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“Dry” Chemistry of Ferrate(VI): A Solvent-free Mechanochemical 

Way for Versatile Green Oxidation 

Zhao-Yang Zhang, Deyang Ji, Wenting Mao, Yu Cui, Qing Wang, Lu Han, Hongliang Zhong, 

Zhongming Wei, Yixin Zhao, Kasper Nørgaard, and Tao Li*

Abstract: The +6 oxidation state of iron generally exists in the form 

of ferrate(VI) with high redox potential and environmentally friendly 

nature. Although ferrate(VI) has been known for over a century, its 

chemistry is still limited to the solvent-based reactions that suffers 

from the insolubility/instability of this oxidant and the environmental 

issues caused by hazardous solvents. Herein, we explore the 

solvent-free reactivity of ferrate(VI) under mechanical milling, 

revealing that its strong oxidizing power is accessible in the “dry” 

solid state towards a broad variety of substrates, e.g., aromatic 

alcohols/aldehydes and carbon nanotubes. More significantly, 

solvent-free mechanochemistry also reshapes the oxidizing ability of 

ferrate(VI) due to the underlying solvent-free effect and the 

promotive mechanical actions. This study opens up a new chemistry 

of ferrate(VI) with promising application in green oxidative 

transformation of both organic and inorganic substrates. 

Compounds containing elements in extraordinarily high oxidation 

states are of fundamental interest because of their unique and 

intriguing reactivities.[1] Given the role of high-valent iron in 

oxidation chemistry,[2] ferrate(VI) (commonly K2FeO4) with its 

central Fe in the highest +6 state has received special 

attention.[3] The hexavalent iron endows ferrate(VI) with very 

strong oxidizing ability (higher redox potentials than those of 

most traditional oxidants, e.g., KMnO4, K2Cr2O7, HNO3, Cl2, H2O2, 

O3),
[4] and its nontoxic reduction product FeIII and the abundance 

of iron on earth make it a green and sustainable oxidant.[3,4a] 

In the past few dacades, many efforts have been devoted to 

employing ferrate(VI) as an oxidizing agent for green organic 

synthesis,[3b,5] high-capacity battery,[6] and water purification,[3a,4,7] 

which greatly improved our understanding on its reactivity and 

performance. Recently, ferrate(VI) was also utilized for the 

oxidation of carbon materials, for example, modification of 

carbon nanotubes (CNTs)[8] and preparation of graphene 

oxides.[9] In these studies, K2FeO4/H2SO4 was suggested as a 

relatively green oxidation system to replace the traditional 

HNO3/H2SO4 or KMnO4/H2SO4. At the same time, concern was 

also raised regarding the instability of K2FeO4 in acidic H2SO4 

environment that could result in the loss of its oxidizing power.[10]   

To date, to the best of our knowledge, ferrate(VI) chemistry 

is limited to the solvent-based reactions. Specifically, organic 

solvents, aqueous media, and conc. H2SO4 were used for 

organic synthesis, pollutant degradation, and treating carbon 

materials, respectively. However, solvent-based chemistry 

suffers from the following problems. First, ferrate(VI) ion is 

intrinsically unstable in aqueous solutions, where it readily 

oxidizes H2O and decomposes to FeIII, and the self-decay is 

sensitive to solution environment, e.g., pH, temperature, 

concentration, impurity and coexisting aqueous species.[11] In 

particular, high redox potentials up to 2.2 V can be theoretically 

obtained at low pH, but its rapid decompostion makes the 

fascinating oxidizing power inaccessible in real applications. 

Second, ferrate(VI) solid is insoluble in organic solvents,[5a,c] thus 

most of its oxidizing capability is actually “hidden” inside the 

solid structure and the accessible surface will be gradually 

passivated by the resultant FeIII during reaction, which are 

undesirable for efficient/effective oxidative transformations. Third, 

the hazardous organic solvents (e.g., benzene, cyclohexane, 

pentane) and corrosive conc. H2SO4 for ferrate(VI) oxidation are 

of great environmental and health concern, thus their usage 

inconsequently goes against the spirit of green chemistry.[12] 

To address the above issues, a challenging task is to 

establish a new chemistry of ferrate(VI) where: 1) the oxidant 

displays the desired reactivity; 2) it can be utilized in the stable 

form; 3) the problem of insolubility is circumvented; and 4) 

genuinely green oxidation will be achieved. In this work, we 

explore the solvent-free reactions of ferrate(VI), as depicted in 

Fig. 1a. Ferrate(VI) salt keeps stable in the as-prepared solid 

state, but its intrinsic reactivity in the absence of solvent remains 

unknown. The structure of K2FeO4 solid was characterized with 

X-ray diffraction (Fig. S3), scanning and transmission electron 

microscopy (SEM and TEM), revealing that the purple-black 

crystalline powder was composed of large plate crystals on the 

scale of several to dozens of μm (Fig. 1b,S4). For solid-state 

reactions of such crystalline oxidizer, the reactivity is predefined 

by the exposed facets. Selected area electron diffraction (SAED) 

patterns were obtained on ferrate(VI) for the first time, which 

confirmed the single-crystalline nature of the individual plates 

and disclosed that K2FeO4 crystals predominantly exposed the 

low-index {001} planes (top and bottom facets) with side planes 

of {200} and {010} jointed by small {210}, as shown in Fig. 1c. 

Considering its large crystal size and that crystal particles 

preferentially expose the planes with low surface energy (and 

expected low reactivity),[13] such as the {001} planes of K2FeO4, 

mechanical milling was employed to crush the original crystals 

and continually generate reactive fracture surface to participate 

into redox. Another merit of mechanochemistry is the ability to 

promote reactions under solvent-free conditions,[14] which is 

particularly beneficial for reactants like K2FeO4 that lack 
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solubility in media. 

 

Figure 1. (a) Schematic of solvent-free mechanochemical reactions of K2FeO4. 

(b) TEM images of K2FeO4 crystals (inset: a photo of K2FeO4 powder arranged 

into a Fe
VI

 symbol). (c) An indexed SAED pattern viewed along [001] zone axis 

belonging to the circled area of a thin sheet (inset). 

In our initial study, benzyl alcohol was used as a model 

substrate to probe the solvent-free reactivity of ferrate(VI) under 

ball milling (Fig. 2a,b). Benzyl alcohol oxidation by ferrate(VI) is 

well studied within the scope of “wet” chemistry, which clearly 

indicates that in organic phases the reaction 1) proceeds 

sluggishly with ferrate(VI) alone but efficiently when appropriate 

catalysts are used in combination and 2) only produces 

benzaldehyde without overoxidation to benzoic acid, as reported 

by Delaude and Laszlo (Fig. 2c).[5a] As shown in Fig. 2a, milling 

treatment of a mixture of K2FeO4 and benzyl alcohol (molar ratio 

2:1) led to distinct color change from black to yellow within 2 h, 

consistent with the reduction of FeVI to FeIII. The time evolution 

of organic products monitored by GC-MS was presented in 

Table 1. The reaction was quite fast, with 82% alcohol 

consumed at 30 min. Benzaldehyde was produced as expected 

but its content started to drop at ~30 min due to further 

conversion to benzoic acid. The starting alcohol and 

intermediate aldehyde were almost fully oxidized to the acid at 3 

h. The overall reaction process, described by Fig. 2b, disclosed 

the strong and unexpected reactivity of ferrate(VI) in the “dry” 

solid state, which enables 1) rapid oxidation of benzyl alcohol to 

benzaldehyde without the need of catalyst and 2) aldehyde-to-

acid conversion to be accessible and efficient, in striking 

contrast to the traditional solvent-based chemistry. 

 

Figure 2. (a) Photos of K2FeO4/benzyl alcohol reaction system before and 

after ball milling. (b-c) Comparison of K2FeO4 oxidation of benzyl alcohol by 

solvent-free mechanical milling and  traditional solvent-based route.
[5a]

 

To understand this solvent-free reactivity, a control 

experiment on benzyl alcohol oxidation without ball milling was 

performed. Specifically, the solid-state K2FeO4/benzyl alcohol 

mixture was left to stand at ~30oC. Surprisingly, a high exotherm 

was observed upon mixing and a considerable amount of 

aldehyde (8%) and acid (32%) were produced after 3 h standing. 

On the other hand, stirring the reactants in pentane only yielded 

12% of benzaldehyde without benzoic acid, in agreement with 

Fig. 2c. These results indicated that ferrate(VI) crystals 

themselves in the absence of solvents had intrinsically strong 

reactivity while the milling force could further promote the 

reactions to be more efficient and complete. Solvent-free effect 

obviously played a fundamental role in effective oxidation and 

reshaped the reactivity of ferrate(VI). The fact that oxidation 

could proceed more effectively without solvents is a rather 

interesting phenomenon. Future theoretical work on the 

interactions of the exposed facets of K2FeO4 with organics in the 

presence/absence of solvents would provide more in-depth 

understanding on this issue. 

Ferrate(VI) has been well-documented as a selective oxidant 

that does not oxidize aldehydes into acids.[5,15] However, under 

solvent-free condition a high reactivity towards aldehydes was 

brought into play. To further demonstrate this point, we 

conducted reactions with a series of benzaldehydes listed in 

Table S1. Again, the dark color of K2FeO4 faded and turned to 

yellow with the progress of reactions (Fig. S5). Generally, the 

transformations were nearly quantitative within several hours 

with a slight excess of K2FeO4, giving the corresponding acids in 

high yields. Notably, dicarboxylic products were also generated 

from methyl substituted aldehydes (entries 2~4, Table S1), 

 

Table 1. Time evolution of benzyl alcohol during  K2FeO4 oxidation. 

Time/min C6H5CH2OH/mol% C6H5CHO/mol% C6H5COOH/mol% 

0 100 0 0 

15 60.2 39.8 0 

30 18.0 54.3 27.7 

60 13.5 38.1 48.4 

120 2.4 5.5 92.1 

180 0.4 1.2 98.4 
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indicating the deep conversion of methyl groups following the 

process of -CH3 → -CH2OH → -CHO → -COOH. Besides, 

without the addition of K2FeO4 or using FeIII (Fe2O3 and FeCl3) 

as oxidants, only small amounts of benzoic acid formed (Fig. S6). 

Based on the above, we extended the solvent-free ferrate(VI) 

chemistry to the oxidation of inorganic carbon materials, 

including multi-walled and single-walled CNTs (MWNTs and 

SWNTs), in order to 1) verify the versatility of such ferrate(VI) 

oxidation, 2) investigate the reactivities of ferrate(VI) towards 

different carbon structures and 3) achieve genuinely green 

oxidation compared to the K2FeO4/H2SO4 method.[8,9] 

The oxidation was found very efficient for MWNTs. The 

surface O/C ratio, detected by X-ray photoelectron spectroscopy 

(XPS, surface semi-quantitative), increased from 3.5% to 11.3% 

after only 2 h (Fig. 3a), and the bulk O/C ratio measured by 

elemental analysis (EA) was improved from 1.6% to 4.1%. 

Effective carboxylation at the surface was achieved with evident 

-COOH peaks in C 1s and O 1s spectra (Fig. 3b,c) as well as 

infrared adsorption at  ~1740 cm-1 (Fig. S12). 1 h reaction also 

led to obvious oxidation/carboxylation, only with a little lower 

degree (Fig. 3e,S7 and Table S2). Ball milling without K2FeO4 

for 4 h gave negligible oxidizing effects (Fig. S8), confirming that 

effective oxidation resulted from the reaction with K2FeO4. 

Thermal gravimetric analysis coupled with mass spectrometry 

(TGA-MS, bulk quantitative) showed the -COOH content (see 

Fig. 3d for the results of 2 h sample) of 0.632 and 0.729 mmol/g 

after 1 and 2 h oxidation, respectively, remarkably elevated 

relative to the raw material (0.295 mmol/g) (Fig. 3e,S10). The 

values are even higher than traditional KMnO4/H2SO4 oxidation 

on the same MWNTs by the supplier (0.569 mmol/g, product 

code TNMC2).[16] As a result of the dense -COOH, the K2FeO4 

oxidized MWNTs exhibited excellent aqueous dispersibility of up 

to 4.6 and 4.7 mg/ml for 1 and 2 h products, respectively (Fig. 

3f). As a comparison, heavily oxidized ultrashort MWNTs 

produced by Hummers method were reported to be 2.5 mg/ml.[17] 

Generally, Hummers oxidation produces mainly epoxy, hydroxyl 

and carbonyl groups but relatively low quantities of carboxyls.[18] 

SWNTs can also be effectively oxidized by K2FeO4, only 

requiring longer treatment. As indicated by the water 

dispersibility (Fig. 3g), 2 or 4 h treatment could not introduce 

enough functional groups to the surface, but substantial 

modification was achieved at 8 h. The resulting sample had a 

much higher O/C ratio than raw SWNTs (Fig. 3h) and the -

COOH peak was clearly discernable from C 1s spectrum (Fig. 

3i). To further improve the oxidation degree, the reaction was 

prolonged to 12 and 18 h, and the solubility was increased from 

0.34 (8 h) to 0.44 and 0.87 mg/ml, respectively (Fig. 3j). These 

values are moderate compared to the data of hydrophilic 

SWNTs in literatures (Table S5). As a further comparison, the 

solubility of “high-functionality” SWNT-COOH product (P3-SWNT, 

Carbon Solutions),[19] produced by HNO3 refluxing, is determined 

as 0.7 mg/ml.[20] The 18 h sample was further analyzed by XPS 

and TGA-MS, showing an apparent higher O/C ratio of 14.1% 

and -COOH content of up to 1.43 mmol/g (Fig. S13,S14). 

 

Figure 3. (a-f) Oxidation results of MWNTs: (a) XPS survey spectra, (b-c) C 1s and O1s spectra, (d) TGA-MS profile, (e) a summary of O/C ratio and -COOH 

content, (f) saturated water dispersions of oxidized MWNTs inserted with 0.3 mm-diameter glass capillaries and structural model of a carboxylated tube. (g-j) 

Oxidation results of SWNTs: (g) photos 0.1 mg/ml SWNT in water sonicated for 5 min and settled overnight, (h-i) XPS survey and C 1s spectra, (j) water solubility. 
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Figure 4. Raman spectra of (a) MWNTs and (b) SWNTs (inset: liner fitting of 

ID/IG with reaction time). (c) Different oxidation processes on defective and 

perfect surface (the yellow lines mark the defective sites).  

The different reactivities of ferrate(VI) towards MWNTs and 

SWNTs originated from their different surface structures. The 

MWNTs used in this study was found highly defective evidenced 

by its intense D peak in Raman spectrum (Fig. 4a), while the 

surface of starting SWNTs was nearly perfect (tiny D band in Fig. 

4b). K2FeO4 exhibited high reactivity towards the surface defects, 

such as C-H/C-OH dangling bonds and strained C=C bonds, 

and converted them rapidly into oxygenated groups like -COOH, 

thus affording a high oxidation degree. Large upshifts in D (+ 5 

cm-1) and G bands (+ 10 cm-1) were observed after MWNT 

oxidation (Fig. 4a), arising from the “doping” effect by the high 

density of oxygenated groups.[21] On the other hand, the defect 

degree, measured by the relative intensity of D to G band (ID/IG), 

remained substantially unchanged from 1.34 (raw MWNTs) to 

1.35 (1 h) and 1.36 (2 h). Thus, ferrate(VI) oxidation occurred 

primarily at the defects without affecting the overall graphitic 

structure (Fig. 4c), which are advantageous over many classical 

approaches where the oxidizing species are aggressive towards 

CNT skeleton and thus high-level functionalization is at the 

expense of structural damage.[8,18a,22] The nondestructive 

oxidation was also supported by TEM images with almost 

identical features before and after the oxidation (Fig. S17). 

The surface oxidation of SWNTs involved breaking the 

highly inert C=C bonds in lattice (Fig. 4c), as reflected by the 

gradual intensification of D band (Fig. 4b). The ID/IG was found to 

increase almost linearly with time (Fig. 4b inset), implying that, 

although the reaction was not rapid, its mildness allowed the 

oxidation degree to be controlled by adjusting the reaction time. 

In this fashion, a good oxidation degree can be obtained before 

destroying the electronic structure, which was verified by Vis-

NIR results in Fig. S18, and the TEM results of SWNTs 

subjected to various reaction times (Fig. S19) also supported the 

mildness of such oxidative treatment. Presumably, the 

mechanical ferrate(VI) oxidation of SWNTs follows one of the 

two mechanisms: 1) direct oxidation of C=C bonds by K2FeO4 

activated by mechanical force or 2) generation of defects by 

milling force with subsequent in situ oxidation by the oxidizer. No 

matter which mechanism dominates, it is clear that, in either 

case, mechanical force and solvent-free reactivity of ferrate(VI) 

play synergistic roles. In addition, the physical “crushing” and 

“mixing” roles of milling force was verified by SEM in Fig. S21. 

In summary, ferrate(VI) solid under solvent-free conditions 

displays intrinsically strong and unexpected oxidizing power, 

which can be readily harnessed and promoted by 

mechanochemistry for green oxidative transformation of both 

organic and inorganic substrates. These findings open up a new 

chemistry of ferrate(VI), which circumvents the problems 

associated with the current solvent-based route and offers the 

opportunity to uncover many new knowledge of ferrate(VI) from 

both fundamental research and application aspects. 
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