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• ZVI is activated successfully by surface 
modification. 

• Two reaction stages exist in the V5 +
elimination process. 

• Introduced NaCl alleviates the ZVIbm 
agglomeration. 

• Excessive energy input weakens the ac-
tivity of ZVI. 

• The removal mechanism is based on 
reduction and absorption.  
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A B S T R A C T   

The ball-milling technology, a highly efficient and cost-effective method, had excellent application prospects for 
overcoming passivation issues of normal zero-valent iron (ZVI) to enhance the decontamination efficiency. In this 
work, we investigated the effects and mechanisms of pH, process control agents (PCA), and main process pa-
rameters on the removal of V5+ using ball-milled zero-valent iron (ZVIbm). The results showed that ZVI was 
successfully activated due to mechanochemical action. The enhanced proton conductivity of ZVIbm leaded to the 
rapid production of more Fe2+, thereby resulting in an order of magnitude higher elimination of V5+ by ZVIbm 

than by ZVI under near-neutral conditions. In addition, the introduction of NaCl in the ball milling process could 
not only effectively alleviate the agglomeration phenomenon of ZVIbm, but also effectively enhance its activity. 
Unexpectedly, due to over-compaction and small size effects, excessive energy input weakened the reactivity of 
ZVIbm on V5+ elimination. Various characterization results confirmed that the removal of V5+ by ZVIbm was 
dominated by reduction and supplemented by adsorption. This work updated the basic understanding of the 
critical effects of process parameters and NaCl on ZVIbm in the remediation of vanadium-containing wastewater.   
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1. Introduction 

Zero-valent iron is considered as a promising technology for 
pollutant remediation because of its high reduction capacity, environ-
mental friendliness, and cost-effectiveness (Gong et al., 2021a,b; Gu 
et al., 2017; Wang et al., 2020; Yang et al., 2019). It has been applied to 
remove various contaminants from soil, sediment, wastewater, 
groundwater, and drinking water, especially to remediate contaminated 
groundwater (Deng et al., 2021; Gong et al., 2020; Gong et al., 2021a,b; 
Hu et al., 2020). Nonetheless, among the many challenges in practical 
application, the longevity and removal capability are of increasing 
concern (Flury et al., 2009; Gu et al., 2017; Li et al., 2018; Min et al., 
2021). For the ZVI/H2O system, the effect of decontamination is highly 
dependent on the corrosion evolution of ZVI. Therefore, the interface 
electron transfer between the Fe0 core and contaminants is a crucial 
process (Kang and Choi, 2009; Ling et al., 2019; Noradoun and Cheng, 
2005). And the electrical conductivity and interface structure of the ZVI 
surface is critical to ZVI reactivity (Xu et al., 2016). Surface passivation 
usually occurs in the synthesis and application process because of the 
accumulation of oxides and the organic layer (Gu et al., 2019). The 
oxidation of shell with a high steric hindrance influences the perfor-
mance of ZVI seriously (Peng et al., 2017). It is imperative to develop 
high-efficient and cost-effective methods for enhancing the decontami-
nation efficiency of ZVI in the practical application. 

Appropriate treatment methods, e.g., H2O2/HCl corrosion pre- 
treatment (CPT), doping treatment (DT) (Liou et al., 2009), ultrasonic 
assistance (US) (Gao et al., 2018), weak magnetic field strengthening 
(WMF) (Li et al., 2015; Liang et al., 2014), electric field strengthening 
(EFS) (He et al., 2022), H2-reducing pre-treatment (HRP) (Liou et al., 
2005), liquid nitrogen activation (LNA) (Hu et al., 2019), and ball 
milling activation (BM) (Deng et al., 2021; Gu et al., 2017; Hu et al., 
2020), etc., have been investigated to enhance the reactivity of ZVI 
(Table S1). However, the ZVI treated with CPT had limitations in storage 
and transportation. DT treatment might be associated with the risk of 
heavy metal leaching contamination. Furthermore, the engineering 
construction of US, WMF, EFS, HRP, and LNA should undertake a 
tremendous economic burden during the practical application. Recently, 
sulfurized ZVI (S-ZVI) had emerged as one of the most promising ap-
proaches to enhance reactivity, selectivity and longevity of ZVI toward 
contaminants removal (Cai et al., 2020; Deng et al., 2021; Gu et al., 
2017; He et al., 2022; Li et al., 2018; Li et al., 2017). Unfortunately, the 
current S-ZVI was costly and typically synthesized using unsafe or un-
stable sulfur compounds (e.g., sulfide, dithionite, and thiosulfate) in an 
aqueous environment (Gong et al., 2021a,b). Notably, ball milling (BM) 
was a mature and clean process for manufacturing solid powders and 
had great potential for industrial mass production (Do and Friscic, 
2017). In addition to the crystal refinement effect, the ball milling 
method effectively reduces the reaction activation energy to induce 
chemical reactions that cannot be achieved by thermochemical re-
actions (Akhgar and Pourghahramani, 2016; Yang et al., 2019). Due to 
the compaction effect between the particles, diffusion occurs between 
the solid particles, resulting in surface modification and thus improving 
the reactivity of the composite (Hu et al., 2020; Ren et al., 2019; Yang 
et al., 2019; Zhang et al., 2018). Hence more functional composites with 
high reactivity (e.g., Fe0-C (Wang et al., 2020), FeS (Cai et al., 2020; 
Deng et al., 2021; Guo et al., 2020; Zhang et al., 2021), ZVI/Fe-
C2O4-2H2O (Hu et al., 2020), ZVI/Fe3O4 (Wang et al., 2019), Fe-Nx(C) 
(Gong et al., 2021a,b), hybrid Fe0/Fe3O4/FeCl2 (Yang et al., 2019), 
ZVI/persulfate (Kang et al., 2021), etc.) were studied in contamination 
elimination (Table S1). Indeed, the enhancement of ZVI’s activation by 
changing its surface properties was more remarkable than decreasing 
the diameter of particles. 

According to our survey, most of the researches focused on evalu-
ating the difference between the removal of ZVIbm (without process 
control agents (PCA)) and S-ZVIbm (sulfur-containing reagents mixed 
with ZVI for co-BM) (Deng et al., 2021; Guo et al., 2020; He et al., 2020; 

Li et al., 2018). However, the crucial effects of process parameters and 
PCA on ZVIbm were neglected severely (Table S2). Although the emer-
gence of a more accessible and economical ball milling method provided 
a new idea of S-ZVI, the preparation and application process still did not 
avoid the release of H2S, which was undesirable for environmental and 
health safety. The ZVI products produced by BM were usually iron-based 
composites, i.e., the process control agent reacted with ZVI to achieve 
surface modification (Gong et al., 2021a,b; Gu et al., 2017; Hu et al., 
2020; Kang et al., 2021; Yang et al., 2019). Compared to stearic acid 
(Kang et al., 2016) and sulfur-containing compounds (Li et al., 2018), 
the choice of sodium chloride (Zhang et al., 2018) with strong water 
solubility and pitting properties as a process control agent might have 
distinct advantages in industrial mass production. Furthermore, it was 
unknown whether the reaction between NaCl and ZVI could occur after 
ball milling and whether the surface modification could be achieved. 
The effect of process parameters on the ZVI activity had also not been 
demonstrated clearly. Recently, the environmental accidents caused by 
vanadium pollution have occurred frequently and their seriousness 
cannot be ignored (Imtiaz et al., 2015). Based on the low toxicity and 
insolubility of V4+ under neutral pH conditions, the chemical reduction 
was recognized as the most effective method to treat V5+ containing 
wastewater (Kong et al., 2020; Fan et al., 2020; Sturini et al., 2013). 
Therefore, to cover the shortage in other researches, ZVIbm as the model 
material and V5+ as the target contaminant were selected, thereby 
evaluating and understanding how technologic parameters influenced 
the reactivity of ZVIbm in wastewater treatment to enable better prac-
tical application. The primary objectives of this research were to (1) 
confirm the two reaction stages during the V5+ removal process under 
pH-determining conditions, (2) investigate the impacts of the main BM 
parameters for V5+ pollution elimination in wastewater, and (3) explore 
the possible mechanisms in the mechanical activation and application. 

2. Experiments 

2.1. Materials and reagents 

Chemicals used in this study were obtained from commercial reagent 
suppliers. Reduced Fe powder (Fe0, 99.9% purity) was purchased from 
Tianjin Fuchen Chemical Reagent Manufactory. Commercially available 
sodium chloride (NaCl, 99.8% purity) were supplied from Tianjin 
Guangfu Technology Development Co., Ltd. Sodium metavanadate 
(NaVO3, 99.0%) were supplied by Shanghai Aladdin Biochemical 
Technology Co., Ltd. Deionized (DI) water, as the chemical stock solu-
tions, were provided by Tianjin Xiqing District Huiyongyuan Distilled 
Water Business Department and used to dissolve corresponding 
chemicals. 

2.2. Preparation of ZVIbm 

Reduced ZVI powder were mechanically activated (ZVIbm) using a 
high-energy BM method, performed in a planetary ball mill (Pulveri-
sette-7, Fritsch, Germany) at room temperature and air condition 
(Fig. S1). Briefly, 3.0 g ZVI and different masses of NaCl (0–10, wt%) 
were mixed into the zirconia milling jars, and then three kinds of zir-
conia balls of 0.6 mm (5 g), 5 mm (15 g), and 10 mm (10 g) were added 
and milled at different milling speeds of 100–700 rpm for 2–10 h. The 
ZVIbm samples were collected and stored in an oxygen-free glove box 
filled with high-purity nitrogen. 

2.3. Batch removal experiments 

The vanadium-containing wastewater remediation was implemented 
in batch experiments. Specifically, the elimination of V5+ was conducted 
in 100 mL clear polythene bottles containing 100 mL of a 10 mg L− 1 V5+

solution. All the reactors were placed in a water bath constant temper-
ature shaker set at 25 ◦C and 250 r min− 1. A 2 mL samples was 
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withdrawn at predetermined time intervals (2.5, 5, 7.5, 10, 30, 60, 90, 
and 120 min) and then filtered by a 0.42 µm filter membrane for the 
follow-up tests. 

2.4. Analysis and characterization 

The inductively coupled plasma optical emission spectrometer (ICP- 
OES) was used to detect V5+ concentrations. The recognized pseudo- 
first-order kinetic model Ct/C0 = exp(-k1 *t) was adopted to investi-
gate the capacity of ZVIbm. Where C0 (mg L− 1), Ct (mg L− 1), and k1 
(min− 1) were the initial concentration, the concentration after a specific 
reaction time, and reaction kinetic constants, respectively. The physi-
cochemical properties of the ZVIbm samples were characterized by 
scanning electron microscopy (SEM), transmission electron microscope 
(TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction 
(XRD), vibrating sample magnetometer (VSM), laser particle sizer (LPS), 
electron paramagnetic resonance (EPR), and N2 adsorption. 

Specific descriptions of the above characterization techniques were 
shown in the Supplementary information (SI). 

3. Results and discussion 

3.1. Characterization of ZVIbm 

The changes of surface morphology of the composites before and 
after BM were investigated using SEM (Fig. S2). The particles of ZVI and 
NaCl exhibit distinct size ranges of 20–100 µm and 100–150 µm, 
respectively (Fig. S2B and Fig. S2D). Moreover, the ZVI particles tend to 
agglomerate into chain-like or group structures; on the contrary, the 
NaCl particles with characteristic regular hexahedral morphology show 
an excellent dispersibility (Fig. S2A and Fig. S2C). The typical core-shell 
structure of iron, that is, the dense crystalline core enclosed by the short- 

range continuous periodic thin-film, is not observed clearly after BM 
(Fig. S3C-D). Instead, sheet-like particles are present, demonstrating 
that the morphology and structure are wholly destroyed (Fig. S3C-D and 
Fig. S4A). Compared with ZVIbm without NaCl, the smooth sheet-like 
particles of ZVIbm with NaCl effectively overcome the disadvantage of 
ZVI being prone to agglomeration, which provides evidence for the 
critical role of NaCl (Fig. S3C and Fig. S3D). Specially, the NaCl adsor-
bed on the surface of Fe0 achieves in-situ surface modification of Fe0, 
which reduces the surface and interfacial energy between Fe0 and the 
ball mill, thereby alleviating the agglomeration of Fe0 (Fig. S3 and 
Fig. S6). Besides, the BET surface area of ZVIbm increased from 0.918 to 
2.581 m2 g− 1 as the NaCl is introduced to ZVIbm (Fig. S5A). The particle 
size (D50) of ZVIbm with NaCl reduces from the initial 34.1–20.1 µm after 
milling for 4 h, but that without NaCl only reduces to 28.1 µm under the 
same conditions (Fig. S5B). 

The morphological characteristics of these two components are 
distinguishable in their separate forms but not in their binary mixtures 
(Fig. S2 and Fig. S3). To further investigate the influence of BM treat-
ment, the elemental distribution was characterized by SEM-EDX map-
ping (Fig. S6). The O content of the ZVIbm is slightly higher than that in 
the ZVI, which suggests that O is introduced under air conditions 
(Table S4 and Fig. S7). However, the O and Fe elements are not uni-
formly distributed, which displays a disrupted or partially displaced 
surface oxide film, thereby resulting in the exposure of more fresh Fe0 

and its surface modification (Fig. S6). Besides, Cl and Na element- 
mappings display that NaCl is distributed on the surface of ZVIbm 

(Fig. S6). Interestingly, the atomic ratio of Na to Cl deviates actual 
proportion (namely, Na:Cl = 1:1), and the Na content is slightly higher 
than that of Cl (Table S4). This deviation may be ascribed to the new 
substance produced after BM activation. 

The XRD results demonstrates a broadened characteristic peak of ZVI 
after ball milling caused by the accumulation of micro-stress and crystal 

Fig. 1. (A): The XRD analysis of NaCl, Nor-ZVI, and ZVIbm. (B): High-resolution XPS analysis of Fe2p3 for ZVIbm. (C): The changes of iron content under different 
treatments were investigated based on the XPS results in Figure-B. (D): High-resolution XPS analysis of Cl2p for Nor-ZVI, ZVIbm without NaCl, and ZVIbm with NaCl. 
(E): VSM. (F): ESR spectra obtained from 25 mM TEMPO (blue curve) for 0 min, 25 mM TEMPO + 0.1 mg mL− 1 ZVI for 5 min (red curve), and 25 mM TEMPO 
+ 0.1 mg mL− 1 ZVIbm for 5 min (black curve). 
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defects (Fig. 1A and Fig. S8) (Zhang et al., 2018). ZVIbm displays the 
characteristic diffraction peaks attributed to Fe0 and NaCl phases 
(Fig. 1). The diffraction peaks at 44.8◦ and 65.0◦, are assigned to Fe0 

(PDF, No. 06–0696), relating to the indexed (110) plane, and the char-
acteristic peak at 31.7◦, corresponded to NaCl (PDF, No. 72–1668), 
relating to the indexed (200) plane (Fig. 1A). Interestingly, the newly 
emerging small peak at 32.3◦ is attributed to FeCl2 (PDF, No. 01–1106) 
(Fig. 1A and Fig. S9). In addition, the XRD spectra of ZVIbm under 
different BM conditions also present this diffraction peak attributed to 
FeCl2 phase (Fig. S10). HRTEM results show three different lattice 
fringes with interplanar spacings of 0.149 nm, 0.198 nm, and 0.580 nm, 
corresponding to the (134) plane of Fe2O3 (PDF, No.16–0653), the (311) 
plane of Fe3O4 (PDF, No.19–0629), and the (134) plane of FeCl2 (PDF, 
No.01–0629), respectively (Fig. S4B). A reasonable explanation of the 
appearance of FeCl2 is that mechanical milling induces lattice strain that 
increases the probability of interfacial reaction between NaCl and ZVI or 
its oxides (Akhgar and Pourghahramani, 2016; Gu et al., 2017; Yang 
et al., 2019). The elemental valence state information of Fe on the sur-
face of ZVIbm is obtained by XPS measurement (Table S5 and Fig. 1B). As 
shown in Fig. 1B, Fe0 is absent on the surface of ZVI, while the Fe0 

content is 7.9% on the surface of ZVIbm. The Fe0 content in ZVIbm after 
the introduction of NaCl decreases to 4.8%, and the content of Fe2+

increases from 45.6% to 48.9% (Fig. 1C) (He et al., 2022; Cai et al., 
2020). Besides, the spectrum of Cl2p in Fig. 1D could be deconvoluted 
into two peaks at 198.2 and 199.7 eV, which is ascribed to NaCl or FeCl2. 
The above results confirms the presence of a possible mechanochemical 
solid-state reaction between Fe0 and NaCl, and thus the dense oxide shell 
is replaced or covered by NaCl and FeCl2, thereby leading to surface 
modification (Gu et al., 2017). In general, the degree of particle 
refinement increases and the specific surface increases correspondingly 
during the BM process, which was due to the crushing of the materials 
(Ambika et al., 2016). However, the pulverization process was not a 
simple mechanical-physical process, but a complex physicochemical 
process (Akhgar and Pourghahramani, 2016; Do and Friscic, 2017; Gu 
et al., 2017). The energy input during the BM process may break the 
ionic bonds of NaCl (Eq. 2). In addition, the oxide film of ZVI is 
destroyed during the BM process, probably accompanied by the 
disproportionation reaction between Fe0 and Fe3+ to generate Fe2+ (Eq. 
1). When the above two processes occur simultaneously, Cl- and Fe2+

may bond to form FeCl2 (Eq. 3).  

Fe0 + 2Fe3+ → 2Fe2+ (1)  

NaCl → Na+ + Cl-                                                                          (2)  

Fe2+ + 2Cl- → FeCl2                                                                       (3) 

The magnetic properties and reactivity of ZVI were explored with 
VSM (Fig. 1E) and EPR (Fig. 1F), respectively. The results indicate that 
saturation-magnetization values are 192.5, 0.0, and 86.2 emu g− 1 for 
ZVI, NaCl, and ZVIbm, respectively. Lower magnetic saturation produced 
after NaCl is introduced to ZVI, which is conducive to the excellent 
dispersion of ZVI (Kong et al., 2020). Comparison of the EPR signal in-
tensities of ZVI and ZVIbm reveals that ZVIbm with stronger reactivity 
induced more ⋅H production, which is also accompanied by more Fe2+

generation available for reduction (Eqs. 4–5) (Hu et al., 2020). Besides, 
the adsorbed state of Fe2+ is more active than Fe2+ in the free state 
(Wang et al., 2021; Yang et al., 2019). The production of more Fe2+

could increase the concentration of adsorbed Fe2+, which may be 
another reason for the high activity of ZVIbm.  

H2O → OH- + H+ (4)  

Fe0 + 2H+ → Fe2+ + 2⋅H                                                                (5)  

3.2. Two stages of the removal process at different pHs 

The presence of heavy metal ions and surface charge properties of the 
adsorbent is influenced by the pH value of the solution, and thus pH is 
widely recognized as the most crucial role in controlling the interfacial 
reactions among all the geochemical factors (He et al., 2018; Kat-
soyiannis et al., 2008). Considering the pH range of natural groundwater 
(5.0–8.0), we investigated the effect on the removal of V5+ by ZVI before 
and after mechanical activation in a wide initial pH (3.0–9.0) range to 
verify the impact of BM treatment on ZVIbm (Kong et al., 2020). 

V5+ elimination using ZVI and ZVIbm at different initial pHs could be 
well fitted by pseudo-first-order kinetics (Fig. 2 and Table S6). At initial 
pH 3.0, 5.0, 7.0, and 9.0, the first-order kinetic constant kobs of V5+

removal by ZVI were 0.424 min− 1, 0.010 min− 1, 0.002 min− 1, and 
0.0006 min− 1, respectively. Conversely, higher kobs (0.772 min− 1, 
0.349 min− 1, 0.181 min− 1, and 0.062 min− 1 corresponded to initial pH 
3.0 5.0, 7.0, and 9.0, respectively) were observed when ZVIbm was used. 
Furthermore, the capacity of ZVI for V5+ removal was much slower than 
that of ZVIbm under near-neutral conditions, demonstrating that the ZVI 
was activated mechanically (Hu et al., 2020; Yang et al., 2019). Mean-
while, ZVIbm could achieve efficient removal of V5+ in a wide pH range. 

Generally, an induction time is required to dissolve the surface oxide 
layer during the decontamination process by ZVI in acidic conditions 
(Zhang et al., 2018). Nevertheless, the V5+ concentration dropped 
rapidly in the initial stage after ZVI was activated by BM (Hu et al., 2020; 
Gong et al., 2021a,b; Wang et al., 2020). Obviously, the removal process 
could be roughly divided into two stages: a first rapid stage (0–10 min) 
followed by a slow one (10–120 min) (Table S3). There were differences 
in the rapid reaction stage under different pH conditions. The corrosion 
of ZVI was negligible at neutral and alkaline conditions due to its low 
electron transfer efficiency owing to the stable surface oxide layer (Hu 
et al., 2020; Yang et al., 2019). Therefore, the fast reaction stage under 
neutral and alkaline conditions was mainly based on mechanical acti-
vation, possibly due to the rapid dissolution of NaCl or FeCl2 on the 
ZVIbm surface exposing more active sites (Fig. 5C and Table S4). How-
ever, under acidic conditions, both pH and mechanical activation had an 
effect on the fast reaction stage. In addition to mechanical activation, 
protonation under acidic conditions promoted the continuous corrosion 
of ZVI, which could alleviate surface passivation. At the same time, more 
Fe2+ with buffering capacity was produced to keep the acidity of the 
solution (Hu et al., 2020; Kong et al., 2020). In regard to slow reaction 
stage, with the excessive consumption of the Fe2+ and Fe0, the content of 
OH- products increased gradually (Eqs. 6–7). The exposed active sites 
were occupied within 10 min caused by the formation of high-valence 
iron (hydr)oxides (Eqs. 8–9), reducing the reaction between ZVI and 
V5+. Besides, H2VO4

- and HVO4
2- are the dominant anionic form of V5+

anion at solution pH values of 3.0–9.0. The decontamination reaction 
was also limited due to the competition between them and OH- (Gu 
et al., 2019; Kong et al., 2020). It could be seen that the main removal 
mechanism of V5+ by ZVIbm in the slow reaction stage is adsorption, and 
the removal efficiency is low.  

2Fe0 + 2H2O + O2 → 2Fe2+ + 4OH-                                                 (6)  

4Fe2+ + 2H2O + O2 → 4Fe3++ 4OH-                                                (7)  

Fe2+ / Fe3++ 2OH- / 3OH- → Fe(OH)2(s) /Fe(OH)3(s)                            (8)  

Fe(OH)2(s) + Fe(OH)3(s) → Fe2O3, Fe3O4                                            (9) 

As mentioned above, pH plays a critical role in the ZVI corrosion 
process. Therefore, subsequent experiments were performed at pH = 7 
to distinguish the effect of different ball milling parameters on the 
removal of V5+ by ZVIbm. 
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3.3. Influence of energy input on ZVIbm 

The ball-milling atmosphere condition is one of the influencing 
factors in the BM system, but not the key factor (Wang et al., 2020; 
Zhang et al., 2018). Hence we investigated the impact of major pa-
rameters on V5+ elimination, including BM speed and BM time. 

3.3.1. The impact of energy input on V5+ elimination 
The influence of BM speed on V5+ elimination was investigated 

under the condition of a fixed BM time of 4 h. The results were shown in  
Fig. 3A-C and Table S7, which displayed that the removal efficiency first 
increased and then decreased as the BM speed increased from 100 to 
700 rpm. Specifically, The Kobs for the elimination of V5+ enhanced 
gradually from 0.093 min− 1 to 0.219 min− 1 as the BM speed increased 
from 100 rpm to 300 rpm. Nonetheless, the performance of the syn-
thesized ZVIbm (Kobs = 0.031 min− 1) was even lower than that of 
100 rpm (Kobs = 0.093 min− 1) when the BM speed was continuously 
increased to 700 rpm. Fig. 3D-F and Table S7 showed the effect of 
different BM time at 300 rpm on the removal of V5+, indicating that the 
Kobs increased slightly from 0.176 min− 1 to 0.219 min− 1 as the BM time 
was extended from 2 h to 4 h. Interestingly, the Kobs of ZVIbm after 
grinding for 8 h was only 0.070 min− 1, suggesting that excessive energy 
input weakened the activity of ZVIbm, which was in line with the in-
fluence of BM speed. Although the removal rate was slightly improved as 
the BM time increased from 8 h to 10 h, the effect was still not as good as 
4 h. In conclusion, grinding at 300 rpm for 4 h was the optimal condi-
tion for ZVIbm, which provided the best removal efficiency of V5+. 

Further investigation results about the negative impact of excessive 
energy input on the ZVI activity were shown in Fig. 3G-I and Table S7. 
The results displayed that the Kobs of ball milling for 10 h was 
0.100 min− 1 and 0.031 min− 1 at 300 rpm and 700 rpm, respectively, 
further verifying the negative influence of excessive energy input. 
However, it could not be ignored that the removal rate of V5+ by ZVIbm 

prepared by milling at 300 rpm for 8 h was slightly lower than that of 
10 h under the same BM speed. Moreover, Kang et al. prepared a sheet- 

like micro/nanostructured zero-valent iron with a specific surface area 
of 16.0 m2 g− 1 by introducing more energy during the BM process, 
which greatly enhanced the degradation performance of DDT (Kang 
et al., 2016). Based on this, we could infer that the weakening effect of 
excessive BM existed only in the stage of mechanical activation stage 
with lower energy input. 

3.3.2. The weakening mechanism of excessive energy input 
In general, an increase in both the BM speed and BM time will pro-

mote the crushing of ZVIbm, thus enhancing the reactivity of ZVIbm (Hu 
et al., 2020). However, a negative effect of excessive energy input on the 
activity of ZVIbm was found in this work, which was different from 
previous reports (Deng et al., 2021; Yang et al., 2019). The properties of 
the prepared materials under different conditions are quite different, 
and this difference may indirectly affect their decontamination ability 
(Table S2) (Wang et al., 2021). Therefore, we investigated the physi-
cochemical properties of ZVIbm under different BM conditions using a 
controlled variable method to explain the negative effect of excessive 
energy input on the V5+ removal effect of ZVIbm. 

The effects of different BM speeds on the morphology and charac-
teristics of ZVIbm were explored under the condition that the ball milling 
time was controlled at 4 h. The results showed that the ZVIbm synthe-
sized at 100 rpm had a thick sheet-like structure with a rough surface, 
while a complete transformation to a smooth-surfaced sheet-like struc-
ture was observed when the BM speed was increased to 300 rpm 
(Fig. S11A-D). Besides, as the BM speed was increased to 500 rpm, the 
morphology of ZVI changed from sheet to granular form (Fig. S11C-F). 
Similarly, the ZVIbm milled at 700 rpm also exhibited a spherical 
structure, but with a smaller particle size and a smoother surface 
(Fig. S11E-H). In addition, the effect of different BM time on the 
morphology of ZVIbm was investigated at 300 rpm. The results displayed 
that the ZVIbm milled for 4 h had a thinner sheet-like structure than that 
under 2 h, which was consistent with the influence of BM speed on the 
ZVIbm morphology (Fig. S12A-D). Notably, the sheet-like ZVIbm aggre-
gated into a layered structure when the BM time was increased to 8 h 

Fig. 2. Comparison of ZVI removal effect on V5+ before and after BM at different pH conditions. (Reaction conditions: [V5+]0, 10 mg L− 1; [ZVIbm], 5 g L− 1; initial pH, 
7.0; Reaction time, 120 min; 250 r min− 1. BM parameters: BM speed, 300 rpm; BM time, 4 h; Ball-to-powder ratio, 10:1; BM condition, Air; NaCl, 3.0 wt%). 

P. Wang et al.                                                                                                                                                                                                                                   



Journal of Hazardous Materials 435 (2022) 129050

6

(Fig. S12E-F), which was not observed in the ZVIbm under different BM 
speed conditions. In summary, with the continuous energy input, the 
morphological changes of the product go through the following stages: 
(i) Initial spherical and chain structure; (ii) Plastic deformation into 
sheet-like structure; (iii) Post-welding layered structure; (vi) Spherical 
structure after fracture (Fig. S13) (Ambika et al., 2016). 

Comparing the D50 of ZVIbm milled at 300 and 700 rpm for 4 h 
(Fig. S5B), it was found that the ZVIbm at 700 rpm had a smaller particle 

size due to higher energy input. Besides, under the condition of 300 rpm, 
similar results were found when the BM time was increased from 4 to 
8 h. Unexpectedly, smaller particle sizes had smaller specific surface 
areas (Fig. S5A). It may be due to the small size effect of ZVIbm caused by 
the excessive energy input, which also resulted in particle aggregation 
and in turn affects the activity of ZVIbm (Fig. S11. G and Fig. S12. E). In 
addition, the particles were continuously impacted, squeezed, and 
ground by the grinding balls in the ball mill, resulting in tighter 

Fig. 3. Kinetics of V5+ elimination using ZVIbm under different BM parameters ([V5+]0, 10 mg L− 1; [ZVIbm], 5 g L− 1; initial pH, 7.0; Reaction time, 120 min; 250 r 
min− 1). (A-C): BM speed, 100, 300, 500, and 700 rpm; BM time, 4 h; Ball-to-powder ratio, 10:1; BM condition, Air; NaCl, 3.0 wt%. (D-F): BM speed, 300 rpm; BM 
time, 2, 4, 6, 8, and 10 h; Ball-to-powder ratio, 10:1; BM condition, Air; NaCl, 3.0 wt%. (G-I): BM speed, 300 and 700 rpm; BM time, 10 h; Ball-to-powder ratio, 10:1; 
BM condition, Air; NaCl, 3.0 wt%. (J-L): BM speed = 300 rpm; BM time, 4 h; Ball-to-powder ratio, 10:1; BM condition, Air; NaCl, 0.0 wt%, 1.0 wt%, 3.0 wt%, 5.0 wt 
%, and 10.0 wt%. 
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compaction of the product, which might be the reason for the weakening 
effect of over-activation. Furthermore, the average pore volume (APV) 
of the ZVIbm under different BM conditions were shown in Fig. S14, 
indicating that excessive energy input leaded to a decrease in the APV, 
which also provided evidence for excessive compaction. 

The number of surface atoms related to the surface area represented 
the actual number of active sites of the catalyst, and the reaction rate 
constant could reflect its activity. Therefore, the reaction rate constant/ 
surface area (specific activity) was used as an approximation of the ac-
tivity of each site to estimate the intrinsic activity of ZVIbm. The varia-
tion of specific activity of ZVIbm was investigated under different energy 
input conditions (Fig. S15A-B), and we found that (i) excessive energy 
input reduced the content of the active sites of ZVIbm, (ii) compared to 
the BM time, the BM speed had a more significant effect on the activity 
of ZVIbm. 

3.4. The critical role of the introduced NaCl 

Fig. 3. J-L and Table S7 displayed the effect of NaCl addition on V5+

removal. The Kobs for V5+ elimination increased from 0.146 to 
0.476 min− 1 when the additive amount of NaCl was increased from 
1.0 wt% to 10.0 wt%. However, in the absence of NaCl, the Kobs of ZVIbm 

was only 0.025 min− 1, which was an order of magnitude lower than that 
with the addition of NaCl. The key effects of NaCl on ZVIbm were 
explored from the morphological point of view. The results indicated 
that ZVIbm without NaCl had a distorted irregular agglomerated struc-
ture (Fig. S3). In contrast, with the increase of NaCl content, the 
dispersion of ZVIbm was significantly improved, while a thinner and 
smoother sheet-like structure was observed (Fig. S16). Besides, the 
reduction in the particle size of ZVIbm in Fig. S5B might be due to the 
enhanced erosion of ZVIbm by the introduction of more NaCl, which 
promoted the pulverization of ZVIbm (Gu et al., 2017; Hu et al., 2020). 
Moreover, the introduction of more NaCl not only made ZVIbm fully 
ground and be covered by NaCl (Fig. S3 and Fig. S16), but also promoted 
the bonding probability of Fe2+ and Cl- due to the increase of Cl- content, 
thus effectively enhancing the reactivity of ZVIbm (Fig. 1C, Fig. S10, and 
Fig. S15C). Notably, the release of Cl- from the ZVIbm surface might have 
some effect on the removal of V5+. This may be a negative effect due to 

the competitive adsorption between Cl- and vanadate ions. However, the 
regulation of ZVIbm morphology and activity by NaCl was evident. 
Therefore, the positive effect of Cl- on ZVIbm was much greater than its 
negative effect. 

3.5. Mechanisms for V5+ elimination by ZVIbm 

3.5.1. Characterizations of the unreacted and reacted ZVIbm 

By comparison with the unreacted and reacted ZVIbm, the sample still 
kept the sheet-like structure (Fig. S3C-D and Fig. 4). Differently, a large 
number of flocculent particles were deposited in-situ on the reacted 
ZVIbm surface, which might be attributed to the aggregation of a large 
number of Fe-V co-precipitated nanoscale sheet-like or Fe-oxides 
(Fig. 4A-C). Besides, significant pitting and pore corrosion appeared 
on the reacted sheet-like ZVIbm, indicating the strong activity of the ZVI 
activated via BM (Fig. 4D-F) (Hu et al., 2020). This phenomenon could 
be attributed to the fact that the inward diffusion of proton ions was 
faster than the outward diffusion of Fe2+, which induced the Kirkendall 
phenomenon (Li et al., 2021). 

The SEM-Mapping results indicated that V was relatively uniformly 
distributed on the surface of ZVIbm. The content of Fe correlated with the 
abundance of O on the surface of ZVIbm, implying the formation of 
insoluble Fe-(hydr)oxides (Table S4 and Fig. S17) (Du et al., 2020). 
HRTEM images showed two different lattice stripes with the planar 
spacing of 0.30 nm and 0.25 nm, corresponding to the (422) plane of 
Fe3O4 (PDF, No. 26–1136) and the (410) plane of Fe2O3 (PDF, No. 
39–1346), respectively (Fig. S18). Besides, the XRD results revealed that 
the Fe0 peaks were replaced by new peaks of Fe3O4 (PDF, No. 19–0629) 
and Fe2O3 (PDF, No. 39–1346) (Fig. S19) (Qian et al., 2019; Yang et al., 
2019; Hu et al., 2020). The observed peaks at 35.2 and 36.1◦ corre-
sponded to the (422) plane of VO2 (PDF, No. 26–1136) and the (410) 
plane of V2O3 (PDF, No. 39–1346), respectively (Fig. S19) (Kong et al., 
2020; Fan et al., 2020). The appearance of four phases, including Fe2O3, 
Fe3O4, V2O3 and VO2, suggested that a redox reaction occurred between 
ZVIbm and V5+. 

To further confirm the physicochemical properties of the component 
in the surface of ZVIbm samples, XPS analysis was performed. For the 
Fe2p spectrum, the peak around 706.6 eV was associated with typical 

Fig. 4. The visual morphological changes of the reacted ZVIbm using SEM. (Speed, 300 rpm; BM time, 4 h; PCA, NaCl; BM atmosphere, Air; Room temperature; 
[V5+]0, 10 mg L− 1; [ZVIbm], 5 g L− 1; initial pH, 7.0; Solution volume, 100 mL). 
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Fe0, clearly revealing the presence of Fe0 species in ZVIbm (Fig. 5B) 
(Deng et al., 2020). However, the Fe0 peak disappeared after reacting 
with V5+, which demonstrated that the exposed Fe0 was consumed 
(Wang et al., 2020). Compared to the fresh ZVIbm, the semi-quantitative 
analysis results showed that the content of Fe0 and Fe2+ in the spent 
ZVIbm decreased from 4.8% and 48.9–0.0% and 41.0%, respectively, 
while the content of Fe3+ increased from 46.1% to 59.0%. The V2p3/2 
XPS spectrum showed two peaks with binding energies of 517.1 and 
516.2 eV, attributed to V4+ and V3+, respectively (Kong et al., 2020; 
Wang et al., 2020; Fan et al., 2020). According to the XPS fitting results, 
the existence of V5+ was not found, indicating that ZVIbm achieved 
complete removal of V5+ through reduction, in which 63.8% of V5+ was 
reduced to V4+ and the rest were reduced to V3+ (Fig. 5A and Fig. 5E). 
The above XPS results provided important evidence for the presence of a 
redox reaction between ZVIbm and V5+. Furthermore, the O1s XPS re-
sults indicated a peak with a binding energy of 529.8 eV, corresponding 
to the metal-oxides (M-O) functional group (Fig. 5D) (Du et al., 2020; 
Kong et al., 2020). Careful analysis revealed that the binding energy 
position of M-O after the reaction with V5+ in ZVIbm was shifted by 
0.12 eV to the high binding energy position (Fig. 5D), also indicating a 
new chemical interaction between the metal-oxide bonds (Du et al., 
2020). Meanwhile, the relative content of M-O in the post-reacted 
ZVIbm increased from 19.3% to 40.1% (Fig. 5D), confirming that 
more metal oxides such as Fe-O and V-O were deposited on the surface of 
the post-reacted ZVIbm. This was consistent with SEM, TEM, and XRD 
characterization results. 

3.5.2. Mechanisms for enhanced V5+ elimination 
In general, ZVI has an iron oxide shell with a thickness of about 

0.7 µm, which inhibits the transfer of electrons towards the pollutant, 
resulting in a low removal efficiency (Hu et al., 2020). However, after 
activation by BM, the shell layer on the ZVI surface was destroyed (Kang 
et al., 2016). In the BM process, an appropriate amount of NaCl was 

introduced to bond on the surface of ZVIbm to realize the surface 
modification of ZVI (Zhang et al., 2018). This not only alleviated the 
agglomeration of ZVIbm, but also increased the Fe2+ component of ZVIbm 

(Gu et al., 2017; Cai et al., 2020). In the V5+ removal experiment, an 
appropriate amount of NaCl increased the electrolyte concentration of 
the solution, thereby enhancing the conductivity of the solution and 
promoting the corrosion of ZVIbm. Furthermore, since the dissolved NaCl 
adsorbed on the ZVIbm surface (Fig. 5C) exposed fresh Fe0 and more Fe2+

components (possibly in the form of Fe2+-O or Fe2+-Cl), ZVIbm could 
leach more Fe2+ at the beginning of the reaction. A higher Fe2+ con-
centration could keep the solution weakly acidic, thereby reducing the 
formation of the passivation layer and favoring the formation of 
adsorbed Fe2+ with high reducibility (Yang et al., 2019). It was worth 
noting that the lower valence states of V4+ and V3+ are less soluble in 
water compared to V5+. Moreover, the specific surface area of ZVIbm was 
only 2.581 m2 g− 1, indicating that ZVIbm had a weak adsorption effect 
on V5+. Therefore, we could conclude that ZVIbm mainly achieved the 
complete removal of V5+ through redox reactions (Kong et al., 2020; Fan 
et al., 2020), which was consistent with the characterization results of 
the spent ZVIbm. 

4. Conclusions 

In this work, we focused on the key effects and mechanisms of pH 
and ball milling process parameters on the removal of V5+ from 
wastewater by ZVIbm. The possible mechanical reaction between NaCl 
and ZVI realized the surface modification of ZVI, and the modified ZVIbm 

could enhance its elimination of V5+ in a wide pH range. There is no 
induction time in the reaction process because ZVIbm leaches more Fe2+

in a short time and the process could be divided into fast and slow stages. 
Furthermore, although NaCl significantly improved the dispersibility of 
ZVIbm and facilitated its pulverization into a thin sheet-like structure 
with high reactivity, excessive energy input weakened the activity of 

Fig. 5. High-resolution XPS analysis of total, Fe2p, Cl2p, O1s, and V2p for ZVIbm before and after reaction with V5+, were shown in (A), (B), (C), (D), and (E), 
respectively. (Speed, 300 rpm; BM time, 4 h; PCA, NaCl; BM atmosphere, Air; Room temperature; [V5+]0, 10 mg L− 1; [ZVIbm], 5 g L− 1; initial pH, 7.0; Solution 
volume, 100 mL). 
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ZVIbm by affecting its physicochemical properties. This study suggests 
that the presence of PCA and the impact of energy input is critical for the 
industrial large-scale production of ZVIbm and its application in the 
environment. In addition, the influence of other PCA on the ZVIbm 

during the BM activation process should be investigated. The difference 
in the decontamination effects between optimized ZVIbm and S-ZVIbm is 
worth being considered. Further study is needed to combine some 
external substances or technologies to alleviate the passivation of ZVIbm 

in the slow reaction stage. 
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Environmental Implication 

Ball-milling method have remarkable application prospect in over-
coming passivation issues for improving the decontamination efficiency 
of ZVI. Currently, there are few focused studies on ZVIbm in terms of 
pollution elimination. The removal performance of ZVIbm is often used 
as a reference to highlight the enhancement effect of other ball milling 
treatments. However, the indirect effects of process parameters and PCA 
during ball milling on the reactivity of ZVIbm are ignored severely. Un-
derstanding the impacts of energy input is crucial for the industrial mass 
production of ZVIbm and its application in the environment restoration. 
This work updates the fundamental understanding of the crucial effects 
of process parameters and the PCA-NaCl to ZVIbm at wastewater 
treatment. 
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