as Fe 3 + re- 

uctant in PMS activation. 
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Fig. 7. The influence of (a) PMS and (b) BRP dosage mode on high-concentration CBZ degradation in Fe 3 + /PMS/BRP system; The influence of (c) PMS and (d) MoS 2 dosage 

mode on high-concentration CBZ degradation in Fe 3 + /PMS/MoS 2 system; The influence of (e) PMS and (f) NH 2 OH dosage mode on high-concentration CBZ degradation in 

Fe 3 + /PMS/NH 2 OH system. Experiment conditions: [BRP] = [MoS 2 ] = 0.075 g/L, [NH 2 OH] = 0.6 mM, [PMS] = 0.2 mM, [Fe 3 + ] = 2 mg/L, [CBZ] 0 = 84.7 μM, pH ini = 3.0. 

Fig. 8. BRP oxidation product generation by (a) Fe 3 + alone; (b) PMS alone; (c) PMS with different Fe 3 + concentration and (d) Fe 3 + with different PMS concentration. 

Experiment condition: [BRP] = 0.075 g/L, [Fe 3 + ] = 2 mg/L, [PMS] = 0.2 mM, [CBZ] 0 = 10.6 μM, pH ini = 3.0, reaction time = 20 min. 

8 
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Fig. 9. (a) Side view and (b) top view of the PMS adsorption model before optimization; (c) Side view and (d) top view of the PMS adsorption model after optimization. 
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.6. Phosphorus by-product formation and corresponding control 

trategy 

As a reductant, BRP would proceed self-transformation and 

enerate various phosphorus by-products such as hypophosphite 

 + 1), phosphite ( + 3), phosphate ( + 5) and pyrophosphate ( + 5)

 Zhang et al., 2019c ). To control the phosphorus by-product forma- 

ion, it was of vital importance to get insights into their forma- 

ion mechanism. Thus, we utilized ion chromatography to investi- 

ate by-product formation under various conditions. Fig. S24 de- 

icted the time profiles of different phosphorus by-product forma- 

ion in Fe 3 + /PMS/BRP system. Obviously, phosphite and phosphate 

ere the primary phosphorus intermediates, while hypophosphite 

nd pyrophosphate only accounted for a small proportion. Fig. 8 a 

urther depicted the oxidation of BRP by Fe 3 + alone. With the in- 

rease of Fe 3 + dosage, the phosphite and phosphate concentra- 

ion gradually ascended to 27 μM and 13.5 μM, respectively. Al- 

hough hypophosphite and phosphite were reported to be mod- 

rate reductants ( Feng et al., 2018 ), they could not reduce Fe 3 + 

nd accelerate CBZ degradation under our experimental conditions 

Fig. S25). Herein, the reduction of Fe 3 + was primarily a surface 

eaction. 

Compared with Fe 3 + , the contribution of PMS to P by-product 

eneration was more remarkable ( Fig. 8 b). The concentration of 

hosphite and phosphate significantly ascended to 68 μM and 

4.8 μM, while hypophosphite and pyrophosphate gradually as- 

ended to 12.6 μM and 9.4 μM as PMS dosage increased to 0.8 

M. Of note, though hypophosphite could be partially oxidized 

o phosphite by PMS alone through an oxygen transfer reaction 

 Dubey et al., 2002 ), phosphite was less oxidized to phosphate by 

c

9 
MS alone (Fig. S26). Therefore, the formation of phosphorus prod- 

cts dominantly derived from the surface BRP oxidation by PMS. 

iven the minor CBZ degradation efficiency in PMS/BRP alone sys- 

em ( Fig. 4 a), the one-electron transfer pathway of PMS generat- 

ng radicals could be excluded ( Gábor et al., 2009 ). Based on the 

bove facts, a plausible reaction mechanism could be proposed 

hat PMS mainly oxidized BRP through a two-electron transfer 

athway without radcial generation. Specifically, PMS could first 

xidize BRP through a two-electron reaction with minor surface 

 (0) disproportionating into hypophosphite ( + 1) and phophite 

 + 3). Then the residual surface P would be further oxidized 

hrough another two-electron transfer reaction and disproportion- 

te into phosphite ( + 3) and phosphate ( + 5, or pyrophosphate). In- 

identally, the concentration of phosphite approximately equalled 

he sum of the concentration of hypophosphite, phosphate 

nd pyrophosphate, which also substantiated this mechanism 

 Eq. (6 ), Fig. S27). 

 

P ] phosphite ( +3) ≈ [ P ] hypophosphite ( +1) + [ P ] phosphate ( +5) + [ P ] pyrophosphate ( +5) 

(6) 

Moreover, the reaction between BRP and PMS was also simu- 

ated via DFT calculation. Given that the structure of amorphous RP 

s still under dispute ( Zhang et al., 2019b ), the calculation model 

as established using the BP phase to investigate their interac- 

ion preliminarily. From Fig. 9 , it could be found that PMS was 

ainly adsorbed at the H site above the P 6 hexagon of BP sur- 

ace ( Kulish et al., 2015 ). The adsorption energy was calculated as - 

.18 eV, implying the reaction between BRP and PMS could proceed 

pontaneously. The charge density difference illustrated an obvious 

harge accumulation in PMS and charge depletion in BP (Fig. S28). 
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Scheme 1. Reaction mechanism of Fe 3 + /PMS/BRP system. 
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esides, the O-O bond length also increased from 1.347 Å to 1.473 
˚ , suggesting the cleavage tendency of O-O bond. Overall, strong 

lectron transfer would occur between BRP and PMS, which might 

ead to the unnecessary consumption of PMS. 

Furthermore, the influence of Fe 3 + on BRP oxidation in the 

resence of PMS and the influence of PMS on BRP oxidation in 

he presence of Fe 3 + were studied. In Fig. 8 c, the phosphite, phos- 

hate and total P concentration first ascended a little at small Fe 3 + 

osage but then gradually descended at higher Fe 3 + dosage. The 

nitial minor increase could be ascribed to the faster and more PMS 

ecomposition compared with no Fe 3 + addition ( Fig. 5 b). Then as 

he Fe 3 + concentration increased, more Fe 2 + could be generated 

hich could effectively utilize PMS and thus inhibit the undesir- 

ble side-reaction between BRP and PMS. Of note, the oxidation of 

RP by SO 4 
•− and 

•OH should be marginal since the P intermedi- 

te generation decreased when more radicals were generated with 

ore Fe 3 + dosage. In contrast, increasing the PMS concentration 

ith a fixed amount of Fe 3 + even resulted in more P oxidation 

roduct generation than PMS alone ( Fig. 8 d). This could be also 

scribed to the faster and more PMS decomposition in the pres- 

nce of Fe 3 + . All these confirmed that adequate Fe 2 + formation 

as conducive to mitigating P by-product formation and elevating 

MS utilization efficiency. 

Moreover, the influence of these P oxidation products on CBZ 

egradation efficiency was further studied (Fig. S29). The four P 

xidation products were disadvantageous to the CBZ degradation 

nd the degradation efficiency declined in the order of phosphite, 

ypophosphite, phosphate and pyrophosphate. The secondary re- 

ction rate constants k of SO 4 
•− and 

•OH with these anions, PMS 

nd CBZ were listed in Table S7 and the corresponding c k val- 

es were calculated (Table S8). Although the c k value of •OH with 

BZ is lower than those with hypophosphite and phosphite, the c k 

alues of SO 4 
•− with CBZ is comparable to those with hypophos- 

hite and phosphite. Thus, in view of the more SO 4 
•− generation 

n this system, the influence of hypophosphite and phosphite on 

BZ degradation should be minor. As for phosphate and pyrophos- 

hate, despite the lower c k values, they could otherwise complex 

ith Fe 3 + and thus retard Fe 3 + reduction. Nevertheless, given the 

mall amount of these anions, the actual inhibition effects were 

arginal. 

Finally, according to the above discussion, all the reactions in 

e 3 + /PMS/BRP system were illustrated in Scheme 1 . Obviously, the 
r

10 
ompetition reaction between PMS and BRP mainly contributed to 

hosphorus by-product formation. Therefore, an appropriate ini- 

ial Fe 3 + concentration and a multiple PMS dosage might be es- 

ential to inhibit phosphorus by-product generation and promote 

arget contaminant degradation. However, despite these strategies, 

 part of phosphite and phosphate could still remain in the efflu- 

nt. Phosphate could be removed via precipitation process, while 

hosphite might require an extra step to remove. To efficiently 

olve this problem and reduce the treatment costs, some newly- 

merging techniques like capacitive deionization could be inves- 

igated in the future. Nevertheless, compared with other oxida- 

ion system using polyphosphate as the ligand ( Kim et al., 2015 ; 

ong et al., 2020 ) or Cu x P as the reagents ( Kim et al., 2019 ), the

hosphorus generation stress in this system was minor, suggesting 

ts great potential in organic oxidation. 

. Conclusion 

In this work, we developed a metal-free heterogenenous reduc- 

ant to accelerate Fe 3 + /Fe 2 + cycle for PMS activation. We found 

hat after two-step modification, the obtained BRP possessed a 

reater BET surface area with a less oxidation layer and partially 

onverted to BP phase. All these aspects contributed to the en- 

anced electron transfer capacity from BRP to Fe 3 + . Besides, BRP 

xhibited an excellent recyclability and strong resistance to dis- 

olved oxygen and water matrix. As a heterogeneous reductant, 

RP avoided the quenching reaction with radicals which was in- 

vitable when using homogeneous reductants. Though undesirable 

ompetition reaction between PMS and BRP would occur, multiple 

MS dosage could remarkedly alleviate the competetion reaction 

nd elevate PMS utilization efficiency. The dominant BRP oxidation 

roducts included phosphite and phosphate, which mainly derived 

rom the surface two-electron reaction between PMS and BRP. In- 

erestingly, moderate increase of Fe 3 + dosage could efficiently re- 

uce by-product generation via the prompt PMS activation by re- 

enerated Fe 2 + . Hence, with a comparable efficiency for promot- 

ng Fe 3 + /Fe 2 + cycle, the emergence of metal-free and environment- 

enign BRP could avoid the use of heavy-metal-bearing materials 

r toxic hydroxylamine. We believe this work would promote the 

pplication of non-metallic elements in reductant-involved envi- 

onmental remediation. 
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