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a b s t r a c t

Traditional treatment processes cannot completely remove phosphonates in circulating cooling water

by one-step method. Herein, we designed peroxymonosulfate/UV irradiation/hydrated zirconium ox-

ide (PMS/UV/HZO) coupling process to enhance the phosphonates removal. In particular, nitrilotris-

methylenephosphonic acid (NTMP) removal efficiency by PMS/UV/HZO process was much higher than

that of PMS/UV process, UV/HZO process and other processes in comparison experiments. Specifically,

almost 97.2% NTMP in water was degraded, and the total phosphorous (TP) reduced from 9.3mg/L to

0.26mg/L at pH 7 within 180min. TP removal efficiency still reached above 90% after 5 cycles adsorption-

desorption of HZO. Moreover, Cl¯, NO3¯ and SO4
2¯ ions all had negligible effect on NTMP removal. During

the process, NTMP was first destroyed to form phosphates and other intermediates by the reactive oxy-

gen species (ROS), then phosphates were in situ immobilized via HZO adsorption. Sulfate radical (SO4
•−)

has been confirmed to be the major ROS in the reaction system by quenching experiment and electron

paramagnetic resonance (EPR) characterization. And the excellent selective adsorption capacity of HZO for

phosphate produced was attributed to the strong inner-sphere coordination between H2PO4¯/HPO4
2¯ and

Zr-OH on the surface of HZO. These results suggest that PMS/UV/HZO process is a promising technique

for enhanced phosphonates decontamination.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Phosphonates containing C-PO(OH)2 group are important syn-

thetic complexing agents, which have the characteristics of strong

complexation stability, high water solubility, poor oil solubility and

weak volatility [1]. Thus, phosphonates are widely used for scale

and corrosion inhibition of industrial circulating cooling water sys-

tem [2]. And the concentration of phosphonates in the wastew-

ater can reach 1.5–20mg/L [3]. However, phosphonates are easily

photodegraded into cytogenotoxic aminomethyl phosphate (AMPA)

and phosphate, which leads to the eutrophication of water bodies

[4]. Thus, the advanced removal of phosphonates is an urgent need

in the field of water-pollution control.

Traditional treatment processes have been employed to re-

move phosphonates from aqueous solution, including biodegrada-

tion, adsorption and coagulation/precipitation [5]. Unfortunately,

biodegradation cannot effectively remove phosphonates due to

the strong stability of C–P bonds in the molecular structure [6].

Adsorbents have a low adsorption capacity for phosphonates in
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neutral and weakly alkaline solutions [7]. Metal ions in coagula-

tion/precipitation regents can be chelated with phosphonates, re-

sulting in high consumption of chemical agents [8]. Recently, ad-

vanced oxidation processes (AOPs) have been used to effectively

degrade phosphonates through reactive oxygen species (ROS), and

then the remaining phosphates would be removed through co-

agulation/precipitation process [9]. Notably, sulfate radical (SO4
•−)

based AOPs (SR-AOPs) have attracted extensive interest due to the

potential for degrading organic contaminant in water [10]. Peroxy-

monosulfate (PMS) has the characteristics of stable properties, low

cost, high water solubility and easy storage at room temperature,

so it is favored in environmental remediation applications [11]. Ac-

tivated by transition metals, ultraviolet (UV), heat or electron con-

duction, PMS can produce abundant SO4
•− and hydroxyl radicals

(•OH) [12]. Among them, using UV radiation to destroy chemical

bonds to activate PMS is a benign and economical method. Com-

pared with H2O2/UV process, PMS/UV process was more efficient

for the removal of persistent contaminants [13]. Because the pho-

tolysis rate of H2O2 to produce ROS was much lower than that

of PMS. Moreover, SO4
•− has higher oxidation potential (E0 =2.5–

3.1V), wider reaction pH range (2–8), and longer half-life period

https://doi.org/10.1016/j.cclet.2022.06.043
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Fig. 1. (a, b) Effect of different processes on NTMP removal (25 °C,
[NTMP]0 =0.1mmol/L (9.3mg TP/L), [PMS]0 =1.5mmol/L, HZO=0.8 g/L, pH0 7,

UV254 =0.045mW/cm2).

(30–40 μs) than •OH [14]. But SO4
•¯ would be consumed by ac-

cumulated phosphates, resulting in a certain reduction in reaction

efficiency.

Hydrated zirconium oxide (HZO) has attracted more and more

attention because of its excellent adsorption capacity for phos-

phates [15]. HZO is an amphoteric compound formed by the com-

bination of amorphous Zr with water, which has strong acid and

alkaline resistance [16]. Abundant hydroxyl groups distribute on

the surface of HZO, which enables HZO to have great selective re-

moval ability for phosphates by inner-sphere complexation [17].

Furthermore, the exhausted HZO also possesses great reusabil-

ity. Compared with the coagulation/precipitation method, the ad-

vanced removal of phosphates by HZO could effectively reduce the

eutrophication of receiving waterbody, and avoid the loss of phos-

phorus resource as well as reduce the trouble of sludge [18]. Re-

cently, PMS/UV process has been adopted to degrade phosphonates

in water, but the removal efficiency of innovative PMS/UV/HZO

process for phosphonates is still unknown and needs further ex-

ploration. Additionally, current research is mainly for lab-scale sim-

ulated wastewater with a single contaminant, and complex water

environment for phosphonates removal needs to be considered si-

multaneously.

In this study, we verified the advanced removal efficiency of

phosphonates through the PMS/UV/HZO process. For this pur-

pose, nitrilotris-methylenephosphonic acid (NTMP) was employed

as the target pollutant. In order to confirm the availability of

PMS/UV/HZO process, different treatment processes were firstly in-

vestigated. The effects of representative parameters on NTMP re-

moval efficiency were optimized, such as initial pH, PMS concen-

tration, HZO dose, NTMP concentration. Then, the existing ROS and

the removal mechanism of NTMP were explored and revealed.

Reagents and chemicals are provided in Text S1 (Supporting in-

formation). HZO was prepared by the specific sol-gel method (Text

S2 in Supporting information). Additionally, the relevant experi-

mental procedures and analytical methods are shown in Text S3

(Supporting information). In the PMS/UV system, NTMP was ef-

ficiently oxidized to phosphates, and the formation of phosphate

followed the pseudo-first-order kinetic model (R2 > 0.99) (Fig. 1a).

94.2% of total phosphorous (TP) was finally converted to phos-

phate at pH 7 within 180min. However, the generation of phos-

phates was negligible under the condition of PMS or UV alone. It

was attituded to the fact that NTMP degradation caused by gen-

erated ROS under the effect of PMS photolysis, rather than by the

direct photolysis of NTMP or the chemical oxidation of PMS [5].

The amount of phosphates produced in the PMS/UV/HZO process

is significantly lower than the PMS/UV process, which was caused

by HZO adsorption, and it was confirmed that NTMP degradation

reaction and phosphates adsorption process occurred simultane-

ously. Surprisingly, the amount of phosphates in the solution in-

creased first and then decreased during the PMS/UV/HZO process,

and the concentration is as high as 1.7mg/L at 100min. This may

be due to the excess phosphates produced by ROS at the early

stage of reaction, which made the production rate of phosphates

higher than adsorption rate of HZO, so that the concentration of

phosphates rose [17]. Subsequently, the ROS in the later stage of

reaction gradually decreased, and the phosphates concentration

produced by degradation also gradually decreased. The production

rate of phosphates was lower than adsorption rate, resulting in

a decrease in phosphates concentration. When PMS/UV/HZO pro-

cess was divided into two steps: PMS/UV oxidation (180min) and

HZO adsorption (10min), TP concentration reduced to 0.25mg/L,

achieving the same effect as combined process. In contrast, if the

process was carried out separately, the step was fussy and the

cost was high. On the other hand, TP was significantly removed in

PMS/UV/HZO system (Fig. 1b), and TP removal efficiency followed

the pseudo-first-order kinetic model (R2 > 0.97). All the phos-

phates generated was removed by ROS and HZO adsorption within

180min, so that 97.2% of TP could be effectively removed. But TP

was only slightly removed under HZO/UV condition. The dramatic

difference demonstrated that phosphates instead of NTMP could be

well selectively adsorbed by HZO.

ROS quenching experiment is an efficient strategy to verify

the existence of ROS. Ethanol (EtOH) was used as the scav-

enger of •OH (k(•OH)=9.1×106 L mol−1 s−1) and SO4
•− (k(SO4

•−)=
3.5×107 L mol−1 s−1), and tertiary butanol (TBA) was used as

the scavenger of •OH (k(•OH)= (3.8–7.6)×108 L mol−1 s−1) [19]. As

shown in Fig. S1a (Supporting information), after adding 5mmol/L

TBA to the system, TP removal efficiency decreased to 83.9%,

and kobs was 0.035 min−1. Continuing to increase TBA dosage

to 20mmol/L, TP removal efficiency and kobs nearly unchanged,

demonstrating that excess TBA has completely quenched •OH in

the system. Similarly, adding 2 or 5mmol/L EtOH to the system,

TP removal efficiency continued decreasing to ∼45.2% (Fig. S1b

in Supporting information). The above results indicate that both

SO4
•− and •OH exist in the system, and some other ROS (such as

singlet oxygen radicals (1O2), superoxide anion radicals (O2
•¯)) may

involve in the degradation process of NTMP. Therefore, NaN3 and

p-benzoquinone (p-BQ) were also used as quenchers to measure

whether 1O2 and O2
•− existed in the system, respectively. NaN3

can effectively quench 1O2,
•OH and SO4

•−. The addition of ex-

cess NaN3 further decreased TP removal efficiency to 30.1% (Fig.

S1c in Supporting information). Surprisingly, with the addition of

20mmol/L p-BQ, TP removal efficiency slightly reduced to 78.5%,

and kobs was 0.032 min−1 (Fig. S1d in Supporting information).

This confirms that SO4
•−, •OH, 1O2 and O2

•− exist in the system,

and SO4
•− is the major ROS in NTMP degradation according to the

quenching results of different quenchers.

ROS were further identified by EPR characterization (Fig. 2). The

characteristic signal with a peak strength ratio of 1:2:2:1 belonged

to DMPO-•OH, indicating that •OH existed in the reaction solu-

tion [20]. The peak signal of DMPO-SO4
•− (αN =13.9G, αH =9.9G,

αH =0.9G, αH =0.6G) is observed near the •OH signal, implying

the existence of SO4
•− (Fig. 2a). Besides, DMPO also detected the

peak of O2
•¯ (Fig. 2b). Use TEMP as a spin trapping agent to di-

rectly verify the existence of 1O2 by forming TEMPO, which is a

typical triplet (intensity ratio=1:1:1) (Fig. 2c). Moreover, it can be

seen that the peak intensities of all peaks at 5min are higher than

2min. Results revealed that the number of ROS increased gradually

with reaction time, and the reaction became more intense. EPR re-

sults are consistent with the results of quenching experiment. In

summary, both radical and non-radical ROS exist in the catalytic

system.

Based on the above analysis about ROS, the generation pathway

of ROS in the system was proposed. SO4
•− and •OH were first gen-

erated by UV activation of PMS, and then SO4
•− could react with

H2O to continue to generate •OH (Eqs. 1 and 2) [21]. In addition,

UV could provide electrons to O2 alone to generate O2
•− (Eq. 3),
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Fig. 2. (a–c) EPR spectra of different systems in NTMP solution (25 °C, [NTMP]0 =0.1mmol/L (9.3mg TP/L), [PMS]0 =1.5mmol/L, HZO=0.8 g/L, pH0 7, UV254 =0.045mW/cm2).

Fig. 3. NTMP removal in different conditions (a) pH0 value (25 °C, [NTMP]0 =0.1mmol/L (9.3mg TP/L), [PMS]0 =1.5mmol/L, HZO=0.8 g/L, UV254 =0.045mW/cm2); (b)

PMS concentration (25 °C, [NTMP]0 =0.1mmol/L (9.3mg TP/L), HZO=0.8 g/L, pH0 7, UV254 =0.045mW/cm2); (c) HZO dose (25 °C, [NTMP]0 =0.1mmol/L (9.3mg TP/L),

[PMS]0 =1.5mmol/L, pH0 7, UV254 =0.045mW/cm2) and (d) NTMP concentration (25 °C, [PMS]0 =1.5mmol/L, HZO=0.8 g/L, pH0 7, UV254 =0.045mW/cm2).

and •OH could generate 1O2 through disproportionation (Eq. 4)

[22]. SO5
•− in the reaction could also react with H2O to generate

1O2 (Eq. 5) [23]. Thus, NTMP molecules were effectively degraded

under the synergistic effect of radicals and non-radicals (Eq. 6).

HSO5
− UV→ SO4

•− + •OH (1)

SO4
•− + H2O → SO4

2− + •OH + H+ (2)

O2
UV→O2

•− (3)

4•OH → 1O2 + 2H2O (4)

2SO5
•− + H2O → 2HSO4

− + 1.51O2 (5)

SO4
•−+1O2 + NTMP → by-products + CO2 + H2O (6)

The distribution of ROS and the adsorption mechanism of HZO

were greatly influenced by pH value [5]. As shown in Fig. 3a, TP re-

moval efficiency varies between 17.4% and 97.2% with pH increas-

ing from 3 to 10. Nevertheless, the removal efficiency suddenly

decreases to 17.4% at strongly basic condition (pH 11). It was re-

ported that the pKa1 and pKa2 of PMS were 0 and 9.4, respectively

[24]. Thus, the main existence form of PMS was HSO5
− when pH

was lower than 9.4, while SO5
2− appeared at pH > 9.4. In addi-

tion, the dominant ROS was SO4
•− in the acidic condition, and •OH

in the basic condition. But the standard reduction potential of •OH

was 1.8V in neutral and basic solutions, lower than that of 2.7V

in acidic solution [25]. As shown in Fig. S2a (Supporting informa-

tion), NTMP removal efficiency is particularly low in basic condi-

tion due to the weaker oxidation capacity and the shorter life span

(t1/2 < 1 μs) of dominant •OH [26]. On the other hand, the sur-

face properties of HZO could also be changed by the pH of so-

lution, thus affecting the adsorption efficiency of phosphates. Fig.

S2b (Supporting information) shows that the adsorption capacity

of phosphates increases gradually as the pH of solution decreases.

The higher adsorption capacity at a lower pH might be due to the

fact that the hydroxyl groups on the HZO surface became proto-

nated and positively charged at a pH lower than the isoelectric

point [27]. As shown in Fig. S3 (Supporting information), the pHPZC

value of HZO is 5.6. When pH was greater than 5.6, the zeta poten-

tial of HZO gradually tended to be negative. Anions such as phos-

phates were more easily adsorbed by HZO in acidic and neutral

pH solutions. Thus, the negatively charged phosphates ions were

predominately adsorbed on the surface of adsorbent. The surface

of HZO was negatively charged because of the deprotonation of

surface hydroxyl groups at a higher pH value. Due to the Don-

nan co-ion exclusion or electrostatic repulsion, negatively charged

phosphates ions could not be adsorbed by negatively charged HZO

surface at higher pH, while favoring the desorption of HZO after

phosphate adsorption [27].

PMS concentration will affect the generation and scavenging

of SO4
•¯ and •OH, thus affecting NTMP removal efficiency. TP re-

moval efficiency increases from 60% to 100% with the rise of PMS

concentration from 0.2mmol/L to 2.5mmol/L (Fig. 3b). In partic-

ular, TP removal efficiency is increased to 97.2% as PMS concen-

tration is 1.5mmol/L. And it could be attributed to the enhance-

ment of ROS strength with the increase of PMS dose. However,

when PMS concentration is further increased to 2.5mmol/L, there

occurs negligible change in the removal efficiency. And it is in-

ferred that ROS could be eliminated by reacting with excess PMS

and SO4
•− [28]. Therefore, NTMP removal efficiency increased sig-

nificantly with the rise of PMS concentration, but it was inhibited

at a higher PMS concentration. Notably, the phosphate produced

was totally removed under different PMS concentrations, indicat-

ing that PMS concentration had a negligible effect on the adsorp-

tion capacity of HZO.

HZO dose will affect the utilization of adsorption active sites,

and the effect of HZO dose on NTMP removal is shown in Fig.

3c. Results show that TP removal efficiency increases from 59% to

100% as HZO dose rises from 0.2 g/L to 1.8 g/L. Specially, TP removal

efficiency reaches 97.2% when the HZO dose is 0.8 g/L, and the con-

centration of the remaining phosphorus species is only 0.26mg/L.

As for the adsorption of NTMP by HZO, TP only decreases slightly

when HZO dose reaches 1.8 g/L (Fig. S4 in Supporting information).

Therefore, it shows that HZO had an excellent selective adsorp-
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Fig. 4. Effect of the (a) coexisting substances on TP removal and the (b) Cl¯, (c) NO3¯, (d) SO4
2¯, (e) HCO3¯ and (f) HA on NTMP removal (25 °C, pH0 7, [NTMP]0 =0.1mmol/L

(9.3mg TP/L), [PMS]0 =1.5mmol/L, HZO=0.8 g/L, UV254 =0.045mW/cm2).

tion effect on phosphate rather than NTMP. The adsorption pro-

cess could be divided into two stages: rapid adsorption and ad-

sorption dynamic equilibrium [29]. Fresh HZO provided abundant

active sites and promoted the diffusion and adsorption of phos-

phates. Then, almost all the active sites were occupied by phos-

phates, and the adsorption effect of adsorbent was dramatically re-

duced. With the increase of HZO dose, more active sites could be

obtained to achieve the ideal NTMP removal efficiency.

Considering the practical application, the effect of NTMP con-

centration on NTMP removal efficiency was also studied (Fig. 3d).

As a result that TP removal efficiency decreases from 100% to

38% with the increase of NTMP concentration from 0.05mmol/L

to 0.3mmol/L. It was reported that NTMP had an internal filter-

ing effect on the photolysis of PMS [5]. UV light in contact with

PMS could be filtered by a higher concentration of NTMP, thereby

reducing the generation of ROS. Additionally, SO4
•− would also be

consumed by accumulated phosphates, resulting in a decrease of

degradation efficiency. Furthermore, evidence suggests that there

existed a competitive adsorption between phosphates and phos-

phonate [30]. Thus the increase of NTMP concentration will inhibit

the adsorption capacity of HZO for phosphates.

Cl¯, NO3¯, SO4
2− and HCO3¯ are ubiquitous coexisting anions

in the industrial wastewater, which not only consume ROS, but

also generate competitive adsorption with H2PO4¯/HPO4
2− on the

HZO surface [29,31]. The order of inhibition intensity is HCO3¯ >

SO4
2− > NO3¯ > HA > Cl¯ (Fig. 4a). Obviously, Cl¯, NO3¯ and SO4

2¯
have negligible effect on NTMP removal (Figs. 4b–d). TP removal

efficiency slightly decreases when the concentration of NO3¯ and
SO4

2¯ increases to 20mmol/L. As for Cl¯, the removal efficiency

first decreases and then increases. However, HCO3¯ shows a sig-

nificant inhibitory effect, and TP removal efficiency decreases obvi-

ously from initial 97.2% to 36.3% (C=20mmol/L) (Fig. 4e).

It has been reported that Cl¯ would consume SO4
•− and

•OH generated by PMS photolysis, and generate Cl• and sec-

ondary radicals containing Cl element (Cl2
•− and HOCl•¯) with

lower redox potential (E(Cl•/Cl−)=2.4V, E(Cl2
•−/Cl−)=2.0V and

E(HOCl•−/Cl−)=1.48V) [32]. Gao et al. [33] found that the effi-

ciency of thermally activated persulfate degradation of triclosan

was inhibited by low concentration of Cl¯ (< 10mmol/L), but pro-

moted by high concentration of Cl¯ (20–50mmol/L). The results

also illustrate the dual effects of Cl¯, whose inhibition or enhance-

ment were determined by the concentration (Fig. S5a in Support-

ing information). This might be attributed to the consumption of

SO4
•− and •OH at a low concentration of Cl¯, thus reducing the ox-

idation efficiency. But a large amount of Cl• and Cl2
•− would pro-

duce because of a high concentration of Cl¯. Meanwhile, the reac-

tion between Cl¯ and SO4
•− or •OH was reversible (Eqs. 7 and 8),

and could regenerate SO4
•− or •OH with high activity [31].

SO4
•− + Cl− ↔ Cl• + SO4

2−

kforward=(2.47−6.6)×108 Lmol
−1

s−1, kbackward=2.5 × 108 Lmol
−1

s−1

(7)

•OH + Cl− ↔ HOCl•−

kforward = 4.3 × 109 Lmol
−1

s−1, kbackward = 6.1 × 109 Lmol
−1

s−1 (8)

Different from the double action of Cl¯ on oxidation process,

NO3¯, SO4
2¯ and HCO3¯ only show inhibitory effects when they ex-

ist in the system. SO4
•− and •OH as the scavenger of radicals would

react with NO3¯ to produce weaker active NO3
• (E=2–2.2V) [34],

thereby inhibiting PMS activation (Fig. S6a in Supporting informa-

tion). It is found that the redox potential of SO4
•−/SO4

2− would be

reduced by accumulated SO4
2¯, thus reducing the activation effi-

ciency of PMS (Fig. S7a in Supporting information) [35]. As shown

in Fig. S8a (Supporting information), SO4
•− and •OH would also be

eliminated by HCO3¯, and further produced CO3
•− with poor oxida-

tion efficiency [36]. In addition, the pH of solution would increase

due to the strong buffering capacity of HCO3¯, which reduced the

oxidation potential of ROS, and also reduced the removal efficiency

of target pollutant [31].

Excellent selective adsorption of HZO for H2PO4¯/HPO4
2¯ with

the presence of coexisting anions was also studied. In the presence

of different anions, the adsorption capacity of HZO was affected

differently (Figs. S5b, S6b, S7b and S8b in Supporting information).

The anions have different inhibitory intensity on phosphates ad-

sorption, which in turn is HCO3¯ > SO4
2¯ > NO3¯ > Cl¯. When

the concentrations of Cl¯, NO3¯ and SO4
2¯ were about 15, 30 and

60 times higher than that of NTMP, respectively, the adsorption

capacity of HZO for phosphate decreased slightly. But HCO3¯ pos-
sessed the strong buffer capacity, which exerted the pH value high

and the surface of HZO deprotonated, so phosphate adsorption was

strongly inhibited. Generally, the adsorption efficiency of HZO for

4
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Fig. 5. Degradation pathway of NTMP by PMS/UV/HZO process.

phosphate decreased as the anion charge became higher [37]. Evi-

dence also suggests that the inner-sphere complexation performed

between SO4
2¯ and HZO surface [29]. But weak outer-sphere com-

plexation performed between Cl¯, NO3¯ and HZO surface, resulting

in the ineffective competition [38].

Natural organic matter (NOM) is widely present in water bodies

and usually has a certain negative effect on the removal of organic

pollutants [39]. NTMP degradation efficiency decreases when the

humic acid (HA) concentration is 0.1mg/L (Fig. 4f). Interestingly,

when HA concentration further increases, its inhibitory effect in

the PMS/UV/HZO system is not further enhanced. Fig. S9a (Sup-

porting information) illustrates that the presence of HA inhibits

the degradation of NTMP in the PMS/UV process. It is speculated

that the reaction between HA and SO4
•− led to a decrease in oxi-

dization ability. HA could compete for the adsorption sites of HZO

by forming Zr-HA complexes, weakening phosphorus removal ef-

ficiency. But the increase in HA concentration had little effect on

phosphate adsorption (Fig. S9b in Supporting information), pre-

sumably because larger HA molecules could not enter the internal

pores of HZO [40].

As shown in Fig. S10 (Supporting information), NTMP removal

efficiency in the simulated circulating cooling water is 91.0%, and

the remaining TP is 0.84mg/L, which indicates that the degrada-

tion effect of PMS/UV/HZO process on NTMP is slightly inhibited

in the natural water environment. In general, the PMS/UV/HZO

method, as a promising process, can be effectively applied to the

removal of phosphonates in the actual industrial circulating cooling

water. In order to verify the reuse performance of HZO, five cyclic

adsorption/desorption experiment were conducted. TP removal ef-

ficiency still reaches above 90% after five cycles (Fig. S11 in Sup-

porting information), thus proving that the adsorption process of

HZO for phosphates was reversible.

NTMP is composed of three phosphonate groups (C-

PO(OH)2) and a central N atom. Intermediate products ((Imin-

odi (methylenephosphonic acid)) IDMP, AMPA and hydrox-

ymethyl phosphonic acid (HMP)) were detected in by liquid

chromatography-mass spectrometer (LC-MS) and results are show-

ing in Fig. S12 and Table S1 (Supporting information). Furthermore,

results show the TOC degradation rate (0.011 min−1) is almost

equal to the phosphates generation rate (0.015 min−1) (Fig. S13 in

Supporting information). NH3-N was merely detected during the

process while nitrate and nitrite were not detected, and N atoms

in NTMP were eventually released in the form of NH3-N (Fig. S14

in Supporting information). Compared with the rapid removal of

TOC, the formation of NH3-N has an obvious hysteresis effect. All

the above evidences demonstrate that the C–N bond cleaved first

and then C–P bond cleaved.

Based on the above analysis, NTMP degradation pathway was

proposed (Fig. 5). One of the C–N bonds in NTMP molecule was

cleaved to form IDMP and HMP after UV activation of PMS (Step

1) [5]. IDMP was further converted to AMPA and HMP (Step 2) [1].

Among them, AMPA was then oxidized to NH3-N and HMP (Step 3)

[5]. Subsequently, C-P bond in HMP molecule was cleaved to gener-

ate H3PO4 and methanol (CH3OH) (Step 4) [5]. Moreover, since the

ratio of kobs-TOC to kobs-P is close to 1, it indicates that methanol

could be rapidly converted into formaldehyde (CH2O) and formic

acid (HCOOH) (Fig. S15 in Supporting information), as well as the

mineralization products CO2 and H2O [5].

Some specific physicochemical analysis of HZO is provided in

Text S4 (Supporting information). In order to determine the chem-

ical composition and chemical state of adsorbent, the XPS spec-

tra of HZO before and after phosphate adsorption were observed.

It is found that a new peak belonging to phosphorus appears at

the binding energy of 132.9 eV in the XPS wide spectra (Fig. S16

in Supporting information), which proved that phosphorus species

were adsorbed by HZO. Fig. S17a (Supporting information) shows

that the peak of Zr 3d can be fitted into four peaks, among which

the peaks at 182.1 and 184.6 eV both belong to Zr–O bonds, and

those at 182.8 and 186.0 eV belong to metallic Zr–Zr bonds [41].

The shift of the Zr–O binding energy after phosphates adsorp-

tion may be caused by Zr–O–P inner-sphere complexation struc-

ture formed between -Zr–OH and H2PO4¯/HPO4
2¯ (Eq. 9) [17]. The

three peaks of O 1s XPS spectra are corresponding to metals ox-

ide (M–O), metal surface hydroxyl group (M–OH) and bound wa-

ter (H2O), respectively (Fig. S17b in Supporting information) [42].

And the percentage of M-O, M-OH and H2O is 26.61%, 43.85%, and

29.54%, respectively. Analysis shows that the fraction of -Zr-OH/O-P

component at 531.4 eV increased from 43.85% to 47.86% after phos-

phate adsorption, while the fraction of M–O at 529.9 eV decreased

from 26.61% to 11.77%. This phenomenon further proved the for-

mation of Zr–O–P bond after phosphate adsorption.

Zr-(OH)y + bHxPO4
(3−y)−(aq) → Zr-(OH)y−b

[
HxPO4

(3−x)−]
b

+bOH−(aq) (9)

In conclusion, PMS/UV/HZO treatment process has been ap-

plied for NTMP removal in water. Excess ROS contributed to NTMP

degradation in neutral solution, so that PMS/UV process had the

best oxidation effect at pH 7. And the higher adsorption capacity

at a lower pH might be due to the fact that the hydroxyl groups

on the HZO surface became protonated and positively charged at

a pH lower than the isoelectric point. NTMP removal efficiency in

the simulated circulating cooling water is 91.0%, and the remain-

ing TP is 0.84mg/L, which indicates that the degradation effect of

5
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PMS/UV/HZO process for NTMP is slightly inhibited in the natural

water environment. Under UV photolysis PMS, NTMP degradation

began with the cleavage of C–N and C–P bonds, forming interme-

diate products, and finally mineralized into phosphates, NH3-N and

CO2. According to EPR analysis and ROS quenching results, it can

be confirmed that SO4
•¯ played a major role in the NTMP removal.
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